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Neuroscience is the scientific study of how the nervous
system develops, its structure, and what it does. With
the development of different sciences and technologies,
neuroscience has become an interdisciplinary science that
collaborates with other fields, and the research approach of
neuroscience has also changed greatly. Molecular imaging
is a powerful tool for neuroscience that can be used
for understanding disease, identifying biomarkers, and
developing novel therapeutics. Molecular imaging plays an
important role in neuroimaging, especially for investigations
of the living brain. While CT and MRI provide important
structural and anatomical information on the brain, neuro-
molecular imaging allows the in vivo visualization and
measurement of cellular/molecular processes in the living
brain.

The topics covered in this special issue include
advances in PET/CT and CT imaging in neurological
disease, tracer development for neuroreceptors, brain
function evaluation, stroke therapy, and the translational
imaging approach in dementia. For instance, changes in
cerebral blood flow (CBF) and cerebral glucose metabolism
have often been associated with regional neuronal activity
in brain function. Advances in biomarkers in PET imaging
for parkinsonism and middle cerebral arterial disease
such as the ratio of CBF to cerebral blood volume as a
marker of regional cerebral perfusion pressure!?, and
brain network makers of cerebral glucose metabolism and
blood flow™ are reported and discussed. These biomarkers
can serve as clinically useful markers of disease severity
and therapeutic response, as well as aid in the differential
diagnosis of parkinsonism. Along this line, Heiss" reviews
PET applications to pathophysiological changes caused

by cerebrovascular diseases, which have broadened our
understanding of flow and metabolic thresholds critical for
the maintenance of brain function and morphology.
Imaging tracers provide possibilities for molecular
imaging in neuroscience. PET uses biomolecules as tracers
that are labeled with radionuclides with short half-lives,
synthesized prior to imaging studies. The administration
of such radiotracers to the brain provides images of
transport, metabolic, and neurotransmission processes
on the molecular level. The contribution by Peter et al.”
reviews the strategy of radiotracer development bridging
from basic science to biomedical application; this allows
molecular neuroreceptor imaging studies in various small-
animal models of disease including genetically-engineered
animals, and can be used for in vivo pharmacology during
the process of pre-clinical drug development to identify
new drug targets, to investigate pathophysiology, to
discover potential drug candidates, and to evaluate the
pharmacokinetics and pharmacodynamics of drugs in vivo.
Tracer kinetic modeling in dynamic PET has been
widely used to investigate the characteristic distribution
patterns or dysfunction of neuroreceptors in brain diseases.
Seo and co-workers® review graphical analysis (GA)
which is a major parametric mapping technique that is
independent of any compartmental model configuration,
robust to noise, and computationally efficient. They
describe recent advances in the parametric mapping of
neuroreceptor binding based on GA methods. Hou and co-
workers! discuss the value of PET in drug addiction and
review the major findings of PET imaging studies on the
involvement of dopamine (DA) in drug addiction, including
presynaptic DA synthesis, vesicular monoamine transporter
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2, the DA transporter, and postsynaptic DA receptors.
Imabayashi et al.'® review the superiority of neurostatistical
imaging for diagnosing dementia using PET, MRI, and
CT. Dong and co-workers™ report a study on the effect
and safety margin of bevacizumab on the infarction area
of cerebral ischemia using PET. They demonstrate an
inhibitory effect on metabolic recovery after bevacizumab
therapy in a rat model of cerebral ischemia. Cui et al.'”
review the role of cortical spreading depression in the
pathophysiology of migraine.

In summary, neuro-molecular imaging can integrate
metabolomics and neurobiology and provides novel
insights into pathophysiology in the brain. This special
issue provides a platform on neuroscience research
from molecular imaging technology which may have a
high impact on brain science from basic to translational
medicine.
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Cerebrovascular diseases are caused by interruption or significant impairment of the blood supply to the
brain, which leads to a cascade of metabolic and molecular alterations resulting in functional disturbance and
morphological damage. These pathophysiological changes can be assessed by positron emission tomography
(PET), which permits the regional measurement of physiological parameters and imaging of the distribution of
molecular markers. PET has broadened our understanding of the flow and metabolic thresholds critical for the
maintenance of brain function and morphology: in this application, PET has been essential in the transfer of
the concept of the penumbra (tissue with perfusion below the functional threshold but above the threshold for
the preservation of morphology) to clinical stroke and thereby has had great impact on developing treatment
strategies. Radioligands for receptors can be used as early markers of irreversible neuronal damage and
thereby can predict the size of the final infarcts; this is also important for decisions concerning invasive therapy
in large (“malignant”) infarctions. With PET investigations, the reserve capacity of blood supply to the brain
can be tested in obstructive arteriosclerosis of the supplying arteries, and this again is essential for planning
interventions. The effect of a stroke on the surrounding and contralateral primarily unaffected tissue can
be investigated, and these results help to understand the symptoms caused by disturbances in functional
networks. Chronic cerebrovascular disease causes vascular cognitive disorders, including vascular dementia.
PET permits the detection of the metabolic disturbances responsible for cognitive impairment and dementia,
and can differentiate vascular dementia from degenerative diseases. It may also help to understand the
importance of neuroinflammation after stroke and its interaction with amyloid deposition in the development of
dementia. Although the clinical application of PET investigations is limited, this technology had and still has a
great impact on research into cerebrovascular diseases.

Keywords: stroke; dementia; PET; brain metabolism; brain ischemia

Introduction microhemorrhages that lead to cognitive and behavioral
changes, finally presenting as vascular dementia or
The burden of cerebrovascular disease (CVD) is extremely cognitive impairment. Eight percent of the US population

high: in 2000 there were 15.3 million strokes world-wide, aged over 65 years experience a stroke, 8% suffer from
5.5 million of which resulted in death™. But CVD accounts dementia, and 17% from mild cognitive impairment of

not only for 10% of all deaths; it is also the leading cause  predominantly vascular origin®.
of disability in patients surviving the insult”. However,
there exists a high variation in stroke burden and mortality,
with >85% of strokes occurring in low- and middle-income
countries®®. In addition, CVD not only causes strokes, butis ~ The energy demands of nervous tissue are very high
also associated with a high incidence of silent infarcts and and therefore sufficient blood supply to the brain must

Requirements for Brain Function
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be maintained consistently. A normal adult male’s brain
containing ~130 billion neurons (21.5 billion in the
neocortex)® comprises only 2% of total body mass, yet
consumes at rest ~20% of the body’s total basal oxygen
supplied by 16% of the cardiac output. The brain’s oxygen
uptake is almost entirely for the oxidative metabolism of
glucose, which in normal physiological conditions is the
almost exclusive substrate for its energy requirements'.
The glucose metabolized in neurons is mainly to support
cellular vegetative functions and the glucose consumption
of neuronal cell bodies is essentially unaffected by
functional activation, which is confined to synapse-rich
regions, i.e. neuropil. The magnitudes of related increases
in metabolism and blood-flow are linearly related to the
frequency of action potentials in the afferent pathways
regardless of whether they are excitatory or inhibitory.
Increased metabolism by functional activation is mainly
used to restore the ionic gradients across the cell
membrane degraded by the spike activity and is rather high
compared to the demand of the cell body". Overall, 87%
of the energy consumed is required by action potential
propagation and postsynaptic ion fluxes, and only 13% is
used for maintaining membrane resting potential®.

The consequence of CVD in tissue is ischemic cell
death. This results from circulatory disturbances and an
insufficient blood supply leading to a complex cascade
of deleterious biochemical and molecular events, which
in principle are amenable to therapeutic intervention® %
Better understanding of these complex processes in
ischemic stroke has improved treatment in the last decade.
Pathophysiological changes that lead to irreversible
tissue damage must be targets for the development of
effective therapies. For therapeutic interventions in acute
ischemic stroke, the concepts of the penumbra (reduced
tissue perfusion and disturbed function but preserved
morphological integrity) and of the time-dependent
progression of irreversible tissue damage play a central
role. These concepts are based on results from animal
experiments, and their translation into the management of
stroke patients is difficult and requires specific methods.

The Concept of the Ischemic Penumbra and

Identification by Imaging

Experimental studies on the ischemic flow thresholds of

brain tissue have demonstrated the existence of two critical
levels of decreased perfusion: first, a level representing the
flow threshold for reversible functional failure (functional
threshold); and second, a lower threshold below which
irreversible membrane failure and morphological damage
occur. The range of perfusion values between these limits
is called the "ischemic penumbra", characterized by the
potential for functional recovery without morphological
damage, provided that local blood flow can be reestablished
at a sufficient level. Whereas neuronal function is impaired
immediately when blood flow drops below the threshold,
the development of irreversible morphological damage
is time-dependent. The interaction between severity and
duration of ischemia in the development of irreversible cell
damage has been established in simultaneous recordings
of cortical neuronal activity and local blood flow'?. These
results complement the concept of the ischemic penumbra:
the potential for post-ischemic recovery of functionally
impaired cells is determined not only by the level of residual
flow in the ischemic phase but also by the duration of the
flow disturbance.

Autoradiographic procedures cannot demonstrate the
gradual disappearance of the penumbra with increasing
duration of ischemia, the progression of irreversible
damage, or the recovery of functionally impaired tissue
after reperfusion. To follow these pathophysiological
changes, non-invasive imaging modalities, which permit
repeated measurements of regional cerebral blood flow
(rCBF) and regional cerebral blood volume (rCBV), as well
as regional cerebral metabolic rate of oxygen (rCMRO,)
and of glucose (rCMRGIc), must be applied. To date, only
positron emission tomography (PET) is able to quantify
these variables repeatedly.

Early PET studies of stroke identified various tissue
compartments within a cerebral region compromised by
ischemia™ . Tissue with rCBF <12 mL/100 g/min or
rCMRO, <65 pmol/100 g/min at the time of measurement
(usually several hours after stroke) was found to be
infarcted on late CTs. Relatively preserved CMRO, is
an indicator of maintained neuronal integrity in regions
with CBF reduced to 12-22 mL/100 g/min. This pattern,
coined misery perfusion', serves as a surrogate for
the penumbra: it is the area with an increased oxygen
extraction fraction (OEF) (to >80% from the normal value of
~40%). PET studies allow the classification of three regions
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within the disturbed vascular territory: the ischemic core
with a flow <12 mL/100 g/min usually showing a transition
into necrosis; a penumbra region with a flow between 12
and 22 mL/100 g/min of still viable tissue but with uncertain
chances for infarction or recovery; and a hypoperfused
area (>22 mL/100 g/min) not primarily damaged by the
reduced blood supply. The conversion of the penumbra into
infarction is a dynamic process, and irreversible damage
spreads from the core to its border. This process can be
imaged with advanced PET equipment, by which changes
in regional blood-flow and oxygen consumption have been
studied after occlusion of the middle cerebral artery (MCA)
in baboons and cats (reviewed in '),

In the cat, changes after MCA occlusion are immediate

and severe. Sequential studies of rCBF, rCMRO,, and
rCMRGIc from control to the endpoint 24 h after occlusion
recorded an immediate decrease in CBF within the MCA
territory to <30% (Fig. 1) of control upon arterial occlusion.
rCMRO, was preserved at an intermediate level and OEF
was increased, indicating misery perfusion. Over time
OEF decreased, reflecting progressive necrosis spreading
from the core to the periphery of the ischemic territory.
Reversible ischemia was studied by reopening the MCA
after 60 min. If OEF remained elevated throughout the
ischemic episode, reperfusion prevented large infarcts.
In contrast, if the initial OEF increase disappeared during
ischemia, large infarcts developed and intracranial
pressure increased fatally. These experimental findings

rTPA treatment

/‘*J‘!‘

&

Fig.1. Sequential PET images of CBF, CMRO,, and OEF after MCA occlusion in cats compared to images from patients after stroke
(modified from Heiss WD. Stroke 2012"")). Left columns: In the right cat panel, the progressive decrease of CMRO, and the

reduction of OEF predict infarction and cannot benefit from reperfusion. Only if OEF is increased until the start of reperfusion can

it be salvaged (left cat panel). Middle panels: in the patient, the areas with preserved OEF are not infarcted and can survive in the
spontaneous course (posterior part of ischemic cortex in the left, and anterior part in the right patient as indicated on late MRI and
CT). Right panels: in patients receiving recombinant tissue plasminogen activator treatment, measurements of CMRO, and OEF

are not feasible, but flow determinations show the effect. If reperfusion occurs early enough and before tissue damage, tissue can

be salvaged (left patient). If reperfusion is achieved too late, tissue cannot be salvaged despite hyperperfusion in some parts (right

patient).
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from sequential studies and clinical investigations at
[20, 21] imply
that the extent of the penumbra, i.e. of morphologically

different time-points after the attack (Fig. 1)

intact but functionally impaired tissue, depends on the
time of measurement relative to the onset of ischemia.
Flow measurements in the first hours after a stroke allow
the identification of various tissue compartments and
their contribution to the final infarct on CT/MRI. When the
threshold for probable infarction was set to the conventional
value of 12 mL/100 g/min and that for the upper limit of the
penumbra to 18 mL/100 g/min, a large compartment of the
final infarct (70%) was perfused at <12 mL/100 g/min, a
level that predicts necrosis, while a smaller portion (18%)
had flow values in the penumbra range (12-18 mL/100 g/
min), and a fairly small compartment (12%) had perfusion
at a higher level®®. Only the tissue with CBF >12 mL/100 g/
min could benefit from thrombolysis.

Non-invasive Imaging of the Penumbra

Measurement of rCBF, rCMRO,, and OEF by ""O-PET
necessitates arterial blood sampling. A marker of neuronal
integrity is needed that can identify irreversible tissue
damage irrespective of the time after the vascular attack
without the necessity of arterial blood sampling. The
central benzodiazepine receptor ligand flumazenil (FMZ)
binds to the GABA receptors abundant in the cerebral
cortex. These receptors are damaged early by ischemia
and indicate early neuronal loss. In cats with transient
MCA occlusion, reduction in FMZ-binding predicts the
size of the final infarcts, whereas preserved FMZ-binding
indicates an intact cortex"” ?. With this tracer (Fig. 2), the
pathophysiological changes early after ischemic stroke
can be accurately specified: 55% of the volume of the final
infarct had decreased FMZ uptake, indicating infarction in
the first hours after stroke; and 21% of the final infarct had
flow <14 mL/100 g/min, but FMZ uptake above the critical
value, indicating penumbra tissue'"”. However, selective
neuronal loss can occur in tissue outside the documented
penumbra or in re-perfused penumbra areas, and this can
be documented by decreased cortical FMZ-binding®®..
These results indicate the potential and the limits of
therapy in acute stroke: early reperfusion cannot reverse
the already-developed neuronal damage, but is crucial for
salvaging the penumbra.

MR studies using diffusion and perfusion imaging
might provide a differentiation between the core and the
penumbra: the early diffusion-weighted imaging (DWI)
lesion might define the ischemic core and adjacent critically
hypoperfused tissue might be identified with perfusion-
weighted imaging (PW1)?!. Therefore, brain regions with
hypoperfusion assessed by PWI but without restricted
diffusion (PWI/DWI mismatch) have been assumed to
represent the penumbra, but this surrogate definition
has several uncertainties™. Several studies have been
performed to validate this mismatch as a surrogate of the
penumbra in the PET-derived discrimination of irreversibly
damaged, critically perfused “at risk”, and oligemic “not
at risk” tissue. These studies demonstrated that DWI is
a rather reliable predictor of the finally infarcted tissue®,
but contains up to 25% false-positive, i.e. surviving
tissue. The inaccuracy in defining the penumbra with the
PWI/DWI mismatch is mainly related to the PWI, which
uses variable parameters to estimate perfusion. As a
consequence, the perfusion lesion size differs markedly
depending on the parameters calculated®” and is usually
overestimated. Time-to-peak delays of 4 and 6 s reliably
identify hypoperfused and exclude normoperfused tissue
but overestimate the volume of critically perfused but
salvageable tissue, i.e. the penumbra®. The mismatch
volume in PWI/DWI as conventionally calculated therefore
does not reliably reflect misery perfusion, i.e. the penumbra
as defined by PET (Fig. 3). Several validation studies of
various perfusion parameters calculated from PW-MRI
on the flow values obtained from H,"*O-PET®?® ¥ resulted
in corrections permitting reliable classification of critical,
but potentially reversible ischemia (T, CBF, and time-
to-peak). These thresholds have been implemented in
recent clinical trials to improve the efficiency of therapeutic
interventions for stroke®". With the advances of arterial
spin-labelling MR techniques® and CT perfusion studies
for the determination of cerebral perfusion®, it will be
necessary to validate the results of flow values from
quantitative methods.

Detection of Hypoxic Tissue

Markers of hypoxia have been investigated with respect to
their sensitivity in identifying penumbral tissue. Increased
uptake of labeled nitroimidazole-derivatives is found in
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OEF
12 hours

CMRGilc

13 hours

Fig. 2. Co-registered transaxial PET images at the caudate/ventricular level of CBF, steady-state FMZ binding (Bdg), and OEF at 12 h, as
well as CMRGIc (glucose consumption) and MRI at 2 weeks after moderate left hemiparesis and hemihypesthesia of acute onset in

a 52-year-old male patient (adapted from Heiss WD et al. Stroke 1998""%). The large territorial defect is visible in all PET modalities

with different extensions. The contour delineates the cortical infarct as determined on late MRI. FMZ-binding precisely predicts the

extension of the final infarct, whereas CBF and FMZ distribution (as markers of perfusion) delineate a considerably larger volume of

disturbed perfusion. In the cortical region outside the infarct with initially disturbed perfusion, OEF is increased, indicating preserved

CMRO, at 12 h post-ictus. The permanently decreased CMRGIc in this region could be caused by neuronal loss and/or diaschisis.

the histologically-damaged ischemic core and in adjacent

3.3 The nitroimidazole-

areas that are intact at follow up"
derivative misonidazole labeled with "®F-fluoromisonidazole
(FMISO), was first used by Yeh et al. in 1994°% to investigate
ischemic stroke in patients and revealed increased uptake
surrounding a zone without FMISO uptake. The high uptake
disappeared during the chronic phase, indicating that the
FMISO-positive tissue had either infarcted or recovered.
These results were confirmed in a larger study by Read
et al. in 1998°": in 9 cases, FMISO-trapping was detected
6.25-42.5 h after stroke onset, but was absent in later

examinations. Tissue with increased FMISO uptake was

usually present in the periphery of the infarct identified on
the co-registered late CT, but extended into normal tissue
adjacent to the infarct in a few cases. The volume of tissue
with increased FMISO uptake declined after stroke onset.
The proportions of hypoxic tissue that infarcted or survived
varied between patients. Within 6 h of stroke onset, ~90%
of the FMISO-positive region was included in the final infarct
but this percentage was reduced later on®®. In addition, the
volume of initially affected tissue is correlated with the initial
severity of neurologic deficits, and the proportion of initially
affected tissue progressing to infarction is correlated with
neurological deterioration during the first week after stroke™.



718

Neurosci Bull  October 1, 2014, 30(5): 713-732
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Fig. 3. A, B: Volumetric comparison of time-to-peak (TTP) (MRI) and OEF (PET) images in 2 patients in the chronic phase of stroke. In both
patients, a TTP delay of 4 s indicates a considerable mismatch volume (red contour on TTP images). The mismatch volumes were

473 cm’ for patient A and 199.7 cm® for patient B. However, only patient B had a corresponding volume of penumbra (260 cm®). C:

Volumes of penumbra and mismatch defined by TTP >4 s in 13 patients. All 13 showed mismatch, but only 8 showed a penumbra,
which comprised 1-75% of the mismatch volume (modified from Sobesky J et al., Stroke 2005%%).

As high FMISO uptake in these areas fulfills the definition
of the penumbra, the topography of FMISO-trapping can be
used to generate a “penumbragram™®.

After 2-h transient occlusion of the MCA in the rat,
the area of FMISO uptake is much larger than the area
of subsequent infarctions, since a variable portion of the
tissue detected by FMISO uptake does not go on to infarct if
untreated””. However, in order to provide adequate time for
the washout of unbound tracer, scanning of FMISO uptake
cannot be performed until 2 h after injection. In addition,
due to tracer dynamics, the timing of imaging is crucial
with an optimal time of 2 h for the identification of tissue at
risk?. In permanent experimental MCA occlusion” and in
human stroke™, a portion of the FMISO-trapping area may
lie outside the final infarct and a portion of the final infarct
may not exhibit early tracer mapping, indicating that FMISO-
trapping does not accurately identify preventable infarction
and therefore may not be specific to the penumbra. This may
indicate that the hypoxia necessary for FMISO-binding is less
severe than the oxygen depletion responsible for neuronal
necrosis'"®. The required delay between tracer injection
and imaging (>2 h) further limits the value of FMISO for the
selection of effective treatment in acute ischemic stroke.

PET as a Surrogate Marker for Treatment Efficiency

The efficacy of treatment in ischemic stroke can only be
established by controlled, randomized, double-blind clinical
trials, as successfully performed for thrombolysis with
intravenous recombinant tissue plasminogen activator
(rtPA)*. Such controlled trials require large groups of
patients from many stroke centers, usually take a long
time, and are expensive. Therefore surrogate markers
may help to predict therapeutic effects in small groups of
patients. Effects demonstrated with surrogate markers
must be confirmed in controlled trials with sufficient patient
populations. In recent years, identification of salvageable
tissue by neuroimaging has attracted much interest as a
surrogate marker for treatment efficiency in stroke.

The effect of thrombolysis, the only approved
treatment for acute ischemic stroke, has been shown in
imaging studies, in which reperfusion to penumbral tissue
is associated with improvement in neurological deficits
(Fig. 4): reperfusion significantly improves in rtPA-treated
patients compared to controls™®. The volume of tissue
salvaged by reperfusion was determined by H,"*O-PET
within 3 h of stroke onset and compared with the volume of
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infarction assessed on MRI 3 weeks after the stroke™”. The
percentage of voxels with an initial flow below the threshold
of 12 mL/100 g/min that became re-perfused predicted the
degree of clinical improvement within 3 weeks. Overall,
only 22.7% of the grey matter initially perfused below the
conventional threshold of critical ischemia became necrotic
after thrombolytic therapy in this small sample, indicating
that a considerable portion of the critically hypoperfused
tissue is salvaged by this therapy. However, hypoperfused
tissue can benefit from reperfusion only if cortical
flumazenil-binding is not reduced below a critical value®®.
This marker identifies irreversibly damaged tissue that is
not amenable to treatment.

In 34 patients with ischemic changes in >50% of
the MCA territory in early cerebral CT scans, PET was
performed with "C-FMZ to assess CBF and irreversible
neuronal damage. Thereafter, probes for microdialysis and
for measurement of intracranial pressure and tissue oxygen
pressure were placed in the ipsilateral frontal lobe®®. PET
studies within 24 h after stroke identified larger volumes of
ischemic core and larger volumes of irreversible neuronal
damage in patients with a subsequent malignant course
(i.e., edema formation with midline shift) than in patients
with a benign course (Fig. 5). CBF within the ischemic core
was significantly lower and the penumbra was smaller in
the malignant than in the benign group. Therefore, PET
may allow the prediction of malignant MCA infarction
within the time window suggested for hemicraniectomy.
Neuromonitoring helps to classify the clinical courses by
characterizing the pathophysiological sequelae of malignant
edema formation. In contrast to PET, however, it does not
predict a fatal outcome early enough for the successful
implementation of invasive therapies.

Microglial Activation as an Indicator of Inflammation

Microglia constitute up to 10% of the total cell population
of the brain. As resident macrophages of the central
nervous system (CNS), microglia phagocytose cellular
debris, present foreign antigens, and are sensors of
pathological events, including ischemia®. Microglia
change from a resting to an activated state in response
to CNS insults and function as phagocytes. In this
activation process, they undergo a shift in their effector
program by transforming their morphology, proliferating,

releasing pro-inflammatory compounds, and increasing
the expression of immunomodulatory surface antigens®.
As one consequence, the translocator protein 18 kDa
(TSPO), formerly known as the peripheral benzodiazepine
receptor (PBR), is upregulated in the mitochondria of
activated microglia and may thus serve as a biomarker of
inflammation. Several radioligands have been developed
to image the activation of microglia in experimental models
and in various diseases of the CNS"®. Early studies in
ischemia models using *H-PK 11195 autoradiography
demonstrated increased binding sites in the area of
infarction and in the boundary zones between major
arteries in hypertensive animals. These were associated
with reactive glial cells and macrophages and reached a
maximum 4-8 days after the induction of local ischemia.
When high-resolution microPET was applied to the
expression of TSPO/PBR in transient experimental
ischemia, a high signal was detected in the ischemic core
starting on day 4 and increasing to day 7, and this strong
signal was associated with microglia/macrophages. A less
prominent signal indicating elevated TSPO expression was
observed in the region surrounding the infarct at day 7,
and this could be attributed to reactive astrocytes. These
results demonstrated that the cellular heterogeneity of
TSPO/PBR expression depends on the intrinsic features of
inflammatory cells® *. In permanent ischemia induced by
microspheres injection into the MCA of rats, no increase in
®H-PK 11195-binding was found in the infarct core 7 days
after the attack, but the permanent MCA ischemia caused
increased tracer-binding in the normoperfused peri-infarct
zone, which was co-localized with increased glucose
metabolism and accumulated microglia and macrophages.
This peri-infarct neuroinflammation might contribute to
the extension of tissue damage®. After temporary (45
min) MCA occlusion in hypertensive rats, significant
increases in "'C-PK 11195-binding in both the infarct and
the surrounding areas were observed after 14 days, and
less but still increased uptake was already present after
2 days®. With multimodal imaging including a tracer
for mitochondrial complex | activity, neuronal damage is
identifiable in the areas with neuroinflammation®".

Many histological studies have identified activated
microglia in the ischemic brain after stroke in humans,
especially in the ischemic core within 1 to 2 days after
stroke. Over time, they extend from the ischemic core into
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Fig. 4. Effect of thrombolysis (intravenous rTPA) in a 45-year-old woman with stroke due to multiple cerebral emboli via an open foramen
ovale originating from deep vein thrombosis. The patient showed defects in the right MCA and left ACA territories at initial CBF
PET, then lysis reperfusion was applied to both territories. Early control after 1 day showed hyperperfusion in the right MCA. MRI
after 2 weeks did not indicate permanent tissue damage, indicating the patient had completely recovered.
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Fig. 5. Benign and malignant infarction in patients and cats (adapted from Heiss WD. Stroke 2012"""). A: FMZ-distribution and FMZ-binding

Malignant

&
Control >

in patients with large MCA infarcts. In benign infarcts, the volumes of severe hypoperfusion and neuronal damage, i.e. reduced

FMZ binding, were smaller than those in patients with a malignant course. B: Sequential PET CBF images in 2 cats with malignant

(left) and benign (right) courses after transient MCA occlusion. Note the hyperperfusion immediately following recirculation and
subsequent deterioration extending even to the contralateral hemisphere in the cat with malignant infarct.

the peri-infarct zones®® ®¥. In several studies, increased
"C-PK11195 uptake has been observed around the
ischemic lesions after several days, but also in regions
distant from the lesion®®. Increased PK-binding has
also been documented in the ipsilateral thalamus and in
the subcortical white matter. This relationship between
neuroinflammation and the integrity of fiber tracts has
been investigated more systematically by combining
microglia PET with diffusion tensor imaging (DTI), which
yields information about the anisotropic diffusion of
water molecules along white-matter fiber tracts. Using
DTl in a prospective controlled study, Radlinska et al.®
demonstrated that microglial activation occurs along the
pyramidal tract anterograde to the lesion only in those
patients with acute subcortical stroke where the cortico-
spinal tract is affected. These anterograde regions of the
tract undergo Wallerian degeneration in the weeks and
months after the stroke. This relationship was further
investigated in a similarly-designed but longitudinal

[64]

study™”, in which the extent of anterograde microglial
activity in the brainstem was found to be linearly related to

the extent of pyramidal tract damage (Fig. 6). This remote

microglial activity is positively associated with the outcome,
suggesting a neuroprotective role or repair function of
microglial cells along the tract regions undergoing Wallerian
degeneration. In contrast, local microglial activity in the
area of the infarct is only related to persisting tract damage
in the chronic phase and is correlated negatively with
clinical outcome.

Hemodynamic and Metabolic Reserve

Patients with arterial occlusive disease are protected
against ischemic damage to a certain extent by
compensatory mechanisms, which help to prevent critical
ischemia when perfusion pressure drops. In patients
with uni- or bilateral carotid artery disease, PET using
*O-labelled tracers™ indicates regional vasodilatation
as a focal increase in cerebral blood volume (CBV) in the
respective territory, and the ratio of CBF to CBV is used
as an indicator of local perfusion pressure. By calculating
CBF/CBYV ratio (normal value 10), the territories of patent
carotids, unilateral occlusion, occlusion with contralateral
stenoses, and bilateral occlusions can be discriminated.
The reciprocal of the local mean vascular transit time is a
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PET/MRI

Fig. 6. Microglial activation in infarct and peri-infarct areas (A) (adapted from Gerhard A et al. Neuroimage 2005°%) and in remote fiber
tracts imaged by "'C-PK11195-PET (B) (adapted from Thiel A et al. Stroke 2011°"): "'C-PK11195-PET is overlaid on T1-weigthed MRI
(left) and the fractional anisotropy (FA) image shows fiber tracts (right). Tracer binding is high in the infarct but also follows the

pyramidal tract (arrows) in an anterograde direction to the level of the pons. Scale indicates uptake ratios.

measure of the perfusion reserve: the lower its value, the
lower the flow velocity and the longer the residence time.
The lowest ratios are found in patients with symptoms
indicating a hemodynamic rather than a thrombotic cause
of the ischemia. At maximal vasodilatation, the perfusion
reserve is exhausted and a further decrease in arterial
pressure produces a proportional decrease in CBF and the
CBF/CBYV ratio. With this hemodynamic decompensation,
the brain must draw upon the oxygen-carriage reserve
to prevent energy failure and the OER is increased from
the normal value of 40% to up to 85%*®. Patients with
submaximal elevations of OER represent 10% to 15% of
the patients with cervical occlusive disease®; their clinical
symptoms are suggestive of hemodynamic ischemia.

On the basis of such PET measurements, it is
therefore possible to discriminate patients with impaired
hemodynamics only, as well as to quantify the impairment
of perfusion reserve, using the CBF/CBYV ratio. In addition,
patients who are in a more precarious physiological
state can be identified because (a) their hemodynamic
reserve is exhausted and (b) their focal OER is increased.
These two homeostatic mechanisms seem to act in
series, thereby preventing a fall in CMRO, and, hence,
preventing functional disorder. Therefore, elevated OEF is
an independent predictor for subsequent stroke in patients

with symptomatic internal carotid artery disease, increasing
the relative risk for ipsilateral stroke to ~7°*"". The
exhausted metabolic reserve can lead to selective neuronal
loss in the cortex; this cannot be detected by morphological
imaging (CT or MRI) but can be documented by FMZ-
PET"™. Removal of the arterial lesion by endarterectomy or
stenting is successful in preventing further ischemic attacks;
repeated multiparametric PET can reveal accompanying
improvements in CBF, perfusion pressure, and oxygen
metabolism!™.

Deactivation of Remote Tissue (Diaschisis)

Even the earliest PET studies of ischemic brain lesions"
revealed reduction of metabolism and blood flow exceeding
the extent of morphologically damaged tissue (Fig. 7) —
a regular finding since then with other functional imaging
modalities as well, such as single-photon emission CT.
The most conspicuous effect is a reduction of CBF and
metabolism in the contralateral cerebellum, called “crossed
cerebellar diaschisis” (CCD)"®, occurring immediately
after a stroke and persisting permanently in patients
suffering from lesions involving the cortico-ponto-cerebellar
pathways, but it is reversed by successful reperfusion
therapy"®(Fig. 7). This CCD is clearly due to a neuronally-
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baseline

Fig. 7. Crossed cerebellar diaschisis (CCD) in acute stroke and response to supratentorial reperfusion. In patient #1, CCD persisted

despite marked supratentorial reperfusion/hyperperfusion. Infarct volume was 60 cm’, clinical outcome was poor (National

Institutes of Health stroke scale (NIHSS) 9). In patient #2, supratentorial reperfusion was accompanied by a CCD decrease. Follow-
up CT showed no infarct and the NIHSS outcome score was 0 (from Sobesky J et al. J Cereb Blood Flow Metab 2005").

mediated functional effect, since a primary vascular
cause can be excluded on account of the remote vascular
territory. Further remote effects include reductions of CBF
and metabolism in the ipsilateral cortex and basal ganglia.
Their cause is less clear, since selective ischemic neuronal
loss or inadequate blood supply could also contribute
in these areas. However, similar effects have also been
observed in non-ischemic lesions such as brain tumors
and intracerebral hematomas, so they seem therefore
to be more closely related to the site than to the nature
of the primary lesion””. Among cortical and subcortical
lesions, infarcts of the parietal and frontal lobes most often

cause significant reductions of CBF and metabolism in the
ipsilateral basal ganglia and the contralateral cerebellum.
Infarcts of the basal ganglia may induce ipsilateral cerebral
as well as contralateral cerebellar deactivation. Thalamic
infarcts have mainly diffuse ipsilateral cortical effects;
lesions of the medial thalamic nuclei apparently cause more
widespread cortical metabolic reductions than those restricted
to the anterior, ventrolateral, and posterior nuclei™. Infarcts
of the brainstem and the cerebellum usually do not cause
significant asymmetric inactivations of forebrain structures.
It is important to note that diaschisis cannot be reliably
detected by the usual PWI parameters”™.
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Clinical symptoms not explained by the infarct
proper can often be related to remote effects, and the
severity of the metabolic changes appears to have an
impact on functional recovery®. Especially in complex
syndromes affecting parts of widespread functional
networks, disturbance of a distinct function (e.g. language
comprehension) is closely associated with the metabolic
deactivation of a defined region (left temporo-parietal
area) irrespective of infarct location®. Therefore, regional
deactivation in specialized parts of a functional network
plays a major role in the presentation of clinical syndromes
and their resolution; re-organization of the affected network
is of great importance for the recovery and rehabilitation of
stroke victims. This complex topic is discussed in several

reviews® %,

Vascular Dementia and Vascular Cognitive Impairment

Vascular cognitive disorders (VCDs)®® include vascular
cognitive impairment, vascular dementia (VaD, charac-
terized by predominant deficits in executive functions
and less prominent memory defects), and mixed
Alzheimer VaD, and are responsible for cognitive deficits
in 5% of people over the age of 65 years®”. VCDs are
heterogeneous diseases and may be caused by multiple
neuropathological substrates® ®. For the diagnosis of
VaD and its differentiation from Alzheimer disease (AD),
the presence of vascular risk factors and clinical features
such as acute onset, stepwise progression, and emotional
lability are used® °". In addition, neuroimaging can detect
the location and extent of pathological changes related to
disturbed brain function'®?.

Overall, PET studies in patients with VaD demonstrate
reduced CBF and CMRO,, but normal OEF due to chronic
ischemia®. In patients with large infarcts, leukoaraiosis
and deep white-matter abnormalities, decreased CBF and
CMRO,; in the overlying grey matter are associated with the
severity of cognitive impairment®,

In VaD, fludeoxyglucose (FDG) PET shows focal
cortical and subcortical hypometabolism, a pattern different
from the changes in metabolism in AD (Fig. 8) affecting
the association areas®®. However, various patterns of
disturbance of CBF and metabolism are observed in
different conditions of vascular pathology (details in

review®™).

Post-stroke dementia (PSD) is a special case
with cognitive impairment developing after the stroke,
irrespective of signs of pre-existing cognitive decline. The
prevalence of PSD is ~30%, i.e. 3.5 to 5.8 times greater
than age-matched controls®. The high rate of cognitive
impairment after a stroke could be caused by vascular
risk factors and AD-typical metabolic changes. Clinical
and experimental studies (summarized in®®") indicate
a link between vascular risk factors and degenerative
dementia which is mediated by inflammation. In animal
models, microglial activation after ischemia is exacerbated
in the presence of amyloid and infarcts over time®. The
processes responsible for the development of PSD can be
investigated by multi-tracer PET and may serve as a basis
for the development of preventive therapy.

Complex Activation Studies

Regional cerebral metabolism and blood flow are
dependent on the functional state of the brain tissue. This
has been well established in animal experiments using
autoradiography®®. A direct coupling of neuronal activity
and focal blood flow has been demonstrated directly by
simultaneous recordings with microelectrodes!". The
transfer to human studies was achieved by the "**Xenon
clearance method for the measurement of regional cerebral
blood flow!"”", by which two-dimensional cortical activation
patterns for various tasks including speech and memory
were obtained. With the advance of PET, three-dimensional
regional activation studies became feasible in healthy controls
and in patients with various CNS disorders!®. Due to the
radiation exposure and the complex logistics required by
PET, these activation studies were taken over by fMRI
with the availability of high-resolution MR equipment!'®.
However, PET activation studies are still required and
justified for the detection of changes in the complex
patterns elicited by stimulation procedures not feasible in
MRI.

Our group has long experience with activation studies
in aphasia®. In the brain of right-handers and many left-
handers, language is a function of the left, dominant
hemisphere. This asymmetry is established during
maturation and maintained by fiber bundles connecting both
hemispheres across the corpus callosum. These fibers are
glutaminergic and are connected to inhibitory interneurons
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Fig. 8. Glucose metabolism in a normal control, in a patient with vascular dementia (VaD), and a patient with Alzheimer disease (AD)
(Adapted from Heiss WD et al. J Neurol Sci 2012"%). The severity of dementia was comparable, and the pattern of pathologic
changes differentiated these two cases: patchy metabolic defects in VaD in the frontal lobe, basal ganglia, and thalamus; bilateral

hypometabolism in the parieto-temporal cortex and to a lesser degree in the frontal association areas in AD.

in the non-dominant hemisphere. This means that language
areas active in Broca’s area suppress homologous areas
in the non-dominant hemisphere (transcallosal inhibition).
The existence of these inhibitory mechanisms has been
deduced from imaging studies in patients with brain lesions
and has been demonstrated directly in normal subjects
using imaging-guided repetitive transcranial magnetic
stimulation (rTMS) (Fig. 9)"°. A lesion in the language
areas of the dominant hemisphere not only reduces activity
in the affected hemisphere, but also activates areas in
the unaffected hemisphere by interrupting transcallosal
inhibitory fibers""®. This activity of regions in areas of
the non-dominant hemisphere after a stroke has been
repeatedly detected in imaging studies"®. In the following
weeks and months, activation shifts back to the dominant
hemisphere. This backward shift varies considerably
and might be responsible for the successful recovery of
language function"”. For successful rehabilitation, the
reactivation of networks in the dominant hemisphere seems
to be a more efficient strategy than recruiting homologous

brain regions in the unaffected non-dominant hemisphere.
Right-hemispheric regions can be compensatory in chronic
aphasics'®, but this seems to be a less effective long-term
strategy if left-hemisphere areas can no longer be recruited.
Based on these data, a strategy for the rehabilitation of
language function should suppress the right hemisphere
and enhance left-hemisphere activity after stroke. Results
from a study in post-stroke aphasia show that activity of the
non-lesioned hemisphere can be decreased by inhibitory
rTMS. The induced shift of activation to the dominant
hemisphere is associated with an improvement in language
function. Speech therapy combined with inhibitory rTMS
of the area in the non-dominant hemisphere homologous
to Broca’s area might be a successful treatment for post-

stroke aphasial'®.

Future Perspectives: Multimodal Imaging

With technical developments for the integration of different
modalities, e.g. MRI and PET, the investigation of various
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Fig. 9. Effect of repetitive transcranial magnetic stimulation on the activation pattern during verb generation. The activation pattern (left

panel) and coil position (right panel) are shown in 3D rendering. Middle panels: left side, images in 3D show activation of the left

inferior frontal gyrus during verb generation (red arrows); right side, decreased activation on the left (green arrows), and increased
activity on the right (red arrows) during rTMS interference (modified from Thiel A et al. J Cereb Blood Flow Metab 2006'").

parameters (morphology, metabolism, blood flow and
perfusion, and molecular activities) can be performed
simultaneously. Combining the functional metabolic values
in the picomolar range provided by PET with the fast high-
resolution information in the micromolar range from MRI
already has widespread applications in experimental
research and promising potential in humans!'*". The
co-registration of various parameters also improves the
quality of results: MR data are used for the correction of
partial volume effects in small structures and dynamic
information from MRI can be used for the quantification of
parametric values by PET (Fig. 10).

Simultaneous multifunctional and multiparametric
imaging might have a significant impact in stroke research:
it guarantees exactly the same physiological state for
comparative measurements of perfusion by PET and
MRI; it permits differentiation of core and penumbra,
demonstrates time-dependent growth of infarction, and
may be used to determine the optimal therapy for a certain
time after the stroke; the vascular origin of the stroke can
be detected by magnetic resonance angiography, and

perfusion or oxy/deoxyhemoglobin changes (the BOLD
effect) can be related to the extent of oxygen deprivation
("®0) and hypoxia (FMISO) and to changes in metabolic
markers (FDG-PET, MR spectroscopy (MRS) for lactate,
choline, N-acetylaspartate) — complimentary information
important for therapeutic decisions. This high-resolution
anatomical information is complemented by diffusion-
based tractography, and can be related to the activation or
inhibition of neurotransmitter and receptor activity as well
as to inflammatory reactions.

Another field of new applications may open up by
combining MRS and PET. Monitoring glucose metabolism
by FDG yields precise information about glycolysis. Other
molecules important in glucose metabolism, such as lactate
and pyruvate, can be detected by *C-MRS, which could be
used together with FDG-PET to monitor different aspects of
glucose metabolism in various diseases!"®.

Some innovative strategies might result from the
transfer of experimental findings into clinical applications
of PET/MR: imaging of angiogenesis by "°F-galacto RGD
(a cyclic growth factor receptor peptide) combined with
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Fig. 10. The first simultaneous PET/MR acquired on the BrainPET prototype, Siemens, Knoxville, TN: Complete set of acquired MR and
PET data from a 66-year-old man after injection of 370 MBq of FDG. A: T2-TSE, tracer distribution in PET recorded for 20 min at
steady-state, superimposed combined PET/MR and EPI; B: time-of-flight MR-angiography; C: proton MR-spectroscopy showing
increased choline relative to creatine in white matter areas (left spectra) compared to normal gray matter (right spectra) (modified

from Schlemmer HP et al. Radiology 2008""").

dynamic contrast-enhanced MR might become feasible
and yield information on revascularization processes in the
course after stroke""”’. Monitoring the location and following
the migration of grafted stem or progenitor cells will be
essential in the development of cell replacement strategies
for the treatment of various neurological disorders. The
cells can be labelled with iron oxide particles and their
survival and migration to the ischemic lesion can be
followed by MRI"®. Combining MRI for tracking cells with
PET for detecting their biological activity could demonstrate
the viability of the cells as well as their integration into

functional networks!""® 2%,

Conclusion

Over the years, PET has been the most efficient technique
for providing accurate quantitative in vivo regional
measurements of cerebral blood flow, cerebral metabolism,

and cerebral molecular markers in human subjects. It
therefore has played a prominent role in the translation of
research concepts from experimental models to clinical
application, which is fundamental for understanding the
pathophysiology and for developing treatment strategies in
various brain diseases including stroke. With the advent of
high-resolution integrated PET/MRI facilities, simultaneous
investigations of several molecular, metabolic, perfusional,
and morphological parameters are feasible, and these
might enhance our insights into brain function and
disorders.

Received date: 2014-03-13; Accepted date: 2014-04-10
REFERENCES

[11 World Health Organisation 2008. Burden of Disease
Statistics. Geneva: WHO Press.



728

Neurosci Bull  October 1, 2014, 30(5): 713-732

(2]

(3]

4]

(5]

(6]

(7]

(8]

9]

[10]

(1]

(2]

[13]

[14]

[15]

[16]

Lopez AD, Mathers CD, Ezzati M, Jamison DT, Murray CJ.
Global and regional burden of disease and risk factors, 2001:
systematic analysis of population health data. Lancet 2006,
367: 1747-1757.

Johnston SC, Mendis S, Mathers CD. Global variation in
stroke burden and mortality: estimates from monitoring,
surveillance, and modelling. Lancet Neurol 2009, 8: 345-354.
Leary MC, Saver JL. Annual incidence of first silent stroke in
the United States: a preliminary estimate. Cerebrovasc Dis
2003, 16: 280-285.

Pakkenberg B, Gundersen HJ. Neocortical neuron number
in humans: effect of sex and age. J Comp Neurol 1997, 384:
312-320.

Clarke DD, Sokoloff L. Circulation and energy metabolism of
the brain. In: Siegel GJ, Agranoff BW, Albers RW, et al. (Eds.).
Basic Neurochemistry: Molecular, Cellular, and Medical
Aspects, 6th ed. Philadelphia: Lippincott-Raven,1999: 637—
669.

Sokoloff L. Energetics of functional activation in neural
tissues. Neurochem Res 1999, 24: 321-329.

Laughlin SB, Attwell D. The metabolic cost of neural
information: from fly eye to mammalian cortex. In:
Frackowiak RSI, Magistretti Pl, Shulman RG, et al. (Eds.).
Neuroenergetics: Relevance for Functional Brain Imaging.
Strasbourg: HFSP Workshop XI, 2001: 54—-64.

Dirnagl U, ladecola C, Moskowitz MA. Pathobiology of
ischaemic stroke: an integrated view. Trends Neurosci. 1999,
22:391-397.

Hossmann KA. Pathophysiological basis of translational
stroke research. Folia Neuropathol 2009, 47: 213-227.
Astrup J, Siesjo BK, Symon L. Thresholds in cerebral
ischemia - the ischemic penumbra. Stroke 1981, 12: 723—
725.

Heiss WD, Rosner G. Functional recovery of cortical neurons
as related to degree and duration of ischemia. Ann Neurol
1983, 14: 294-301.

Ackerman RH, Correia JA, Alpert NM, Baron JC, Gouliamos
A, Grotta JC, et al. Positron imaging in ischemic stroke
disease using compounds labeled with oxygen 15. Initial
results of clinicophysiologic correlations. Arch Neurol 1981,
38: 537-543.

Baron JC, Bousser MG, Comar D, Soussaline F, Castaigne
P. Noninvasive tomographic study of cerebral blood flow and
oxygen metabolism in vivo. Potentials, limitations, and clinical
applications in cerebral ischemic disorders. Eur Neurol 1981,
20: 273-284.

Lenzi GL, Frackowiak RSJ, Jones T. Cerebral oxygen
metabolism and blood flow in human cerebral ischemic
infarction. J Cereb Blood Flow Metab 1982, 2: 321-335.
Powers WJ, Grubb RL, Jr., Darriet D, Raichle ME.

(7]

(18]

[19]

[20]

[21]

(22]

(23]

[24]

(25]

[26]

[27]

(28]

[29]

Cerebral blood flow and cerebral metabolic rate of oxygen
requirements for cerebral function and viability in humans. J
Cereb Blood Flow Metab 1985, 5: 600—608.

Heiss WD. Ischemic penumbra: evidence from functional
imaging in man. J Cereb Blood Flow Metab 2000, 20: 1276—
1293.

Powers WJ, Zazulia AR. PET in cerebrovascular disease.
PET Clin 2010, 5: 83106.

Heiss WD. David sherman lecture 2012: the role of positron
emission tomography for translational research in stroke.
Stroke 2012, 43: 2520-2525.

Heiss WD, Huber M, Fink GR, Herholz K, Pietrzyk U, Wagner
R, et al. Progressive derangement of periinfarct viable tissue
in ischemic stroke. J Cereb Blood Flow Metab 1992, 12:
193-203.

Baron JC. Mapping the ischaemic penumbra with PET:
implications for acute stroke treatment. Cerebrovasc Dis
1999, 9: 193-201.

Graf R, Léttgen J, Ohta K, Wagner R, Rosner G, Pietrzyk U,
et al. Dynamics of postischemic perfusion following transient
MCA occlusion in cats determined by sequential PET. J
Cereb Blood Flow Metab 1997, 17, Suppl. 1: S323.
Guadagno JV, Jones PS, Aigbirhio FI, Wang D, Fryer TD,
Day DJ, et al. Selective neuronal loss in rescued penumbra
relates to initial hypoperfusion. Brain 2008, 131: 2666—2678.
Barber PA, Darby DG, Desmond PM, Yang Q, Gerraty RP,
Jolley D, et al. Prediction of stroke outcome with echoplanar
perfusion-weighted and diffusion-weighted MRI. Neurology
1998, 51: 418-426.

Kidwell CS, Alger JR, Saver JL. Beyond mismatch: evolving
paradigms in imaging the ischemic penumbra with multimodal
magnetic resonance imaging. Stroke 2003, 34: 2729-2735.
Heiss WD, Sobesky J, Smekal U, Kracht LW, Lehnhardt FG,
Thiel A, et al. Probability of cortical infarction predicted by
flumazenil binding and diffusion-weighted imaging signal
intensity: a comparative positron emission tomography/
magnetic resonance imaging study in early ischemic stroke.
Stroke 2004, 35: 1892-1898.

Kane |, Carpenter T, Chappell F, Rivers C, Armitage P,
Sandercock P, et al. Comparison of 10 different magnetic
resonance perfusion imaging processing methods in acute
ischemic stroke: effect on lesion size, proportion of patients
with diffusion/perfusion mismatch, clinical scores, and
radiologic outcomes. Stroke 2007, 38: 3158-3164.

Sobesky J, Weber OZ, Lehnhardt FG, Hesselmann V,
Neveling M, Jacobs A, et al. Does the mismatch match
the penumbra? Magnetic resonance imaging and positron
emission tomography in early ischemic stroke. Stroke 2005,
36: 980-985.

Takasawa M, Jones PS, Guadagno JV, Christensen S,



Wolf-Dieter Heiss.

PET imaging in ischemic cerebrovascular disease: current status and future directions

729

[30]

[31]

[32]

[33]

[34]

[39]

[36]

[37]

[38]

[39]

[40]

[41]

Fryer TD, Harding S, et al. How reliable is perfusion MR in
acute stroke? Validation and determination of the penumbra
threshold against quantitative PET. Stroke 2008, 39: 870—
877.

Zaro-Weber O, Moeller-Hartmann W, Heiss WD, Sobesky
J. The performance of MRI-based cerebral blood flow
measurements in acute and subacute stroke compared with
150-water positron emission tomography: identification of
penumbral flow. Stroke 2009, 40: 2413-2421.

Olivot JM, Albers GW. Diffusion-perfusion MRI for triaging
transient ischemic attack and acute cerebrovascular
syndromes. Curr Opin Neurol 2011, 24: 44-49.

Hernandez DA, Bokkers RP, Mirasol RV, Luby M, Henning
EC, Merino JG, et al. Pseudocontinuous arterial spin labeling
quantifies relative cerebral blood flow in acute stroke. Stroke
2012, 43: 753-758.

Campbell BC, Christensen S, Levi CR, Desmond PM,
Donnan GA, Davis SM, et al. Cerebral blood flow is the
optimal CT perfusion parameter for assessing infarct core.
Stroke 2011, 42: 3435-3440.

Mathias CJ, Welch MJ, Kilbourn MR, Jerabek PA, Patrick
TB, Raichle ME, et al. Radiolabeled hypoxic cell sensitizers:
Tracers for assessment of ischemia. Life Sci 1987, 41: 199—
206.

Hoffman JM, Rasey JS, Spence AM, Shaw DW, Krohn KA.
Binding of the hypoxia tracer [ 3 H]Jmisonidazole in cerebral
ischemia. Stroke 1987, 18: 168—176.

Yeh SH, Liu RS, Hu HH, et al. Ischemic penumbra in
acute stroke: demonstration by PET with fluorine-18
fluoromisonidazole. J Nucl Med 1994, 35: 205P.

Read SJ, Hirano T, Abbott DF, Sachinidis JI, Tochon-Danguy
HJ, Chan JG, et al. Identifying hypoxic tissue after acute
ischemic stroke using PET and 18F-fluoromisonidazole.
Neurology 1998, 51: 1617—-1621.

Markus R, Reutens DC, Kazui S, Read S, Wright P,
Chambers BR, et al. Topography and temporal evolution of
hypoxic viable tissue identified by 18F-fluoromisonidazole
positron emission tomography in humans after ischemic
stroke. Stroke 2003, 34: 2646-2652.

Read SJ, Hirano T, Abbott DF, Markus R, Sachinidis JI,
Tochon-Danguy HJ, et al. The fate of hypoxic tissue on
18F-fluoromisonidazole PET after ischemic stroke. Ann
Neurol 2000, 48: 228-235.

Markus R, Donnan G, Kazui S, Read S, Reutens D.
Penumbral topography in human stroke: methodology and
validation of the ‘Penumbragram’. Neuroimage 2004, 21:
1252-1259.

Saita K, Chen M, Spratt NJ, Porritt MJ, Liberatore GT,
Read SJ, et al. Imaging the ischemic penumbra with
18F-fluoromisonidazole in a rat model of ischemic stroke.

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

Stroke 2004, 35: 975-980.

Spratt NJ, Donnan GA, Howells DW. Characterisation of the
timing of binding of the hypoxia tracer FMISO after stroke.
Brain Res 2009, 1288: 135—-142.

Takasawa M, Beech JS, Fryer TD, Jones PS, Ahmed T, Smith
R, et al. Single-subject statistical mapping of acute brain
hypoxia in the rat following middle cerebral artery occlusion:
a microPET study. Exp Neurol 2011, 229: 251-258.

Alawneh JA, Moustafa RR, Marrapu ST, Jensen-Kondering U,
Morris RS, Jones PS, et al. Diffusion and perfusion correlates
of the F-MISO PET lesion in acute stroke: pilot study. Eur J
Nucl Med Mol Imaging 2014, 41: 736-744..

Lees KR, Bluhmki E, von Kummer R, Brott TG, Toni D, Grotta
JC, et al. Time to treatment with intravenous alteplase and
outcome in stroke: an updated pooled analysis of ECASS,
ATLANTIS, NINDS, and EPITHET trials. Lancet 2010, 375:
1695-1703.

Grotta JC, Alexandrov AV. tPA-associated reperfusion after
acute stroke demonstrated by SPECT. Stroke 1998, 29:
429-432.

Heiss WD, Grond M, Thiel A, von Stockhausen HM, Rudolf
J, Ghaemi M, et al. Tissue at risk of infarction rescued by
early reperfusion: a positron emission tomography study
in systemic recombinant tissue plasminogen activator
thrombolysis of acute stroke. J Cereb Blood Flow Metab
1998, 18: 1298-1307.

Heiss WD, Kracht L, Grond M, Rudolf J, Bauer B, Wienhard
K, et al. Early [11C]Flumazenil/H,O positron emission
tomography predicts irreversible ischemic cortical damage in
stroke patients receiving acute thrombolytic therapy. Stroke
2000, 31: 366-369.

Hossmann KA. Pathophysiology and therapy of experimental
stroke. Cell Mol Neurobiol 2006, 26: 1057—1083.

Nakamura H, Strong AJ, Dohmen C, Sakowitz OW, Vollmar
S, Sue M, et al. Spreading depolarizations cycle around
and enlarge focal ischaemic brain lesions. Brain 2010, 133:
1994-2006.

Dohmen C, Sakowitz OW, Fabricius M, Bosche B, Reithmeier
T, Ernestus RI, et al. Spreading depolarizations occur in
human ischemic stroke with high incidence. Ann Neurol
2008, 63: 720-728.

Juttler E, Bosel J, Amiri H, Schiller P, Limprecht R, Hacke W,
et al. DESTINY II: DEcompressive Surgery for the Treatment
of malignant INfarction of the middle cerebral arterY Il. Int J
Stroke 2011, 6: 79-86.

Dohmen C, Bosche B, Graf R, Staub F, Kracht L, Sobesky
J, et al. Prediction of malignant course in MCA infarction by
PET and microdialysis. Stroke 2003, 34: 2152-2158.
Hanisch UK, Kettenmann H. Microglia: active sensor and
versatile effector cells in the normal and pathologic brain. Nat



730

Neurosci Bull  October 1, 2014, 30(5): 713-732

[55]

[56]

[57]

[58]

[59]

[60]

(61]

[62]

[63]

[64]

(69]

[66]

[67]

Neurosci 2007, 10: 1387-1394.

Weinstein JR, Koerner IP, Moller T. Microglia in ischemic
brain injury. Future Neurol 2010, 5: 227-246.

Thiel A, Heiss WD. Imaging of microglia activation in stroke.
Stroke 2011, 42: 507-512.

Rojas S, Martin A, Arranz MJ, Pareto D, Purroy J, Verdaguer
E, et al. Imaging brain inflammation with [(11)C]PK11195 by
PET and induction of the peripheral-type benzodiazepine
receptor after transient focal ischemia in rats. J Cereb Blood
Flow Metab 2007, 27: 1975-1986.

Demerle-Pallardy C, Duverger D, Spinnewyn B, Pirotzky
E, Braquet P. Peripheral type benzodiazepine binding sites
following transient forebrain ischemia in the rat: effect of
neuroprotective drugs. Brain Res 1991, 565: 312-320.
Schroeter M, Dennin MA, Walberer M, Backes H, Neumaier
B, Fink GR, et al. Neuroinflammation extends brain tissue at
risk to vital peri-infarct tissue: a double tracer [11C]PK11195-
and [18F]FDG-PET study. J Cereb Blood Flow Metab 2009,
29: 1216-1225.

Hughes JL, Jones PS, Beech JS, Wang D, Menon DK,
Aigbirhio FI, et al. A microPET study of the regional
distribution of [11C]-PK11195 binding following temporary
focal cerebral ischemia in the rat. Correlation with post
mortem mapping of microglia activation. Neuroimage 2012,
59: 2007-2016.

Tsukada H, Ohba H, Nishiyama S, Kanazawa M, Kakiuchi T,
Harada N. PET imaging of ischemia-induced impairment of
mitochondrial complex | function in monkey brain. J Cereb
Blood Flow Metab 2014, 34: 708-714

Gerhard A, Schwarz J, Myers R, Wise R, Banati RB.
Evolution of microglial activation in patients after ischemic
stroke: a [11C](R)-PK11195 PET study. Neuroimage 2005,
24: 591-595.

Radlinska BA, Ghinani SA, Lyon P, Jolly D, Soucy JP, Minuk
J, et al. Multimodal microglia imaging of fiber tracts in acute
subcortical stroke. Ann Neurol 2009, 66: 825-832.

Thiel A, Radlinska BA, Paquette C, Sidel M, Soucy JP,
Schirrmacher R, et al. The temporal dynamics of poststroke
neuroinflammation: a longitudinal diffusion tensor imaging-
guided PET study with ""C-PK11195 in acute subcortical
stroke. J Nucl Med 2010, 51: 1404-1412.

Thiel A, Heiss W-D. Imaging of microglia activation in stroke.
Stroke 2011, 42: 507-512.

Gibbs JM, Wise RJ, Leenders KL, Jones T. Evaluation of
cerebral perfusion reserve in patients with carotid-artery
occlusion. Lancet 1984, 1: 310-314.

Powers WJ, Press GA, Grubb RL, Jr., Gado M, Raichle
ME. The effect of hemodynamically significant carotid
artery disease on the hemodynamic status of the cerebral
circulation. Ann Intern Med 1987, 106: 27-35.

(68]

[69]

[70]

[71]

[72]

(73]

[74]

[79]

[76]

[77]

(78]

[79]

(80]

Sette G, Baron JC, Mazoyer B, Levasseur M, Pappata
S, Crouzel C. Local brain haemodynamics and oxygen
metabolism in cerebrovascular disease. Positron emission
tomography. Brain 1989, 112: 931-951.

Grubb RL, Jr., Derdeyn CP, Fritsch SM, Carpenter DA, Yundt
KD, Videen TO, et al. Importance of hemodynamic factors in
the prognosis of symptomatic carotid occlusion. JAMA 1998,
280: 1055-1060.

Yamauchi H, Fukuyama H, Nagahama Y, Nabatame H, Ueno
M, Nishizawa S, et al. Significance of increased oxygen
extraction fraction in five-year prognosis of major cerebral
arterial occlusive diseases. J Nucl Med 1999, 40: 1992—-1998.
Hokari M, Kuroda S, Shiga T, Nakayama N, Tamaki N,
lwasaki Y. Impact of oxygen extraction fraction on long-
term prognosis in patients with reduced blood flow and
vasoreactivity because of occlusive carotid artery disease.
Surg Neurol 2009, 71: 532-538; discussion 538, 538-539.
Baron JC, Yamauchi H, Fujioka M, Endres M. Selective
neuronal loss in ischemic stroke and cerebrovascular
disease. J Cereb Blood Flow Metab 2014, 34: 2—18.
Matsubara S, Moroi J, Suzuki A, Sasaki M, Nagata K, Kanno
I, et al. Analysis of cerebral perfusion and metabolism
assessed with positron emission tomography before and
after carotid artery stenting. Clinical article. J Neurosurg
2009, 111: 28-36.

Kuhl DE, Phelps ME, Kowell AP, Metter EJ, Selin C, Winter J.
Effects of stroke on local cerebral metabolism and perfusion:
Mapping by emission computed tomography of *FDG and
NH,. Ann Neurol 1980, 8: 47-60.

Baron JC, Bousser MG, Comar D, Castaigne P. “Crossed
cerebellar diaschisis” in human supratentorial brain infarction.
Trans Am Neurol Assoc 1980, 105: 459-461.

Sobesky J, Thiel A, Ghaemi M, Hilker RH, Rudolf J, Jacobs
AH, et al. Crossed cerebellar diaschisis in acute human
stroke: a PET study of serial changes and response to
supratentorial reperfusion. J Cereb Blood Flow Metab 2005,
25: 1685-1691.

Feeney DM, Baron JC. Diaschisis. Stroke 1986, 17: 817—
830.

Szelies B, Herholz K, Pawlik G, Karbe H, Hebold I, Heiss
WD. Widespread functional effects of discrete thalamic
infarction. Arch Neurol 1991, 48: 178—182.

Madai VI, Altaner A, Stengl KL, Zaro-Weber O, Heiss WD,
von Samson-Himmelstjerna FC, et al. Crossed cerebellar
diaschisis after stroke: can perfusion-weighted MRI show
functional inactivation? J Cereb Blood Flow Metab 2011, 31:
1493-1500.

Kushner M, Reivich M, Fieschi C, Silver F, Chawluk J, Rosen
M, et al. Metabolic and clinical correlates of acute ischemic
infarction. Neurology 1987, 37: 1103-1110.



Wolf-Dieter Heiss.

PET imaging in ischemic cerebrovascular disease: current status and future directions 731

[81] Karbe H, Herholz K, Szelies B, Pawlik G, Wienhard K, Heiss
WD. Regional metabolic correlates of Token test results in
cortical and subcortical left hemispheric infarction. Neurology
1989, 39: 1083-1088.

[82] Nudo RJ. Mechanisms for recovery of motor function
following cortical damage. Curr Opin Neurobiol 2006, 16:
638-644.

[83] Mountz JM. Nuclear medicine in the rehabilitative treatment
evaluation in stroke recovery. Role of diaschisis resolution
and cerebral reorganization. Eura Medicophys 2007, 43:
221-239.

[84] Heiss WD. WSO Leadership in Stroke Medicine Award
Lecture Vienna, September 26, 2008: Functional imaging
correlates to disturbance and recovery of language function.
Int J Stroke 2009, 4: 129-136.

[85] Cramer SC, Nudo RJ (Eds.). Brain Repair after Stroke.
Cambridge: Cambridge University Press, 2010.

[86] Roman GC, Sachdev P, Royall DR, Bullock RA, Orgogozo
JM, Lopez-Pousa S, et al. Vascular cognitive disorder: a new
diagnostic category updating vascular cognitive impairment
and vascular dementia. J Neurol Sci 2004, 226: 81-87.

[87] Rockwood K, Wentzel C, Hachinski V, Hogan DB, MacKnight
C, McDowell |. Prevalence and outcomes of vascular
cognitive impairment. Vascular Cognitive Impairment
Investigators of the Canadian Study of Health and Aging.
Neurology 2000, 54: 447-451.

[88] Ferrer |I. Cognitive impairment of vascular origin:
Neuropathology of cognitive impairment of vascular origin. J
Neurol Sci 2010, 299(1-2): 139-149

[89] Jellinger KA. The pathology of “vascular dementia™: a critical
update. J Alzheimers Dis 2008, 14: 107-123.

[90] Hachinski VC, Lassen NA, Marshall J. Multi-infarct dementia.
A cause of mental deterioration in the elderly. Lancet 1974, 2:
207-210.

[91] Moorhouse P, Rockwood K. Vascular cognitive impairment:
current concepts and clinical developments. Lancet Neurol
2008, 7: 246-255.

[92] Heiss WD, Zimmermann-Meinzingen S. PET imaging in
the differential diagnosis of vascular dementia. J Neurol Sci
2012, 322: 268-273.

[93] Frackowiak RSJ, Pozzilli C, Legg NJ, Du Boulay GH,
Marshall J, Lenzi GL, et al. Regional cerebral oxygen supply
and utilization in dementia. A clinical and physiological study
with oxygen-15 and positron tomograhy. Brain 1981, 104:
753-778.

[94] Meguro K, Hatazawa J, Yamaguchi T, Itoh M, Matsuzawa
T, Ono S, et al. Cerebral circulation and oxygen metabolism
associated with subclinical periventricular hyperintensity as
shown by magnetic resonance imaging. Ann Neurol 1990,
28: 378-383.

[95] Benson DF, Kuhl DE, Hawkins RA, Phelps ME, Cummings
JL, Tsai SY. The fluorodeoxyglucose "°F scan in Alzheimer’s
disease and multi-infarct dementia. Arch Neurol 1983, 40:
711-714.

[96] Leys D, Henon H, Mackowiak-Cordoliani MA, Pasquier F.
Poststroke dementia. Lancet Neurol 2005, 4: 752-759.

[97] Cechetto DF, Hachinski V, Whitehead SN. Vascular risk
factors and Alzheimer’s disease. Expert Rev Neurother 2008,
8: 743-750.

[98] Whitehead SN, Cheng G, Hachinski VC, Cechetto DF.
Progressive increase in infarct size, neuroinflammation, and
cognitive deficits in the presence of high levels of amyloid.
Stroke 2007, 38: 3245-3250.

[99] Sokoloff L, Ingvar DH, Lassen NA. Influence of functional
activity on local cerebral glucose utilization. Brain Work 1975:
385-388.

[100] Heiss WD, Turnheim M, Vollmer R, Rappelsberger P.
Coupling between neuronal activity and focal blood flow in
experimental seizures. Electroenceph Clin Neurophysiol
1979, 47: 396-403.

[101]Ingvar DH. Functional landscapes of the dominant
hemisphere. Brain Res 1976, 107: 181-197.

[102] Phelps ME, Mazziotta JC. Positron emission tomography:
Human brain function and biochemistry. Science 1985, 228:
799-809.

[103] Raichle ME. Behind the scenes of functional brain imaging: a
historical and physiological perspective. Proc Natl Acad Sci U
S A 1998, 95: 765-772.

[104] Thiel A, Schumacher B, Wienhard K, Gairing S, Kracht
LW, Wagner R, et al. Direct demonstration of transcallosal
disinhibition in language networks. J Cereb Blood Flow
Metab 2006, 26: 1122—-1127.

[105] Thiel A, Habedank B, Herholz K, Kessler J, Winhuisen L,
Haupt WF, et al. From the left to the right: How the brain
compensates progressive loss of language function. Brain
Lang 2006, 98: 57-65.

[106] Saur D, Lange R, Baumgaertner A, Schraknepper V, Willmes
K, Rijntjes M, et al. Dynamics of language reorganization
after stroke. Brain 2006, 129: 1371-1384.

[107]Heiss WD, Kessler J, Thiel A, Ghaemi M, Karbe H.
Differential capacity of left and right hemispheric areas for
compensation of poststroke aphasia. Ann Neurol 1999, 45:
430-438.

[108] Richter M, Miltner WH, Straube T. Association between
therapy outcome and right-hemispheric activation in chronic
aphasia. Brain 2008, 131: 1391-1401.

[109] Thiel A, Hartmann A, Rubi-Fessen |, Anglade C, Kracht L,
Weiduschat N, et al. Effects of noninvasive brain stimulation
on language networks and recovery in early poststroke
aphasia. Stroke 2013, 44: 2240-2246.



732

Neurosci Bull  October 1, 2014, 30(5): 713-732

[110] Thiel A, Schumacher B, Wienhard K, Gairing S, Kracht
LW, Wagner R, et al. Direct demonstration of transcallosal
disinhibition in language networks. J Cereb Blood Flow
Metab 2006, 26: 1122-1127.

[111] Wehrl HF, Judenhofer MS, Wiehr S, Pichler BJ. Pre-clinical
PET/MR: technological advances and new perspectives in
biomedical research. Eur J Nucl Med Mol Imaging 2009, 36:
S56-68.

[112] Heiss W-D. The potential of PET/MR for brain imaging. Eur J
Nucl MEd Mol Imaging 2009, 36. Suppl 1: 105-112.

[113] Sauter AW, Wehrl HF, Kolb A, Judenhofer MS, Pichler
BJ. Combined PET/MRI: one step further in multimodality
imaging. Trends Mol Med 2010, 16: 508-515.

[114] Catana C, Drzezga A, Heiss WD, Rosen BR. PET/MRI for
neurologic applications. J Nucl Med 2012, 53: 1916-1925.

[115] Schlemmer HP, Pichler BJ, Schmand M, Burbar Z, Michel
C, Ladebeck R, et al. Simultaneous MR/PET imaging of the
human brain: Feasibility study. Radiology 2008, 248: 1028—
1035.

[116] Lanfermann H, Kugel H, Heindel W, Herholz K, Heiss

WD, Lackner K. Metabolic changes in acute and subacute
cerebral infarctions: findings at proton MR spectroscopic
imaging. Radiology 1995, 196: 203-210.

[117] Hsu AR, Chen X. Advances in anatomic, functional, and
molecular imaging of angiogenesis. J Nucl Med 2008, 49:
511-514.

[118] Hoehn M, Himmelreich U, Kruttwig K, Wiedermann D.
Molecular and cellular MR imaging: potentials and challenges
for neurological applications. J Magn Reson Imaging 2008,
27: 941-954.

[119] Bliss T, Guzman R, Daadi M, Steinberg GK. Cell
transplantation therapy for stroke. Stroke 2007, 38: 817—-826.

[120] Wang J, Chao F, Han F, Zhang G, Xi Q, Li J, et al. PET
demonstrates functional recovery after transplantation of
induced pluripotent stem cells in a rat model of cerebral
ischemic injury. J Nucl Med 2013, 54: 785-792.

[121] Heiss WD, Grond M, Thiel A, Ghaemi M, Sobesky J, Rudolf
J, Bauer B, Wienhard K. Permanent cortical damage
detected by flumazenil positron emission tomography in
acute stroke. Stroke 1998, 29: 454-461.



Neurosci Bull  October 1, 2014, 30(5): 733-754. http://www.neurosci.cn
DOI: 10.1007/s12264-014-1465-9 733

‘Review:*

Recent advances in parametric neuroreceptor mapping with
dynamic PET: basic concepts and graphical analyses

Seongho Seo"??, Su Jin Kim®, Dong Soo Lee"**, Jae Sung Lee'**°

'Department of Nuclear Medicine, College of Medicine; 2Department of Brain and Cognitive Sciences, College of
Natural Sciences; *Institute of Radiation Medicine, Medical Research Center; 4Department of Molecular Medicine and
Biopharmaceutical Sciences, Graduate School of Convergence Science and Technology; *Department of Biomedical
Sciences, College of Medicine, Seoul National University, Seoul, Korea

Corresponding author: Jae Sung Lee. E-mail: jaes@snu.ac.kr

© Shanghai Institutes for Biological Sciences, CAS and Springer-Verlag Berlin Heidelberg 2014

Tracer kinetic modeling in dynamic positron emission tomography (PET) has been widely used to investigate
the characteristic distribution patterns or dysfunctions of neuroreceptors in brain diseases. Its practical goal
has progressed from regional data quantification to parametric mapping that produces images of kinetic-model
parameters by fully exploiting the spatiotemporal information in dynamic PET data. Graphical analysis (GA) is a
major parametric mapping technique that is independent on any compartmental model configuration, robust to
noise, and computationally efficient. In this paper, we provide an overview of recent advances in the parametric
mapping of neuroreceptor binding based on GA methods. The associated basic concepts in tracer kinetic
modeling are presented, including commonly-used compartment models and major parameters of interest.
Technical details of GA approaches for reversible and irreversible radioligands are described, considering both
plasma input and reference tissue input models. Their statistical properties are discussed in view of parametric
imaging.

Keywords: dynamic positron emission tomography; graphical analysis; neuroreceptor imaging; parametric
image; tracer kinetic modeling

Introduction secondary interest® "%, The techniques of tracer kinetic

modeling, through a mathematical framework, can refine this

Tracer kinetic modeling in dynamic positron emission noisy information from PET data into several quantitative

tomography (PET) has played a leading role in quantitative parameters that characterize the receptor distribution and/

in vivo studies on the functional and molecular bases of or the binding process in the brain"® "%, Therefore, in both

brain diseases, mainly because of its high sensitivity and  ¢jinjcal and basic research, this method has been widely

quantitative accuracy'™. Using a tiny amount of radioactive
tracer or radioligand injected into the living body, dynamic
neuroreceptor PET can accurately capture the temporally
changing spatial distribution of the radioligand in the brain,
which reflects the targeted receptor’s density and dynamic
interaction with the radioligand®®. Nevertheless, the
spatiotemporal distribution also contains other distracting
information such as the inherent statistical noise associated
with radioactive decay, and physiological factors of

used to investigate the characteristic distribution patterns of
neuroreceptors or their dysfunction, which is related to brain
diseases, and the effects of new drugs'™®.

Over the last few decades, the practical goal of
tracer kinetic modeling in PET has progressed from an
analysis of regional data to the production of images of
kinetic-model parameters!"”'¥. The typical procedure
of tracer kinetic modeling involves fitting a suitable

kinetic model to the tissue time-activity curves (TACs)
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at the regional or voxel level that are collected from the
reconstructed dynamic PET images®™ ' ?\. The regional
analysis can be easily performed at a lower computational
cost and with better statistical properties owing to the
smaller number and lower noise-level of the regional TACs
that are usually obtained by averaging the voxel TACs
within a predefined region-of-interest (ROI). However, the
delineation of ROls requires prior knowledge of the receptor
distribution and is operator-dependent and time- and labor-
consuming when done manually® ®. More importantly,
the results from regional analysis can provide only the
average information within a given ROI, and their accuracy
is dependent on the size of the ROI. On the contrary, the
analysis of voxel TACs can fully exploit the spatiotemporal
information captured in dynamic PET frames, and produce
images of kinetic-model parameters that quantitatively
characterize the targeted neuroreceptor system!® 2",
Furthermore, such parametric images allow the analysis
of the entire brain volume regardless of specific anatomy,
such as in voxel-based statistical analysis using the SPM
package (Statistical Parametric Mapping, University
College London, UK)"® 22 Therefore, the estimation of
parametric images is becoming preferable, though regional
analysis is still important for the exploration of the overall
characteristics of tracer kinetics.

Because of the huge numbers of voxels in dynamic
images and the high-level noise therein, parametric imaging
is more challenging in terms of computational complexity
and statistical reliability than ROIl-based analysis ® '® ' 2,
This issue will become more crucial as the resolution of
PET images improves or the injection dose of a radioligand
diminishes, based on the advancement of PET scanners
(e.g., high-resolution research tomography®®). Thus,
parametric imaging techniques need to be very robust
to noise, computationally efficient, and moreover user-
independent and automatic!” "%,

Conceptually, most kinetic analysis techniques are
applicable for the estimation of both regional parameters
and parametric images. In practice, however, methods
based on nonlinear parameter estimation are undesirable
for parametric imaging because of a higher computational
burden and less reliability than those relying on linear
techniques® ?" ?2. Therefore, the use of compartmental
analysis has long been limited mostly to regional data,

although it is now being extended to voxel data thanks
to the recently increased computational power and
regularization techniques®?” developed to address
the high noise-susceptibility issue. In parametric image
generation, instead, preferable approaches have relied on
the linearization of the standard compartment models in
various ways so that computationally efficient and reliable
linear estimation techniques are applicable.

One major linearization technique is to integrate the
compartment model equations to produce a simple linear
regression model that is linear in the parameters'"”. This
method based on the simple model is called graphical
analysis (GA), and its parameter estimation depends
on a linear estimation technique that has a closed form
solution and is thus computationally simple. In contrast
to compartment modeling, in which the best model
configuration needs to be determined in advance, this
method achieves a level of model independence by fitting
only the later portion of the measured data to a simple
linear model with only two parameters”; this strategy
enables the use of common properties among the
compartmental models (steady state of specific binding).
Furthermore, the results are relatively stable because they
are estimated using only late time frames, which have a
relatively higher signal-to-noise ratio (SNR) than earlier
time frames®™. In sum, both the simplicity of the model and
the closed-form linear least squares (LLS) solution enable
simple, reliable, and computationally efficient parameter
estimation.

In this article, we introduce recent advances in these
GA approaches, focusing on parametric image generation
for neuroreceptor ligand PET studies. Although extensive
applications of these approaches are based mostly on
relatively fast, simple, and reliable parameter estimation
rather than various other techniques, they may suffer from
complicated noise structures or a limited amount of data.
Hence, their statistical properties are discussed.

Basic Theory in Tracer Kinetic Modeling

Before introducing the GA methods, we briefly describe the
basic concepts in tracer kinetic modeling for neuroreceptor
PET studies. Throughout this paper, we follow the
consensus nomenclature suggested by Innis et al.” as
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much as possible. More detailed concepts and principles of
tracer kinetic modeling have been presented in numerous
Stud ies[3-5, 7-9, 29-31]'

Dynamic PET Acquisition

In dynamic neuroreceptor PET studies, a very small amount
of radioligand with high specific activity, which is designed
to follow a substrate physiological and biochemical process
of interest without disturbing the associated system, is
introduced into the bloodstream of an individual participant
(mostly by a single intravenous bolus). The radioligand
administered is delivered to capillaries in the brain by
arterial blood flow, is subsequently extracted from arterial
blood into tissue space across the blood-brain barrier in
the capillaries, and finally binds to high-affinity receptors
in the tissue through the targeted biochemical process™.
Accordingly, the radioligand is differentially accumulated
into and cleared from diverse brain tissues over time, along
with the physiological and biochemical properties of the
radioligand as well as the target process®.

The characteristic spatiotemporal distribution of the
radioligand in the brain can be imaged by a dynamic
PET scan in which the radioactivity from the delivered
radioligand is counted and then recorded in a series of
image frames over irregular time intervals. Although an
individual ith dynamic frame represents the average spatial
distribution of radioactivity during the frame duration, it is
usually assumed to be instantaneous at the midpoint of
the frame (t,). After a number of corrections (including a
radioactivity-decay correction), reconstruction, and calibration,
each dynamic PET image then represents the instantaneous
measurement (C3(t)) at the frame time of the time-varying
radioligand concentration in each tissue region, C(t), (Bq/
mL); tis the post-injection time and the superscript * denotes
noisy measurement. Therefore, by collecting the time course
of the measurements from each voxel of dynamic PET
images (or averaging them over the voxels within a specific
ROI), we obtain voxel-wise TACs (or ROI TACs).
Compartmental Models
The measured PET data can be described with a
mathematical model or a comprehensive description of the
underlying processes that is developed based on a prior
understanding of the kinetic behavior of radioligands in
brain tissue™. Most widely used is a compartmental model
that forms the basis for tracer kinetic modeling in PET® 29,

With prior knowledge of their expected in vivo kinetics,
the injected radioligands can be assumed to form a
limited number of separate pools, called compartments,
according to their physical and chemical states. In general,
the concentration of unmetabolized parent radioligand in
plasma (C;) (Bg/mL) is considered as one compartment
because it serves as the input for the radioligands delivered
into the tissue. As for the radioligands in the tissue, the
following pools are considered plausible in studies of
receptor-ligand binding: those in free form (Cg), those
specifically bound to the receptor of interest (Cs), and those
nonspecifically bound to other proteins (Cys). Then, we
have the following relationship:

Cr(t) = Cp(t) + Cns(t) + Cs(2). (1)

Together with several assumptions, such as
homogeneous concentration and instantaneous mixing of
radioligands within a compartment, the small injection dose
and high specific activity enable the use of first-order rate
constants to describe exchanges of radioligand between
compartmentst > % %% g0, the transport and binding rates
of the radioligand are assumed to be linearly related to the
concentration differences between compartments. These
considerations lead to linear compartment models.

Figure 1 (top) depicts the standard two-tissue
compartment model (2TCM) that involves only two
compartments to represent the radioligand concentration
within the tissue and that is commonly used to study
neuroreceptor ligand binding. By assuming a rapid
equilibrium between free and nonspecifically-bound tissue
compartments, the two compartments can be considered
as one unified compartment, called the non-displaceable
compartment (Cyp)™" > "%, This assumption applies well to
most neuroreceptor ligand studies because of the limited
temporal resolution and statistical quality of the PET data;
usually, the aforementioned model containing three tissue
compartments is in practice too complex to provide reliable
results’ ", In this model, the exchanges of radioligand
are described by four rate constants: K, (mL/cm® per min)
is for the delivery of the radioligand from arterial plasma
to tissue while k, (min™) is for its efflux from tissue; and
k; and k, (min™) are for the binding and release from the
neuroreceptor, that is, the exchange between Cyy(f) and
Cs().
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Fig. 1. Standard two-tissue compartment model for a target
region or tissue (top) and one-tissue compartment model
for a reference region (bottom) to describe the in vivo
kinetic behavior of neuroreceptor radioligands. Top:
concentrations (Bg/mL) of radioligands in the same states
are represented as compartments: plasma concentration
of unmetabolited parent radioligand (C;), that of non-
displaceable (free and nonspecifically bound) radioligand
(Cyp), that of specifically bound radioligand (Cs); their
exchanges between compartments are explained with the
rate constants: K, (mL/cm®per min) and k,—k, (min™); and
C; represents the total tissue concentration, that is, the
sum of Cy, and Cs. In addition, k,, denotes the apparent
efflux rate constant from tissue when the tissue region
can be approximately described with one compartment
(dashed box) because of the equilibrium between C,, and
Cs. Bottom: Crrepresents the total concentration in the
reference region and K’, (mL/cm®per min) and K*, (min™)
are the rate constants for their influx and efflux from C;.

For radioligands showing fast kinetics, i.e., where
the binding and release of the radioligand from the
receptor are rapid enough and thereby Cyp(tf) and Cq(t) are
indistinguishable, the model can be further simplified into a
one-tissue compartment model (1TCM)" ¥ In this case,
the efflux rate constant k, is replaced by the apparent
one ky, =ky/ (1 + i—i) . Furthermore, the 2TCM is also
commonly used for irreversibly-binding radioligands whose
binding process is intrinsically irreversible or seems so
during the time period of PET studies. The irreversible
accumulation of these radioligands can be analyzed by
assuming that k, = 0.

In compartmental modeling, the final goal is to
estimate the rate constants, which characterize the kinetics
of the radioligand, from the measured data. Besides the
measured PET data Ci(t,), the input function Cy(t) also
needs to be measured to obtain the rate constants. The

process of measuring Cy(f) generally relies on frequent

invasive arterial blood sampling®* **

under the assumption
that the arterial plasma concentration is the same as the
capillary plasma concentration®; arterial blood samples are
measured separately during the dynamic PET acquisition
and subsequently are corrected for metabolites since the
standard model assumes that no plasma metabolites cross
the blood-brain barrier. As the sampling times of blood data
are incompatible with dynamic frame times, some simple
signal processing may be required to match them. Contrary
to the measured tissue data Ci(t;), where ¢ is the matched
sampling time for the ith measurement, we also maintain
Co(t;) without the superscript for the measured input data,
because the data are usually refined through plasma input
modeling®®.

Although the arterial blood sampling method is
considered to be the gold standard of measuring Cy(t)
based on its accuracy®, it has several disadvantages such
as invasiveness and technical demands® *"*". Therefore, to
minimize or eliminate the need for invasive and technically-
demanding blood sampling and metabolite correction, the

following approaches have been proposed and applied®™” *:

image-derived methods®*", model-based methods"***,
reference region methods®™ ***® and other sophisticated
approaches!*®.

In reference region methods, the kinetics of the
radioligand in the tissue is described as a function of a
reference region by assuming that there exists a reference
area of brain tissue effectively devoid of specific binding
sites®™. Therefore, they require an additional compartment
Cx(t) and related rate constants K’; (mL/cm® per min) and
k’, (min™") as shown in Figure 1 (bottom) (hereafter, the
superscript ' is used for the parameters in reference tissue).
As these additions increase the complexity of the model
and thus uncertainty in the resulting estimates, a series of
assumptions is usually made to reduce the complexity™®":
(1) nonspecific binding is the same in both areas though
delivery is not, and (2) an equilibrium is rapidly achieved
between Cyp and Cg so that tissue kinetics effectively
follows the 1TCM.

Parameters of Interest in Neuroreceptor Ligand
Study

In studies of reversible neuroreceptor-ligand binding,
the primary outcome is the equilibrium concentration of
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the radioligand specifically bound to the target receptor
(Cs) that reflects the density and affinity of the receptors
available to react with the radioligand in vivo®. Since
the density and affinity are inseparable under the single
tracer injection protocol, the concentration of specific
radioligand binding is usually quantified as its equilibrium
ratio to another pool of radioligand concentration, termed
binding potential (BP)®. In the literature, there are three
different practical definitions of in vivo BP depending
on the use of distinct normalization factors (or the input
measurements): non-displaceable concentration in tissue
(Cyp), total concentration in plasma (Cy), or its free fraction
(f-C)?¥. These in vivo BPs represent the potential of
available receptors to bind with the radioligand, and reflect
the density of available receptors under the assumption
that there are no substantial regional changes in receptor
affinity.

For consistency throughout this article, however, we
limit ourselves to BPy, = Cg(t)/Cyp(f) (unitless) because
only BP,, can be obtained from both the reference
region model (usually directly) and from the plasma input
model (indirectly) that we describe. Although the other
parameters, BP, = Cq(t)/Cp(f) and BP: = Cy(t)/(f-Cp(t)), are
considered to be more suitable to describe specific binding
than BP,p, the measurement of plasma concentration or its
free fraction is necessary to estimate them. Therefore, BPyp
is also frequently used (in a variety of applications) mainly
because of practicality. However, the interpretation of BP,p
requires careful attention because its use is based on the
assumption that V|, (more precisely, its free fraction) has
no regional or group difference; the comparison of BPyp
may not clearly reveal the group difference associated
with specific binding when V,, has a group difference or
treatment effect®® >,

Another common endpoint is the volume of distribution
of total radioligand concentration in tissue (V5). In the
field of in vivo imaging, volume of distribution refers to
the volume (mL) of plasma (with a certain concentration)
required to account for the amount at equilibrium of
radioligand in the unit volume (1 cm?®) of the target
region, and is therefore usually represented as the ratio
of the radioligand concentration in the target (tissue or
compartment) to that in the plasma (mL/cm?®). Thus, V; has
the following relationship with the volume of distribution of

each compartment:
_Gr(®) _ CGup(O) | Cs(0)

G G G
where V\, and Vg are the volumes of distribution for

Vr = Vnp + Vs (2)

nondisplaceable and specific binding compartments,
respectively.

Though V; does not directly reflect specific binding,
but rather total radioligand uptake in tissue, it is also widely
used in studies of neuroreceptor binding®”. Indeed, most
GA using the plasma input function provides V; as a major
outcome. Because these methods yield a V|, estimate for
a receptor-free region, BP,p can be indirectly computed as
BP\p = V;/V\p — 1. Similarly, even most reference region
methods produce estimates of the tissue-to-reference ratio
of Vi (V4/Vyp), called the distribution volume ratio (DVR),
to derive BP,p. Furthermore, it is noteworthy that the Vg is
BP; in itself; thus, for a tracer with a high level of specific
binding and/or a low level of nonspecific binding (e.g. ["'C]
flumazenil), V; (= V;— Vyp = V) can yield a good estimate
of the receptor density"”.

Meanwhile, the concept of BP or volume of distribution
is not useful for irreversibly binding radioligands. The major
outcome of interest for these radioligands is the influx
rate constant (K;,, mL/cm® per min) which is the net influx
rate of the radioligand from plasma into the irreversible
compartment. K, can be directly obtained from GA using
the plasma input function, while only relative values
normalized by reference region information such as K, /V';
or K,/K', can be acquired from reference region methods®".

The aforementioned parameters can be related to
the rate constants of the 2TCM for reversibly binding

radioligands as follows!"":

y =K (1 + k3) 3
T = kz k4 ] ( ]
Kl
o =31 (4)
ks  Vrp
BPND_;{_“__m_l. (5]

Similarly, when the 2TCM can be simplified, we can
consider the following relationship:
K K ks
VT=—=—(1+—). (6)
k2o Kz ks
For a reference region commonly described by the 1TCM®" ¥,
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we have
K!
Vi = Vo = 77 (7)
k; .
Therefore, under the assumption Viyp = — = = = Vyp = Vo,

k2 ko
reference region methods can provide direct estimation of
BP by using reference region data to acquire information
about the non-displaceable component in tissue. Hence,
the identification of a reliable reference region effectively
devoid of specific binding is crucial®. On the other
hand, when modeling the kinetics of irreversible binding
radioligands using the 2TCM with k, = 0, we have
Kiks

ky + k3

Limitations in Parametric Image Generation
Although the standard compartment model describes a

Kj = (8)

linear system, it is not linear in parameters. Therefore,
the estimation of parameters in compartment models
requires nonlinear estimation techniques. Because
of its optimal statistical accuracy and reliability®™, the
NLS method is considered to be the method of choice
for tracer kinetic modeling and is often used as the gold
standard to assess the performance of other methods in
terms of ROl parameters™ "\, However, nonlinear fitting
approaches have no closed-form solution and are usually
solved in an iterative way. This iterative approach imposes
a tremendous computational burden when applied to
voxel-by-voxel analysis. Furthermore, the performance
of nonlinear fitting is dependent on the initial guessing of
parameters; poor initial values result in finding incorrect
optima at local minima of the cost function and slow
convergence. In addition, an appropriate convergence
threshold and constraints on the parameters should be

determined by experience®.

Graphical Analysis

The GA method is the simplest approach that relies on a
linear parameter estimation technique. In some literature,
the term ‘graphical analysis’ has been used to indicate
specific early methods such as the Gjedde-Patlak (GP)

plot for an irreversible system!®®®

or the Logan plot for
a reversible one®” *. However, it is now considered as
a category rather than a specific method, since several

different GA models have also been developed to measure

different parameters or to improve other models®*". Table 1
lists the characteristics of all GA methods.

In each GA approach, the kinetic behavior of the
radioligand is described by only two variables (for a simple
linear regression) that are transformed from the measured
data, including input functions, and that establish a linear
relationship partially and asymptotically. The slope and
intercept of that asymptotic linear portion can be interpreted
as physiologically meaningful parameters, such as V;
or K,,®. Hence, first the linearity of the relationship is
examined graphically by plotting one variable versus the
other (which is why it is called graphical analysis; see Fig. 2)
and then the slope and intercept are estimated by fitting
a straight line to the specified linear portion via the LLS
method.

To model the linear portion, GA methods rely on a
simple linear regression model, or a linear model with a
single independent variable, of the following matrix form:
y=px1+Bl+e=Xp+E¢ (9)
where y and x, are n x 1 vectors of dependent and
independent variables, respectively; X = [x,, 1] is an n x
2 matrix of the x, and all-ones vector (1) for the intercept
term; B = [B,, Byl is a vector of the 2 parameters, slope (B,)
and intercept (B,); and € = [€,,++, €,]" is an n x 1 vector of
the error term. Then, the slope (B,) and the intercept (B,)
characterizing the linear portion are usually obtained by
solving the LLS problem:

min||X — yli, (10)
which has the following closed form solution or the LLS
estimator:

BLis = X™X)"XTy. (11)

The GA methods have several advantages that
are mainly attained by linearizing compartment model
equations into the simple linear model so that the LLS
approach can be used® ¥ Both the simplicity of the
model and the closed-form solution of the LLS method
enable simple, reliable, and computationally efficient
parameter estimation. Furthermore, in contrast to standard
compartmental modeling, the GA methods are consistently
applicable across different tissue data with no a priori
knowledge on the best model structure for each tissue,
because their equations are derived from a general multi-
compartment model in which an arbitrary number of
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Fig. 2. Various graphical plots for the slow kinetic radiotracers, [""CIWIN (left) and ["C]MDL (right). (A) Relative equilibrium (RE), (B)
Gjedde-Patlak, and (C) Logan plots (reprinted from Zhou et al. Neuroimage 2010°” with permission).
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compartments is assumed®" ®. These strengths of GA
methods can greatly facilitate the generation of parametric
images in which numerous voxels covering various brain
regions can be analyzed.

However, a series of assumptions underlie the
linearization and simplification of kinetic models for GA
that allows the use of simple linear regression and thus
provides various advantages. First, GA methods require
the determination of t*, the time when the plot becomes
linear, because the model is valid only for the later part
of the dynamic frames. A poor determination can yield
erroneous estimates by violating the linearity requirement.
In addition, slow kinetic tracers have a late starting point of
the linear portion that reduces the amount of data available
for estimation. Thus, the results can suffer from high
uncertainty because of limited data. Moreover, unbiased
parameter estimation in the simple linear regression
depends on basic assumptions of LLS: that there are no or
negligible errors in the independent variable of the linear
model, and that the independent variables are uncorrelated
with the error term. Any violation of these conditions can
lead to inaccurate results.

Because most PET radioligands bind reversibly,
reversible radioligand models have been used
extensively!™ . Therefore, though most of them were
extended from the GP plot for an irreversibly binding
radioligand (the first GA method), we introduce the
reversible radioligand models first.

Reversible Radioligand Models

Logan plot The Logan plot (Fig. 2) is a representative
graphical method used to analyze a reversible radioligand-
receptor binding® ®. The model equation using the plasma
input function is given by

f; Cr(s)ds
Cr(t)

for Cp(s)ds

= T.LoganW‘l‘ BLogan for t > t7, (12)

where Vi ., is the total distribution volume, and t* is the
time when the intercept B4, becomes effectively constant.
Given the measured noisy TAC, C+(t) (1 < i < n) obtained
from n sequential dynamic frames, we have

ti e * t *
Vi = [, Cr(s)ds [Ci(t), x1; = [ Cp(s)ds/C7(t),
and B = [VrLogan Brogan]’ TOr 1 S i< n. y; and x,; are the ith
elements of y and x,, respectively. Here, f{;f Cr(s)ds

represents the numerical integration of Cr(t) that are
discrete sample data, not the integral of a continuous
function.

As in other GA methods, the Logan plot is consistently
applicable to data from different voxels or ROls regardless
of their underlying model configurations. However, if a
particular model configuration is assumed for the given
data, Vi .40 and Bi.qn Can be related to the specific rate
constants included in that configuration; usually the 1TCM
or the 2TCM is considered for receptor-ligand studies.
The slopes are differently interpreted as Equations (3) or
(7), according to the model configurations. For the 1TCM
(without k; and k,), the linearity is simply met for all the
frame times since 4., = —1/k,. On the contrary, for the
2TCM, we have to determine t* because the intercept is not
actually a constant:

1 k 1 Ce(t
BLogan = —k—2(1 +k—j)—k—_‘ciit)). (13)
The limit value —1/k . is defined at the steady-state condition

of tissue tracer kinetics (aczr:(:) =0 &dcjt(t) =0):

kg) 1 ks 1 )

ke koks + kg =_EI
However, the constancy of 4., can be approximately

1
.IGLann - _k_g(l +

achieved before the steady state, yielding a good estimate

of VTL [63, 68, 70]
Logan .

Meanwhile, the Logan equation can be re-written for a

reference region:

f; Cr(s)ds f: Cp (s)ds 1
- - =! i * 5
PR0) Tiogan~ ¢y + Blogan for t>t". (15)
Rearranging Equation (15) gives
4 1 L
[ e sras = ( [ eatsras - ﬁ.iogancktr)). (16)
0 T,Logan 0

Then, by approximating the plasma integral in Equation (12)
using Equation (16), the noninvasive Logan plot based on
a reference TAC can be obtained as follows:
Jy Cr ()dS _ Vrpogan ( J Cr ()4 — BioganCr (r)) )
Cr(®)  ViLogan Cr(®) togan
If the reference region is approximately devoid of receptor

sites, BPy, can be determined as Vi ogaw/Vri0gan—1 under
r
. Ky _ Ky
the assumption that — = —,
ky  kj
There are several tips for technical efficiency
in the implementation of the noninvasive Logan plot.
The slope in Equation (17), the DVR, may be stably
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estimated by using a population average OfB'LOQEn’ﬁ_I:ogan!

(or the more physiologically meaningful k;) in place of
the individual B’ 4., (Or k3). In this case, the inter-subject
variability in 8’4, is blended into an error term of the
model and then removed by the fitting process. In addition,
ﬁicganck(t)

Cr(t)
small or becomes constant®”: in fact, the term is merged

the term can be ignored when it is relatively

into the error or the intercept term. It is noteworthy that,
although the term in parenthesis in Equation (17) is treated
as one independent variable in the noninvasive Logan
plot method, it can be used as two separate variables for
the parameter estimation”" that requires multiple linear
regression analysis.

Because of its diverse merits, such as model
independence, computational efficiency, simple
implementation, and statistical reliability under low-
noise data, the Logan plot has been extensively used in
neuroreceptor binding studies. However, the Logan plot
suffers from a crucial limitation, especially in parametric
imaging (Figs. 3 and 4), in that it produces a severe

I-)'T, Logan

negative bias in Vi oq., OF when C«(t) is highly

V’]{,Logan
contaminated™¥. As shown in Equations (12) and (17),
the noise in C¢(t) is entered into both the independent
and dependent variables of its model equation while
establishing a correlation between them, which therefore
makes the model violate the LLS assumptions mentioned.
Furthermore, the magnitude of the bias depends on the
noise level that is also dependent (but not linearly) on
the radioactivity concentration””"®. The effect of noise
is also not consistent throughout the parametric image
space; high-binding regions usually undergo more severe
underestimation. One minor disadvantage of the Logan plot is
the requirement of full dynamic scanning to compute f; Cr(s)ds,
though only the later parts of the measurements (after t*)
are used for parameter estimation.

Relative equilibrium plot To address the noise-dependent
bias issue in the Logan plot, the relative equilibrium-based
graphical method (RE plot) was developed for both plasma
and reference tissue input functions®®. When the tissue to

. o cr(0) .
plasma concentration ratio, becomes a constant, i.e.,

crlt)
cp(t)
the RE established after a certain time t* (Fig. 5, left), tracer

concentrations satisfy the following relationship:
t t
Jy Cr(s)ds B J, Ce(s)ds
() T G(®)
This model can be derived from compartment model

+ Brg for t >t*. (18)

equations or by multiplying the Logan plot model (Equation

C
(12)) by &3

plasma concentrations can be achieved at the steady state,

. Note that the constant ratio of tissue-to-

but it is also possible to achieve it earlier than the steady
state. However, this generally requires somewhat longer

Gs® const)®®.
cr(t)

times than the Logan linearity condition (

In addition, when a reference region is also in the RE
Cr(t)
Cp(t)
plot model as follows:
Jy Cr(s)ds _ Vygg [y Cr(s)ds L1 (  Vige

Cr(®) G@® T\ Vige

where V' and Bie are the slope and intercept of the RE

state for t > t* ( = r). we have the noninvasive RE

ﬁﬁe). (19)

T4
VT,RE

plot in the reference region. Thus, the invasive RE plot
can provide BP,; if the non-receptor region is used for the
reference region.

One merit of the RE plot is its high computational
efficiency. As shown in Equations (18) and (19), the
independent variable is not dependent on the tissue data
and is common over all voxel TACs. Therefore, once X
(x10 = Jy' Co(s)ds /Co(t) or [} Cr(s)ds [CR(t))
is computed from the input function, it can be used for all
tissue data, that is, only one matrix conversion is required
for parametric image generation. However, in the case of
the Logan plot, X needs to be computed and inverted for
every voxel. In addition, it is noteworthy that both
independent and dependent variables in Equations (18)
and (19) have a much lower noise level compared with
Cr (f) because the integration reduces fluctuations in the
later part of TAC, and Ck(t) is obtained by averaging voxel
TACs over a reference ROI. Therefore, the RE plot can
achieve effectively unbiased estimation with low variance
provided that linearity is established. However, for linearity,
tissue tracer kinetics must be at a relative equilibrium state
during PET scans, and thus only late data points can be
used for the estimation. Thus, good precision properties
obtained from a less noisy dependent variable could be
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Fig. 3. Top: parametric images of V; (represented as DV or DV;) and K;, (represented as K;) from various methods: RE plot, RE-GP plot,
and Logan plot (reprinted from Zhou et al. Neuroimage 2010"” with permission). Bottom: results from de-noised dynamic images
(reprinted from Zhou et al. Neuroimage 2010®” with permission).

14

0

Fig. 4. V; images from the Logan plot with linear least squares (LLS), total least squares (TLS), and likelihood estimation in graphical
analysis (LEGA). The images were made from the same original PET data using ["C]SA4503, a radioligand for the o, receptor
(reprinted from Kimura et al. Ann Nucl Med 2007 with permission).

compromised with the data reduction because of the  the LLS estimates from the Logan plot!'® * ¢ % 7680 Thoge
relatively late t*. approaches can be categorized by (1) methods to increase
Bias reduction for Logan plot In addition to the RE plot, the SNR in dynamic images, and (2) those that adopt more
there have been a variety of attempts to reduce the bias in sophisticated estimation techniques. In this subsection, we
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introduce these two categories.

Data de-noising The most simple and straightforward
solution to the bias issue in the Logan plot may be to
apply smoothing techniques directly to the dynamic data.
Although smoothing approaches are effective, they are not
a direct improvement over the Logan plot®" and thus can be
applied not only to GA but also to all other methods that are

1.7 used

affected by noise in the dynamic data. Logan et a
generalized linear least squares (GLLS)***¥ as a temporal
smoothing technique to reduce noise in TAC data, and
subsequently applied the Logan plot to the noise-reduced
TACs, the result of GLLS. This combination of the Logan
plot and GLLS yielded unbiased estimates of V; up to
intermediate noise levels, but suffered from overestimation
and significant variability at high noise levels. Joshi et
al." suggested the use of principal component analysis
(PCA) for the temporal smoothing of TACs. This PCA-
based approach demonstrated good performance with both
increased accuracy and precision. However, it requires
pre-processing for the selection of optimal principal
components, and too many components may reintroduce
a bias. For spatial domain de-noising, grouping TACs
with similar properties such as proximity or functional
relations may also be useful® " ®!. The main drawback of
spatial smoothing techniques is a loss of spatial resolution
and additional partial volume effects (Fig. 3 bottom)®”.
Cselényi et al."* * proposed two wavelet-based de-noising
techniques that can overcome the noise susceptibility
with generally good accuracy and not much loss of spatial
resolution. However, these techniques are computationally
demanding compared with other approaches. In addition
to these methods, many other approaches aimed at
increasing the SNR of the reconstructed images are also
applicable®”.

[78]

Total least squares (TLS) Varga and Szabo™ proposed
the use of TLS estimation®!, also referred to as the
‘perpendicular linear regression model’, instead of LLS for
the Logan plot model because the TLS considers the noise
in the independent as well as in the dependent variables.
The TLS method seeks to minimize the following sum of
squared orthogonal distances from the measured points
to the fitted line (or hyperplane), by perturbing all the noisy
variables X and y, as follows:
IXB - yliZ

20
1+ (20)

B=[B1.80]"

Although this approach may seem to be complicated, it has
a closed form solution and thus maintains computational
simplicity like LLS.

In the original work”™®, using this TLS method showed

that the bias was dramatically reduced and thus the
resulting V; was consistent in accuracy regardless of the
noise levels of the TAC but at the expense of increasing
variance (Fig. 4). However, such good performance was
not reproduced well in other studies where the TLS only
partially removed bias!"® ®® 7> ®I_Although the reason for
such discrepancy in the performance between studies is
unclear, there are some speculated sources for the
remaining bias: a heterogeneity of variances or a
correlation between the noise in all the variables®™ ®. We
speculate that the poor performance of TLS in the Logan
plot is mainly due to high noise correlation because the
same noise is shared in all the variables of the Logan
model through the denominator (C - (f)).
Likelihood estimation in graphical analysis (LEGA)
Ogden® proposed the LEGA method to suppress the
noise-induced bias in the result of the Logan plot. However,
the LEGA method implicitly uses the Logan model, unlike
other bias-reduction approaches that transform the
measured TAC and then directly use the Logan model
equation® % 7¢%%: the [ ogan model is converted into the
following recurrence relation to generate the noise-free
TAC predicted by the model,

- 1 ’
SI2E At Cr(t) + g AtCr(ti-1) — Vipogan Jy Co(s)ds

Cr(ty) = . (21)

'BLogan - %Ati
for k <i < n, where At, denotes the duration of the ith frame,
C.(t) is the predicted tissue concentration at the mid-frame
time t, (for k <j < n), and k is the index of the first frame
satisfying £, > t*. Then, the solution of the following least
squares problem,

n 2
V-r,l.ug:nn}inﬂnogan [; Cr(ty) = CT(E:)} , (22)
provides maximum likelihood estimators for Vi .., and
BLogan Under the assumption that errors in the values of the
measured TAC, C+(t), are independently and identically
distributed normal random variables with zero mean.
Because Equation (21) is valid only for k < i < n, the
measured values of Cr (t) for 1 <i < k-1 are used for the
calculation of C(t,). The LEGA that was originally
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developed for the plasma input function was also extended
to a reference region method with more complicated update
equations for both target tissue and reference tissue
TACs™.

Since the LEGA method applies the likelihood
estimation not to the transformed data but to the original
TAC (C: (t)), it can circumvent the bias issue associated
with the Logan model. However, it does not provide any
graphical inspection of the binding characteristic, in contrast
to the Logan plot. Hence, to choose a proper value of t* or
k, it needs to rely on the Logan plot or other t*-selection
approaches®®. Furthermore, because of the recurrence of
predicted values and the nonlinear involvement of Vi .,
and B, .0, the solution must be computed using an iterative
nonlinear optimization algorithm (at least over one-
dimensional parameter space for B ,.,); the results of the
Logan plot may be used for the initial values for the
iteration, and for surrogate values when numerical
instability occurs.

The major drawback of LEGA in parametric imaging is
that the improved accuracy is accomplished at the expense
of precision loss that contributes to noisy parametric
images as shown in Figure 4®" %, To improve the variance
properties of LEGA, Shidahara et al.®" suggested a new
method based on a maximum a posteriori estimation,
where a physiological range of parameters is incorporated
as prior knowledge and the measured TAC is compared
with the predicted TAC, not in the original TAC space, but
in the lower-dimensional space that is reduced from the
original space using PCA.

Instrumental variable (IV) Logan et al.® introduced the
IV method®" ® to address the bias problem encountered
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in the Logan plot because of the noise in the independent
variable. In several disciplines including statistics, the IV
method is basically used to remove a correlation between
the independent variables (X) and the error term (€) that
can lead to biased estimates in standard linear regression.
Although the correlation between X and € can stem
from the noise in the independent variable (even if it is
uncorrelated with the noise in the dependent variable) as
well as several other sources, the IV method can eliminate
the bias regardless of its source®. In addition, TLS can
also be considered as a variation on the IV method with a
specific instrument that is nonetheless not used explicitly;
however, the IV method makes no assumptions about the
noise models, unlike the TLS®".

The key concept in the IV method is the use of
one or more extra variables (not in the model), called
instrumental variables or instruments, to separate the
(exogenous) part of X that is uncorrelated with € from the
remaining (endogenous) part that is correlated with €. Only
the segregated exogenous part of X is then used for the
parameter estimation because the endogenous part is the
source of bias in the LLS estimates; given the instruments Z,
the IV estimator is defined as

By=(@"™X)"'ZTy (23)
This estimator yields unbiased estimates if Z is uncorrelated
with €, and if it is correlated with the endogenous
independent variables after removing the effect on them
of the other uncorrelated exogenous variables (i.e.,
conditional on the other independent variables).

The critical point of the IV method is to construct
legitimate instruments satisfying these requirements. Logan

[69]

et al.”™ suggested two methods for the construction: an
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Fig. 5. Left: relative equilibrium (RE) state after t* = 42.5 min in ["'C]Jraclopride PET (reprinted from Zhou et al. Neuroimage 2009 with
permission). Right: violation of RE condition in [""C]WIN PET (reprinted from Zhou et al. Neuroimage 2010®" with permission).
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iterative approach proposed by Minchin®" and another
based on less noisy regional TACs. The main idea common
to the two methods istouse 7 = [foc" Cp (s)dg/c.[.([ji), 17,
the denoised version of X that can be considered as the
exogenous part of X by itself when the correlation between
X and € is primarily due to the noise in X. The first method
involves the prediction of C(t) using Equation (21) and the
parameter estimates from the original Logan plot, and the
subsequent computation of Bw ; this process is repeated
until Bw converges. In the second method, a regional
TAC of a large ROl is used for C(f;), and ﬁw is estimated
without any iteration. Because the iterative approach has
convergence issues, the second method is preferable.
Furthermore, according to Logan et al.'®”, the second
method showed good results when the smoothed reference
TAC was used in Z. On the other hand, the IV approach
was extended to the noninvasive Logan plot but Z was
constructed using only the second method based on ROI
TACs.

The IV methods successfully reduce the bias but at
the expense of variance, much as in other bias-reduction
approaches. Instead of improving the IV method itself,
to reduce both the bias and variability, Logan et al.’*”
suggested the use of the median of the values determined
by various modifications of the Logan plot as well as the IV
method, methods that have different noise characteristics
for the same data.

Irreversible Tracer Models

Invasive Gjedde-Patlak (GP) plot methods For a tracer
with an irreversible binding, the GP plot®*®? (Fig. 2) has
been widely used. Although the term ‘Patlak plot’ or simply
‘graphical analysis’ is often used for this method, we keep
the ‘GP plot’ for consistency with the RE-GP plot throughout
the paper.

The model equation including the plasma input
function (Equation (24)) can be obtained from the 2TCM
by assuming k, = 0 as well as from a general multi-

compartment model®" ¥

. When an equilibrium has
been established between the plasma and reversible
(or Cnp (D)

Cp(t)
t> t*, the following linear model achieves an asymptotic

components becomes effectively constant) for

linearity for an irreversibly-binding tracer:
G Jy Ce(s)ds

=Ky, cp—~—m—"+ for t > t*, (24)
Cp(t) in,GP Cp(t) ﬁGP or

Kiks

where the influx rate constant Kj,gp = ok and the
2 3

kz Cnp(t)
kathka Cp(t)

intercept term  fgp = Thus, Bgp has a positive

value in contrast to its equivalents in the Logan or RE plots.
In addition to the common advantages of GA methods,
the GP plot has a discriminative one in that it does not
require a full dynamic scan because the integration of Cy(f)
is not involved, in contrast to other methods such as the
Logan plot or the RE plot. Furthermore, it is noteworthy
that the GP plot has a model equation very similar to the
RE plot (Equation (18)), except for how C(f) is involved
in a dependent variable. Therefore, the two methods
share similar bias properties and computational efficiency
owing to using the same independent variable. On the
other hand, the variance of the parameter estimate from
the GP plot is more sensitive to noise (Fig. 6) than that
from the RE plot because C«(t) (i.e., more noisy data) is
directly involved in the dependent variable of the GP plot,
while its integration (i.e., less noisy data) is used in the RE
plot. This noise sensitivity of the GP plot can be improved
through multiple linear analysis for irreversible radiotracers
(MLAIR) methods®. Moreover, for a tracer assumed to
have effectively irreversible binding (k, = 0) over the scan
duration, K, may be underestimated if the dissociation
of binding is appreciable™; in such a case, a more general
model equation is required to obtain unbiased results®®Z.
Noninvasive GP plot methods Concerning the reference
region model, the GP plot has two different model
equations according to the tracer’s binding type in the
reference region. When the reference region has only
reversible binding sites, the relationship between Cq(t)
and Cg(f) can be represented by the Logan plot equation
with a slope V% .., and an intercept B' g, (for t>1*). Then,
Ce(®
Cr(t)
substituting Equation (16) into Equation (24), a noninvasive

by multiplying both sides of Equation (24) by and

GP plot model can be obtained as follows:
Cr(t)  Kinge Jo Cr()ds  (Cp(t) Kinge
=0 GP ~ 177 BLo an|( * (25)
CR(t) VT.Lozan CR(IJ CR(t) VT.Lngan &
Thus, the slope and the intercept terms can be estimated

Cp(t) Cnp(t)
—_— K —_—
CR(®) Ber ( CR(D) )

and B'L...n become effectively constant for ¢ > ¢*°% ®1,

using simple linear regression when

Meanwhile, for a reference region with irreversible uptake,
the invasive GP equation is used to describe Cy(f) using
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Fig. 6. K,, parametric images from 90-min ["'C]MeNTI PET of a healthy volunteer obtained using various methods: (A) GP plot using t =
10 min, (B) GP plot using ¢ = 20 min, (C) GP plot using { = 30 min, (D) MLAIR1, and (E) MLAIR2 (reprinted from Kim et al. J Cereb
Blood Flow Metab 2008%? with permission; GP: Gjedde-Paltak, MLAIR: multiple linear analysis for irreversible radiotracers).

Ck(t). Then, another linear model of a noninvasive GP plot
can be obtained as follows®" 3,

t K t
J Cr (s)ds = —K',“-GP J Cr (s)ds + [fi [Cr(E) — Ca(t)]
t* inGP Je- in,GP (26)
- K,GP [Cr(t) = Cr(t)] for t > t7,
in,GP

where K’ cp and B are the slope and intercept of the
invasive GP plot applied to the reference region. This
method requires that the kinetics of the radioligand in both
the tissue and reference regions can be modeled using the
invasive GP plot (Equation (24)).

The former noninvasive model would inherit all the
properties of the original invasive GP plot model, provided
that a sufficiently large ROI size is used so as to obtain
Ck(t) with as low a noise-level as that of Cy(t); otherwise,
the accuracy of the resulting estimates can be damaged
by the noisy independent variable, like in the Logan plot.
On the contrary, the latter noninvasive model has several
distinct features compared with the original invasive and the

former noninvasive models. First, this model is not a simple
linear regression model but a multiple linear regression
model. Therefore, a graphical plot with a straight-line fit is
not provided; although the visualization of 3-dimensional
hyper-plane fit is possible instead, its interpretation is not
as straightforward as that of GA. In addition, this model
includes the integration of C(f) in contrast to the others.
Nevertheless, it also avoids the requirement of a full
dynamic scan like the others; this property of the original
GP plot model is just transformed into the integration from
tftot.

One drawback of these noninvasive methods is that
the net accumulation of radioligand is acquired only in
a relative or normalized form. Nevertheless, the former
noninvasive model has found applications because of its
history going back to 1985; the method has been frequently
used in 6-["°F]fluoro-L-dopa studies because of a good
correlation between its own results and those from the
invasive counterpart®®!. However, the latter method was
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introduced in relatively recent years and thus has not been
sufficiently investigated or used, and has been applied only
to ROI data. Although the ROI results have shown good
accuracy and precision, future parametric imaging may
suffer from severe underestimation because C.(t) is used
for independent variables.

Bi-graphical Analysis

Although GA generally provides robust parameter
estimation by focusing on only two parameters, it may end
up missing some information or exploiting only fragmentary
information from given data. However, a combination of two
methods or a dual application to different parts of the data
may take full advantage of the data. In this sense, graphical
methods to estimate Vi, which we went through in the
previous subsections, can also be viewed as a bi-graphical
technique when they are applied to target and reference
regions separately to provide BP,, computation.

RE-GP plots Recently, a bi-graphical analysis, named
the RE-GP plot, has been proposed for the quantification
of reversible tracer binding that may not be at the RE
state during a PET scan because of slow binding kinetics
as shown in Fig. 5 (right). Its model equation is given as

follows,
fot Cr (s)ds _]'t Cp (s)ds
U Vs o for t >¢t*, (27)
0 TREGP ¢ ) Brecp
RE
Vrrecp = Vrre — 7— Kincp, (28)
Bop
_ Bre
Brecp B (29)

where Vige and Bge, (or Ki,ep and Bgp) are the slope and
intercept of the RE plot (or the GP plot) based on a plasma
input function, respectively. Note that this RE-GP equation
is the same as Equation (12) of the Logan plot except for
the parameters. However, the parameters V;geep and Bgrece
are estimated not by regression as in the Logan plot, but by
arithmetic operations on the parameter estimates obtained
by applying the RE plot and the GP plot separately. Thus,
the RE-GP method requires the measurement of the
plasma input function to estimate the parameters of the RE
and GP plots.

The linearity period t>t* for the RE-GP method mainly
follows that of the Logan plot®. It is better to use the t*
suitable for the Logan plot in each application of the RE

plot and the GP plot rather than to determine and use the
individual £ for each plot; the t* for each may be uncertain
because of the slightly curved shape of the RE plot or high
fluctuation in the GP plot as shown in Fig. 2.

The RE-GP plot maintains the properties of both
plots, such as computational efficiency and statistical
characteristics. As the RE plot and the GP plot have the
same effectively noise-free independent variable in their
model equation, accuracies of their target parameter
estimates and thus those of the RE-GP method are not
affected by noisy C(f) in contrast to the Logan plot.
However, the GP parameters are usually of high variance
because of noisy C.(f) in the dependent variable (Figs. 3
and 6). Therefore, it is advantageous to apply a spatial
smoothing filter to the GP parametric images before
computing the parametric images of V;geee and Brecp’

The original RE-GP can circumvent not only the

bias issue in the Logan plot but also that of the RE plot
(Fig. 3). As we introduced previously, the RE plot yields
an underestimated V; when sufficient time is not allowed
for the tracer kinetics to reach the RE state (Fig. 3). The
missing information, which the RE plot failed to capture
because of the violation of the RE requirement, can be
compensated for by the results from the GP plot (Fig. 3).
In other words, the results of the RE plot describe the
components achieving the RE state during the PET scan
while those of the GP plot compensate for non-relative
equilibrium components.
Ito plot Ito et al."® developed a form of bi-graphical
analysis where the Yokoi plot® is applied to the early part
of the data frames and the later part separately, and then
the resulting parameters from the separate applications are
combined to generate BPyp, the parameter of interest; the
Yokoi plot was originally proposed to estimate the cerebral
blood flow (K;) and the total distribution volume (V) only
for tracers well described by the 1TCM, and was recently
generalized into the Ito plot® for the neuroreceptor-
radioligand binding studies where the 2TCM is involved.
The Yokoi plot and thus the Ito plot rely upon the following
linear relationship:

G® _ Jy Cr)ds
fof' Cp(s)ds ! J'[: Cp(s)ds

Equation (30) yields a straight line through all data

+ B, for t >t ort— 0. (30)
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frames (Fig. 7) when there is no specific binding in a target
region (e.g., the Yokoi plot for 1TCM configuration tracers),
and the slope (B,), y-intercept (B,), and x-intercept (8,/
B,) of the regression line represent —k,, K, and V; (= Vyp),
respectively. On the contrary, when applied to regions with
specific binding (e.g., the Ito plot for 2TCM configuration
tracers), Equation (30) generates a curve (Fig. 7) that
reflects the dynamic effect of specific binding concentration
on the measured tissue data. The fitted regression line
can be characterized by -k, (slope), K, (y-intercept), and
Vi (x-intercept) for the early part of the data for t — 0 in
which Cyp(t) dominates the measured tissue concentration
C:(t). The line can be specified by —K,,, k»Vrand Vi (=Vip
+ Vy), respectively, for late-part data (¢ > t*) that can be
approximately described with the 1TCM and its apparent
rate constants k,,V; (for influx) and k,, (for efflux) after ¢*
(Ito et al. 2010®> ): k. becomes k,, (Fig. 1 and Equation
(6)) when rapid equilibrium is established at t* = 0 owing
to relatively large k; and k,. Care should be taken in V,
estimation because the use of more data points increases
not only the reliability of estimation but also the bias due to
the violation of C(t) = Cyp(t) for t — 0,

Based upon the plot characteristics that vary according

0.4

° BPy,=0

- K
. * BP,=2

0.1

0.0

J‘”rC?-( T)dt

X(1)==
|,Cr(n)dz

Fig. 7. An example of Ito plot analysis. The y- and x-intercepts of
the regression line represent K, and V,,, respectively, for
early data frames, whereas K; = k,,V; and V; for the late
part of the data (after the equilibrium time) (reprinted from
Ito et al. Neuroimage 2010 with permission). Open (or
filled) circles display examples of applications for one- (or
two-) tissue compartment model data.

to the model configuration, the Ito plot model (Equation (30))
can be useful for graphically distinguishing whether a target
region is devoid of specific binding or not®®. Furthermore,
the Ito plot can be used to compute BP,; using the resulting
Vip and V; estimates. The major distinction between
this and other reference region methods is that a priori
knowledge of the reference region is not required. These
features may be obtained with the Logan plot because
the Ito plot and the Logan plot are based on the same
linear relationship except for the different arrangement
of parameters and variables (thereby, different noise
characteristics). Note that the Yokoi and Ito plots are both
GA techniques for V; estimation, even though we introduce
them here as bi-graphical analysis methods for BPy,
generation.

On the other hand, the main drawback of the Yokoi
and lto plots is that the precision of estimates is usually
low because of noise effects® ® ! particularly at the
voxel-level, for several reasons: (1) the dependent variable
includes C«(f), the major source of noise in kinetic modeling,
as its numerator; (2) the estimation of V,p involves early
time frames, usually with a very low SNR®; and (3) the
parameters of interest, V; and V,,, are computed by
dividing the y-intercept by the slope. Therefore, as shown
in Figure 8, the de-noising of dynamic images is essential

to improve the SNR of parametric images® .

Summary

PET research has greatly contributed to advance our
understanding of the brain in health and disease! "%
quantitative neuroreceptor mapping with kinetic modeling
has played a key role in such contributions by offering
accurate visualization and voxel-wise analysis of the
distribution and activity of various neuroreceptors that are
the most influential structures in the brain.

In this article, we have presented an overview of
GA-based parametric image generation from dynamic
neuroreceptor PET data. Although parametric imaging
may cover broad concepts, including the voxel-wise
measurement of standard uptake values from a single
static image, or other standard kinetic parameters
such as peak concentration from dynamic data®™ 3",
throughout the paper, it refers to a voxel-wise application

of specific mathematical modeling approaches to analyze
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Fig. 8. BP,, images obtained by the Ito plot (upper, GA1) and the Logan plot (lower, GA2) from dynamic PET with ['*FJFEDAA1106, a
radioligand for translocator protein imaging, before wavelet de-noising (nowav) and after wavelet de-noising (wav) (reprinted from

Ikoma et al. Neuroimage 2013"® with permission).

reconstructed dynamic PET images. In GA methods, a
simple linear model with only two parameters is used to
fit only the later portion of the measured data. Thanks
to the linearization and simplification of the underlying
model, GA methods achieve very desirable parametric
imaging that is independent of any compartmental model
configuration, robust to noise, and computationally efficient.
However, both the linearization and simplification depend
on several assumptions that are commonly hard to satisfy
simultaneously. Therefore, the recent advances in GA
approaches have been mainly based on a reduction of
specific assumptions or replacement with new ones.
Recently, parametric imaging techniques have shown
two major trends: a conventional pipeline of analyzing the
reconstructed dynamic data and a direct reconstruction
of parametric images from coincidence count data" .
Although the direct reconstruction technique is considered
as the ultimate path for parametric image generation
because of its potential advantages in high-resolution
PET™", this field was inactive until recently despite its early
emergence and has several challenges to address, such as

[20]

high algorithmic complexity™. Therefore, we believe that

the indirect parametric imaging methods, especially the GA
techniques we have considered, are still invaluable and
furthermore will play a leading role in achieving the ultimate
goal. We refer readers interested in direct parametric
imaging to a comprehensive review by Wang and Qi®”,

since it is beyond the scope of this paper.
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Statistical analysis in neuroimaging (referred to as “neurostatistical imaging”) is important in clinical neurology.
Here, neurostatistical imaging and its superiority for diagnosing dementia are reviewed. In neurodegenerative
dementia, the proportional distribution of brain perfusion, metabolism, or atrophy is important for understanding
the symptoms and status of patients and for identifying regions of pathological damage. Although absolute
quantitative changes are important in vascular disease, they are less important than relative values in
neurodegenerative dementia. Even under resting conditions in healthy individuals, the distribution of brain
perfusion and metabolism is asymmetrical and differs among areas. To detect small changes, statistical
analysis such as the Z-score — the number of standard deviations by which a patient’s voxel value differs from
the normal mean value — comparing normal controls is useful and also facilitates clinical assessment. Our
recent finding of a longitudinal one-year reduction of glucose metabolism around the olfactory tract in Alzheimer’s
disease using the recently-developed DARTEL normalization procedure is also presented. Furthermore, a
newly-developed procedure to assess brain atrophy with CT-based voxel-based morphometry is illustrated.
The promising possibilities of CT in neurostatistical imaging are also presented.

Keywords: neurostatistical imaging; Neurostat; 3DSSP; eZIS; VSRAD; neurodegenerative disease; CT
segmentation

Introduction the original image resolution is low, additional anatomical
information can be obtained.
Neuroimaging in Diagnosing Dementia

An essential part of neuroimaging for the clinical

Statistical analysis in neuroimaging (described here as
“neurostatistical imaging”) is crucial in clinical neurology

as, for example, 3DSSP (three-dimensional stereotactic
surface projections) in Neurostat'". Neurostatistical
imaging can be applied not only to the functional imaging
like brain perfusion single photon emission computed
tomography (SPECT) or glucose metabolism positron
emission tomography (PET), but also to morphological
images like magnetic resonance imaging (MRI) with voxel-
based morphometry (VBM). Useful information can be
extracted by the superimposition of statistical results onto
high-resolution images like MRI. Accordingly, even though

investigation of dementia is to differentiate the underlying
disease after systemic diseases have been excluded
by blood chemistry or other clinical examinations. In
vascular disorders of the brain, absolute quantitative
regional changes are clinically important. In the same
way, in brain tumors, focal information about the tissue
surrounding tumors is important. In both diseases,
direct inspection of the original images is useful and
important. When the symptoms indicate the possibility
of idiopathic normal-pressure hydrocephalus (iNPH),
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not only the disproportionately enlarged subarachnoid
space hydrocephalus pattern in the original morphological
images, but also the distribution pattern of neurostatistical
imaging are helpful for diagnosis®. In iNPH, neurostatistical
imaging demonstrates inhomogeneity of the distribution
of cerebrospinal fluid (CSF) space, which modifies the
statistical results in both volumetric and functional images,
according to the partial volume effect. Adjacent gray matter
volume, perfusion, or metabolism is proportionally reduced
if neighboring gyri are far, due to focal CSF abundance. On
the contrary, these parameters are proportionally increased
if neighboring gyri are closer, resulting from apparent focal
CSF reduction. That is, fake significant reductions of gray
matter volume, perfusion, and metabolism are observed
surrounding the Sylvian fissure and ventricles and fake
significant increases are observed in the area of the
convexity.

Contribution of Neurostatistical Imaging to
Neurodegenerative Dementia

When neurodegenerative dementia is suspected, the
proportional distribution of whole-brain perfusion, metabolism,
or atrophy should be examined using neurostatistical
imaging, because slight changes resulting from early
degeneration or remote effects of that degeneration can
be extracted. Even in resting conditions, the distribution
of brain perfusion or metabolism in normal controls is
asymmetrical and inhomogeneous. This inhomogeneity
makes it difficult to assess the slight changes by visual
inspection of the original tomographic images. Statistical
analysis comparing normal controls makes the slight
changes clear because the asymmetry and inhomogeneity
in normal controls can be canceled out. In many cases of
neurodegenerative disease, the changes are too obscure
to detect without using neurostatistical imaging.

To diagnose the disease underlying dementia, the
symptoms or status of patients are assessed, the region
of pathological damage is predicted, and the dysfunction
or volume loss of the lesion or remote areas is estimated.
Combining the original tomographic images, neurostatistical
imaging, and clinical information, the pattern of damage
distribution is judged based on whether or not they match
the suspected disease. Recently, more accurate analysis
has been achieved due to the development of computer
technology.

Historical Background of Neurostatistical Imaging
In 1994, Minoshima et al.” showed that glucose
metabolism decreases in the posterior cingulate in
Alzheimer’s disease (AD) using Neurostat (Department of
Radiology, University of Washington, Seattle, WA™, http://
www.rad.washington.edu/research/Research/groups/
nbl/neurostat-3d-ssp). At that time, statistical parametric
mapping (SPM, http://www.fil.ion.ucl.ac.uk/spm/) had
already been developed and used for functional analysis in
neuroscientific studies. Compared with SPM that had been
used for statistical analysis of many subjects, the Z-score
analysis in Neurostat was developed to analyze a single
individual’'s data against a normal database obtained from
many control subjects. The Z-score is calculated as: (mean
voxel value of normal controls — patient voxel value) / standard
deviation of normal controls. In 1997, after the launch of
Donepezil (donepezil hydrochloride, E-2020, Aricept; Eisai
Co., Ltd, Tokyo, Japan) as the first drug for the symptomatic
treatment of AD in the UK, many imaging studies were
performed to diagnose AD as early as possible. In 2001,
Ohnishi et al.” applied VBM to AD patients. Subsequently,
in 2004, brain amyloid deposition was visualized using
PET®, and in 2013, even brain tau protein was observed

using a PET scanner®.

Neurostatistical Imaging and Alzheimer’s Disease

Findings in the Alzheimer Brain

In neurostatistical imaging, usually images from all
participants in the patient and normal control groups are
anatomically standardized into the same space using
templates, and voxel-based comparisons are performed
to detect the specific lesions associated with the target
disease. This is one of the objective methods available
to avoid subjectivity and dependence on an a priori
hypothesis, and to adopt the principle of data-driven
analysis".

For example, group comparison between AD patients
and normal controls shows a significant decrease in
glucose metabolism in the posterior cingulate and
precuneus in AD®. Also, Kogre et al. reported reduced
perfusion in the posterior cingulate and precuneus in
very early stages of AD using *"Tc-ethylcysteinate dimer
SPECT®.
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Morphologically, because gray-matter thickness
reflects the number of residual neurons, MRI has been
used to derive anatomical and tissue volume information
for the gray and white matter. The VBM technique maps
gray-matter or white-matter loss on a voxel-by-voxel
basis after anatomical standardization. In patients with
AD, a significant reduction of gray-matter volume in the
hippocampal formation and the entorhinal cortex has been
described™ .

Estimation of Evidence for Diagnosis of AD Using
Z-score Analysis

As described in the former section, the Z-score is calculated
as: (mean voxel value of normal controls — patient voxel
value) / standard deviation of normal controls (Fig. 1). After
anatomical standardization, the Z-score of each voxel in an
image is calculated and superimposed on an image such
as the MRI template. Before Z-score calculation, all values
in voxels are globally normalized to the mean whole-brain
value or the mean cerebellar value. Finally, the Z-score
map of one patient compared with many normal controls is
obtained, and inspection of the Z-score image is considered
along with the symptoms and status.

To estimate the diagnostic accuracy of a Z-score
map, a volume of interest (VOI) is placed on the Z-score
map where a significant reduction was determined by

patient’s voxel

val valu

standard deviation(sd)

group comparison!'’. By averaging the Z-scores within the
VOIs and using these values as thresholds, the receiver
operating characteristic (ROC) curves discriminating
patients from controls are drawn and then the accuracy is
calculated. From the results, the areas that contribute most
are chosen as diagnostic tools.

Evidence for the discrimination of AD from other forms
of dementia has accumulated. By evaluating atrophy
using three-dimensional (3D) T1 images with MRI, using
the VBM method and VOIs in the hippocampus and
parahippocampus, Hirata et al."” reported a discrimination
accuracy of 87.8% between AD in the very early stage
(amnestic type of mild cognitive impairment) and age-
matched healthy controls. By evaluating the distribution of
the decrease in brain glucose metabolism, Kawachi et al.
reported an accuracy of 88.5% using VOIs in the bilateral
posterior cingulate gyri and the right parietotemporal
cortex"?. Using SPECT, we reported an accuracy of 86.2%
using VOls in the posterior cingulate and precuneus™".
Evidence-based Practice for Clinical Discrimination
of AD from Other Forms of Dementia
For MRI, more than 2 000 institutes in Japan use VSRAD®
(Eizai Co., Ltd.) for Z-score analysis of brain volumetry.
In this software, tissue segmentation is first applied to the
3D-volume T1-weighted image, and gray-matter and white-

Z-score
1

voxel value

Fig. 1. Z-score analysis for diagnosis. Even with only one patient, the value can be calculated. A: Schema of Z-score calculation. Z-score =
(mean voxel value of normal controls - patient voxel value) / standard deviation of normal controls. The Z-score is an absolute
value that can be used both for an increase and a decrease. B: Schematic of evaluation of Z-score.
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matter images are obtained from each individual. Then,
diffeomorphic anatomical registration using the exponential
Lie algebra (DARTE) algorithm in SPM8 is used for spatial
normalization. Both gray- and white-matter atrophy can be
estimated using this software.

For nuclear medicine images, in Japan, two types of
software for Z-score analysis of SPECT images are mainly
used, eZIS"¥ (easy Z-score imaging analysis; Fuijifilm RI
Pharma Co., Ltd, Tokyo, Japan) and iSSP (Nihon Medi-
Physics Co., Ltd, Tokyo, Japan)™.

eZIS includes spatial normalization parameters in
SPM2. Normal databases are included in this software
and inter-institutional differences can be corrected. That is,
correction can be made for data obtained in the institute
where the database was built, using previously-scanned
phantom data. Otherwise, an original database can be built.

iSSP includes spatial normalization parameters in
Neurostat. Normal databases are included and can be used
as they are or an original database can be built.

The results of Z-score analysis of a suspected
AD patient are shown in Fig. 2. MRI was analyzed with
VSRAD®, and SPECT from the same patient was analyzed
with eZIS. Voxels with significant gray-matter reduction or
reduced perfusion, that is, voxels with Z-scores >2, were
superimposed on the MRI template. VOIs within the areas
of significant atrophy or reduced perfusion were assessed
by group comparison.

Preparation of Normal Database

Neuroimaging is affected by many factors, such as (1)
age, race, sex, and education, (2) institution, machine, and
reconstruction method, and (3) head position and functional
activity during the build-up time when the functional image
is obtained.

Concerning age, race, sex, and education, selection
of the normal database affects the results of analysis.
The more similar the conditions, the higher the sensitivity
obtained. However, as the precision of subject selection
increases, the size of the database decreases. As for age, if
each group in the normal database consists of only a single
decade, then the number is less than a database with two
or three decades. In many cases, the size of the normal
database is limited, and conditions are usually merged.

As for institution, machine, and reconstruction
method, data acquisition should be performed in the

same way, using the same machine, with the same
procedure, especially in functional imaging like SPECT
and PET. When anatomical data like MRI are used for
VBM, the limitation is expanded to machines with the
same specifications. Concerning SPECT data, with eZIS
software, inter-institutional differences can be corrected
using the 3D Hoffman phantom as an intermediary. In most
other cases, including other modalities like PET, an original
normal database or disease control should be built. When
examining the subjects, head position and brain functional
activity during the build-up time should be carefully
considered. In SPECT, if the tracer is injected in a bright
room with the individual's eyes open, activity in the occipital
region is much higher than when injected in a dark room.

Moreover, it is very important that only clinical non-
image data and anatomical data are used for subject
selection. The anatomical data are used for screening
the space occupying lesion like infarction, tumor or
hemorrhage. The functional data itself should never be
used. Clinical information is of importance when choosing
normal data. Normal database should not be selected
only from functional image appearance, as we can hardly
differentiate normal distribution from abnormal distribution
with visual inspection.

Neurostatistical Imaging of Other Neurodegenerative

Dementias

Dementia with Lewy Bodies versus AD
Reduced occipital metabolism and perfusion or loss of
dopamine transporters is used to supplement the clinical
diagnosis of dementia with Lewy bodies (DLB). Recently,
it has been reported that glucose metabolism in the
posterior cingulate cortex in DLB" appears to be relatively
spared compared with that in AD. Lim et al." found that
reduced glucose metabolism in the medial occipital area
and the cingulate island is a highly specific sign of DLB,
with specificities of 97% and 100%, respectively, while the
sensitivity of visual inspection ranged from 43% to 50% for
the medial occipital and from 62% to 86% for the cingulate
island.

Using VBM with VSRAD®, Nakatsuka et al.l'®
examined its ability to discriminate between DLB and
AD. Atrophy in the midbrain, pons, and cerebellum was
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Fig. 2. A clinical case of suspected Alzheimer’s disease (AD). A-C: VBM analyzed with VSRAD®. A: Segmented results for quality check of
the procedure. Left column: original transaxial MR images; next 3 columns: extracted gray matter, white matter, and cerebrospinal
fluid images, respectively. B: Z-scores superimposed on the cortical surface T1-weighted 3D volume MR image. C: Z-scores
superimposed on the transaxial T1-weighted MR image. Purple VOIs indicate voxels with significant volume reduction in early
AD by group comparison. D-F: Z-score analysis with eZIS. D: *"Tc-ethylcysteinate dimer SPECT sagittal images from the same
patient. E: Z-scores calculated from SPECT superimposed on the cortical surface T1-weighted 3D volume MR image. F: Z-scores
calculated from SPECT superimposed on the transaxial T1-weighted MR image. White VOlIs indicate voxels with significant volume

reduction in early AD by group comparison.

observed as white matter atrophy in DLB compared with
AD. Using averaged Z-scores in VOIs in the midbrain, ROC
analysis showed a sensitivity of 80%, a specificity of 64%,
and an accuracy of 72%"® for discrimination of DLB from
AD.

Differential Diagnosis of Frontotemporal Lobe
Degeneration: Progressive Supranuclear Palsy
versus Corticobasal Syndrome

Corticobasal disease (CBD) and progressive supranuclear
palsy (PSP) are difficult to diagnose because of the
wide variety of symptoms and overlaps in symptoms
and neurological findings. Sakurai et al.'”! evaluated the
utility of white-matter atrophy to differentiate patients with
clinically diagnosed CBD (corticobasal syndrome, CBS)
and PSP (Richardson’s syndrome, RS). They found that
with the target VOlIs for CBS in the bilateral frontal white
matter, the two diseases are discriminated with sensitivity
of 89%, specificity of 100%, and accuracy of 96% with a
cutoff Z-score of 1.30, and with the target VOI for RS in the
midbrain, they were discriminated with sensitivity of 81%,
specificity of 81%, and accuracy of 81% with a cutoff Z-score
of 0.97.

New Findings Owing to Technology Development

Recently, the resolution of medical equipment and the
precise procedures for image analysis have progressed
tremendously. With these methods, particularly DARTEL
for normalization, we compared the longitudinal reduction
of glucose metabolism in AD patients and cognitively
normal volunteers. With DARTEL, precise anatomical
normalization generates relatively homogeneously-shaped
images. Nine ""C-PiB-positive AD patients and 10 "'C-PiB-
negative normal volunteers were studied. Two "*F-FDG
PET scans were performed at an interval of 12 months, and
all images were spatially normalized using the DARTEL

algorithm and analyzed with SPM8. The one-year reduction
of glucose metabolism in AD patients was significantly
greater in the area surrounding the orbital sulcus, including
from the subgenual area to the anterior olfactory nucleus
(AON) in addition to the posterior cingulate and medial
temporal lesions, where decreases in glucose metabolism
have been described (Fig. 3). Fouquet et al."® reported
that although the largest annual decrease in metabolism
occurs in the posterior cingulate-precuneus area, patients
who convert to AD have a significantly greater decrease
than non-converters in two ventro-medial prefrontal areas,
the subgenual (BA25) and anterior cingulate (BA24/32).
Moreover, Villain et al." suggested that hippocampal
atrophy in AD patients progressively leads to disruption
of the cingulum bundle and uncinate fasciculus, which
in turn leads to glucose hypometabolism in the cingulate
and subgenual cortices. We speculate that the AON may
be included in this subgenual area where decreased
metabolism occurs®. Pathologically, amyloid deposition
and neurofibrillary changes have been reported in the
AON of AD patients. The AON has connections to the
piriform cortex, anterior amygdala, periamygdaloid cortex,
rostral entorhinal cortex, hypothalamus, and habenula.
Due to these pathways, the AON is rich in dendrites and
astrocytes, resulting in abundant glucose consumption
in this small region. We also speculate that reduction of
glucose metabolism in the AON is responsible for the
olfactory disturbances in AD patients.

Prospective Application of Neurostatistical

Imaging

Brain CT has more homogeneity and less distortion than
MRI, even when using different machines or scan protocols.
It is also relatively economical and widely available.
Moreover, nowadays, CT data are easily available from
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Fig. 3. One-year reduction of glucose metabolism is proportionally greater in Alzheimer’s disease (AD) patients than in cognitively normal
volunteers. The one-year proportional reduction of glucose metabolism was significantly greater in AD patients than in controls in
the bilateral posterior cingulate gyri, right precuneus, bilateral parahippocampal gyri, left amygdala, right rectal gyrus, and medial
orbital gyrus, including caudal to the right rectal gyrus and the olfactory sulcus corresponding to the right olfactory tract (threshold
at uncorrected P <0.01; k >150 voxels). The SPM of the t-statistics is displayed in a standard format as a maximum intensity

projection viewed from the top, right-hand side and the back (top three images from left to right respectively), and as orthogonal
sections (middle and bottom ranks).

Fig. 4. A: Significant reduction of regional gray matter volume in the bilateral medial temporal cortex, temporopolar areas, right caudate,
and anterior cingulate in Alzheimer’s disease (AD) patients with CT-VBM. Significance maps of decreased gray matter volume in
AD patients superimposed on a T1-weighted surface MRI template image in MNI space. B: Significant reduction of regional gray

matter volume in the bilateral medial temporal cortex in AD patients with MR-VBM. Significance maps of decreased gray matter
volume in AD patients superimposed on a surface T1-weighted MRI template image in MNI space.
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routine PET/CT studies. We compared the results from
CT-VBM with those from MRI-based VBM (MR-VBM) in
the same individuals®". All of the AD patients showed
positive "'C-PiB accumulation and none of the cognitively
normal controls showed an accumulation. In CT-VBM, the
AD group showed a significant decrease of gray matter
volume in the bilateral entorhinal cortex, left hippocampus,
left anterior cingulate gyrus, right temporopolar area,
and right head of the caudate, compared to a cognitively
normal group (Fig. 4). In MR-VBM, the AD group showed a
significant decrease of gray matter volume in the bilateral
hippocampus and left entorhinal cortex at BA28 compared
to the cognitively normal group (Fig. 4). The most significant
atrophy was observed in the left hippocampus.

Inferior

The results of Z-score analysis comparing one "'C-PiB
positive AD patient with a normal database are shown in
Figure 5. The normal database was constructed with gray
matter extracted from CT images. Blue color in bilateral
medial temporal regions shows significant volume reduction
in this AD patient's CT image.

Although for clinical use, a simpler and proper program
for CT-VBM or an advanced scanning technique for more
precise tissue contrast without heavier radiation exposure
is desirable, our results suggest that CT-VBM has the
potential to replace MR-VBM for diagnosing AD. Moreover,
the cortical gray matter volume from CT can also be used
for partial volume correction (PVC); especially in amyloid
imaging, PVC may be necessary for accurate assessment

R-lateral

-2 Z-score 2 6

Fig. 5. CT-based VBM. A: CT images from an "'C-PiB-positive 60-year-old female AD patient. Left column, original CT images; right
column, segmented gray matter from CT images. B and C: Z-scores obtained from gray matter image in A superimposed on
the cortical surface (B) and transaxial and coronal (C) images of a T1-weighted 3D volume MR image in MNI space. Warm color
indicates increase and cool color indicates decrease. That is, blue color in bilateral medial temporal regions (white arrow) shows

significant volume reduction in this AD patient’s CT image.
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of the increased accumulation in the atrophied brain in
AD. Without PVC, more atrophied brain in AD patients
than in healthy volunteer shows underestimation of PiB
accumulation. The availability of PET/CT scanners allows
the application of PET data with CT-based PVC and VBM
for patients with a single visit. Furthermore, when PET/MRI
is used more frequently, these PVC and VBM procedures
can be more precisely and easily approached.

Conclusion

In diagnosing neurodegenerative dementia, recently many
procedures using new technology like machine learning
have been developed. In the near future, better procedures
for automatic diagnosis may be developed. At present, as
shown in this article, Z-score analysis of each patient’s
image is useful for routine clinical use, especially after the
diagnostic accuracy is estimated. This can be used for both
anatomical and metabolic images.

Many artifacts can occur in these traditional
procedures due to mis-segmentaion, mis-registration,
normalization errors, and calculation errors. Accordingly,
when neurostatistical imaging is used, it should always be
compared to the original tomographic images to confirm a
tendency in the neurostatistical analysis. Inconsistencies
should be further investigated. When neurostatistical
imaging is used adequately, much useful and beneficial
information is revealed.
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Dopamine (DA) is considered crucial for the rewarding effects of drugs of abuse, but its role in addiction
remains unclear. Positron emission tomography (PET) is the first technology used for in vivo measurement of
components of the dopaminergic system in the human brain. In this article, we review the major findings from
PET imaging studies on the involvement of DA in drug addiction, including presynaptic DA synthesis, vesicular
monoamine transporter 2, the DA transporter, and postsynaptic DA receptors. These results have corroborated

the role of DA in addiction and increased the understanding of its underlying mechanisms.

Keywords: dopamine; dopaminergic system; drug addiction; positron emission tomography

Brain Dopaminergic System

Dopamine (DA) is a catecholamine neurotransmitter in
the nervous system. It has many functions in the brain,
including punishment, reward, voluntary movement, mood,
attention, motivation, sleep, working memory, and learning'".
DA is synthesized by the hydroxylation and decarboxylation
of L-tyrosine in DA neurons and, before being released into
the synapse in response to an action potential, it is stored
within presynaptic vesicles (Fig. 1). The action of DA occurs
by binding to postsynaptic DA receptors, resulting in the
formation of second messengers. There are five subtypes
of DA receptors, which can be grouped into two classes or
families: D1-like and D-2 like™" . The D1-like receptor family
comprises the D1 and D5 receptors, encoded by genes
with no introns, acting by way of Gs-proteins and activating
adenylyl cyclase, thus increasing cAMP production®® .
The D2-like receptor family comprises the D2, D3, and
D4 receptors, encoded by genes containing introns. D2-

like receptors act via Gi-proteins, inhibit adenylyl cyclase
activity, and thus decrease cAMP activity™ .

The action of DA in the synapse is terminated primarily
by reuptake to the presynaptic membrane through the
dopamine transporter (DAT)®. Otherwise, DA is partially
removed by oxidation by monoamine oxidase orcatechol-
O-methyltransferase in the synaptic cleft (Fig. 1).

The dopaminergic neurons, whose primary
neurotransmitter is DA, interconnect many areas of the
brain to form a system which originates in the substantia
nigra (SN) pars compacta, ventral tegmental area (VTA),
and hypothalamus. The dopaminergic system is typically
divided into four major pathways: mesocortical (from the
VTA to the frontal cortex), mesolimbic (from the VTA to
the nucleus accumbens), nigrostriatal (from the SN to the
striatum), and tuberoinfundibular (from the hypothalamus
to the pituitary gland). The mesostriatal and mesocortical
pathways are currently recognized to contribute most to
drug addiction™.
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Fig. 1. Schematic representation of a dopaminergic synapse. ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate;

COMT, catechol-O-methyltransferase; D1R, dopamine receptor 1; D2R, dopamine receptor 2; DA, dopamine; DAT, dopamine
transporter; DOPA, dioxyphenylalanine; MAO, monoamine oxidase.

Drug Addiction

The term addiction is derived from the Latin verb addicere,
which referred to the Roman court action of binding a
person to another. From the 17th century, addiction has
been used to refer to psychoactive substances (e.g. alcohol,
tobacco, heroin) which cross the blood-brain barrier,
temporarily altering the chemical milieu of the brain®®.
Currently, addiction is identified as continued involvement
with a drug, despite the negative consequences associated
with it — such as compulsive drug seeking and taking, loss
of control over drug-taking, or emergence of a negative
emotional state (e.g., dysphoria, anxiety, irritability) —
when access to the drug is prevented or terminated'.

Recently, “behavioral addiction” has also been proposed,
but is beyond this review and has been described in detail
elsewhere!*"¥,

The neuronal basis of addiction has been guided by
the premise that the motivation of an addict to take drugs
results from the desire to experience the hedonic (i.e.,
rewarding) effects or from the desire to avoid the anhedonia
and aversive consequences of withdrawal"®. There are
mounting studies suggesting that the rewarding properties
of addictive drugs depend on their ability to provoke DA
release in the brain®*?,

Over the past few decades, the progressive develo-
pment of functional neuroimaging technology, especially
positron emission tomography (PET), has made possible
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the elucidation of brain functions associated with

addiction®*?*,

PET Imaging of Alterations of the Brain Dopa-

minergic System in Drug Addiction

PET is a technique that measures the radioactivity released
by specific radioligands, and can therefore be used to
generate cross-sectional brain images with anatomical
or detailed functional information about changes in
neurotransmitter responsiveness or receptor expression'®®.
The commonly-used isotopes "'C, N, "0, and '"®F have
short half-lives, making possible repeated studies within
a short time-span. Moreover, the quantity of PET tracers
injected is too low (in the nanomolar range) to cause harm.
The dopaminergic system has been identified as a
key substrate for the rewarding effects of abused drugs
and PET was the first technology that enabled the direct
measurement of components of the DA system in the living
human brain®’. PET imaging studies have also shown
that in drug-addicted individuals, DA function is markedly
disrupted® ?®. In this article, we review PET radiotracers
that are currently available for imaging the dopaminergic
system in drug addiction and the main findings of in vivo
imaging studies.
PET Studies of Presynaptic DA Synthesis
Addictive drugs exhibit a wide range of structures and
actions, but the unifying principle appears to be that they
each acutely enhance DA neurotransmission by means that
dissociate it from normal drive by environmental cues? **.
The function of DA synthesis in the presynaptic neuron can
be currently measured in preclinical animal studies and in
human subjects. Thus, if DA synthesis by the presynaptic
DA neurons in drug-addicted individuals were impaired, this
would be expected to translate into a blunted DA response.
L-dopa (L-dihydroxyphenylalanine) is the immediate
precursor of DA. Although DA in the circulation does not
cross the blood-brain barrier, L-dopa is carried into the brain
by the large neutral amino-acid transport system, is then
converted into DA by L-aromatic amino-acid decarboxylase,
and is stored in intraneuronal vesicles from which DA
is released when the neuron fires®". *F- or "'C-labeled
L-dopa is an analog of L-dopa, and this positron-emitting
compound is used clinically to trace the dopaminergic
pathway and to evaluate presynaptic function. Uptake

of L-dopa labeled with a positron-emitting radionuclide
reflects the synthesis rate of DA in the terminals, under the
conditions of PET®**. Studies with PET and radionuclide-
labeled L-dopa and their main findings are summarized in
Table 1.

In cocaine addiction, PET imaging with ['®F] dopa
(6-["®F] fluoro-L-dopa) shows a delayed decrease in DA
terminal activity in the striatum of detoxified cocaine
abusers compared with controls® **\. Also, a decrease
in presynaptic DA activity during cocaine abstinence or
withdrawal is associated with relapse® ..

Methamphetamine (MA), another prevalent psycho-
stimulant drug of abuse, induces more deleterious changes
in the brain than cocaine when a toxic dose is used®.
This is evident from the significant reductions in striatal
['®F] dopa uptake in MA-treated mice, suggesting the
neurodegeneration of dopaminergic cells and DA synthesis
in MA abuse®.

In alcohol addiction, although there is no difference
in the net influx of striatal ['°F] dopa (an index of DA
synthesis) between detoxified alcoholic patients and control
subjects®™, findings from several studies have shown that
low DA synthesis correlates with alcohol craving, negative
mood states, and a high risk of relapse® **\. Further,
among late-onset (type 1) alcoholics, ['°F] dopa uptake is
elevated in the putamen and caudate, which is correlated
with poor performance on the Wisconsin Card Sorting Test.
This study suggests that the magnitude of the change in
presynaptic DA function correlates with the patients’ degree
of inability to modify their behavior®.

In smokers, significantly higher ['*F] dopa uptake
occurs in the putamen and caudate than in non-smokers,
which suggests that smoking is related to greater DA
activity in the human basal ganglia, and nicotine-induced
DA activity may be a mechanism relevant to dependence
on cigarette smoking™”.

Ecstasy (+/-3,4-methylenedioxymethamphetamine,
MDMA) is a popular recreational drug with known neuro-
toxicity. Its potential long-term effects on dopaminergic
function have been verified recently by an in vivo PET
study in human subjects. In the study by Tai et al.*"
['°F] dopa uptake in the putamen was 9% higher in ex-
users of ecstasy than in controls, even after >3 years of
abstinence.
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Table 1. PET imaging of presynaptic DA synthesis in drug addiction

Ref. Radioligand Drug Subjects Controls Main findings

[34] ['®F] dopa Cocaine 11 cocaine addicts 8 normal participants (1) ['®F] dopa uptake negatively
correlated with days off cocaine

[35] ['®F] dopa Cocaine 10 male mice treated with 10 male mice treated with )

cocaine (30 mg/kg) for 7 days saline for 7 days
[35] ['®F] dopa MA 10 male mice treated with 10 male mice treated with (1)
MA (30 mg/kg) for 7 days saline for 7 days

[33] ['®F] dopa Alcohol 12 detoxified male alcoholics 13 age-matched healthy men (-) ['*F] dopa uptake positively
correlated with alcohol craving

[38] ['®F] dopa Alcohol 11 detoxified male alcoholics 13 normal controls -)

[39] ['®F] dopa Alcohol 10 type 1 alcoholics 8 normal controls (1) ['®F] dopa uptake in putamen
and caudate negatively
correlated with Wisconsin Card
Sorting Test performance among
alcoholics

[40] ['®F] dopa Nicotine 9 smoking men 10 normal controls (1)

[41] ['®F] dopa MDMA 14 ex-MDMA users 12 normal controls )

(abstinent >3 years)

(}) striatal radioligand uptake decreased, (1) increased, or (-) did not significantly differ from healthy controls; MA, methamphetamine; MDMA,

ecstasy (+/-3,4-methylenedioxymethamphetamine).

PET Studies of Vesicular Monoamine Transporter 2
Vesicular monoamine transporter 2 (VMAT2) is a protein
responsible for transporting monoamine neurotransmitters
from the cytoplasm into synaptic vesicles"?, so it plays
an important role in regulating the presynaptic DA
concentration. The most-used ligand in VMAT2-binding
studies in vivo is ""C-labeled dihydrotetrabenazine (DTBZ).
Binding of [''C] DTBZ to VMAT2 is commonly considered
to be a stable marker of DA neuronal integrity and an in
vivo marker of DA nerve terminals'*®. PET imaging studies
of VMAT2 in drug addiction and the main findings are
summarized in Table 2.

Postmortem studies comparing the VMAT2 density in
cocaine abusers with healthy subjects using radiolabeled
DTBZ found significantly reduced [*H] DTBZ binding in the
striatum of cocaine abusers™!. A recent in vivo PET study
with ["'C] DTBZ confirmed the previous in vitro findings,
suggesting compensatory down-regulation of the DA
storage vesicles in response to chronic cocaine abuse and/
or a loss of dopaminergic terminals*®.

Animal studies and preclinical investigations have
established that drugs of abuse produce long-term changes
in DA neuronal integrity. In a PET imaging investigation
of “heavy” MA users, the striatal [''C] DTBZ binding
was decreased by 10%, even after at least 3 months of
abstinence, reflecting the long-lasting effect of MA on
VMAT2"). And in the study of Boileau et al."*®, who used
human subjects to measure striatal [''C] DTBZ binding
after an acute oral dose of amphetamine (AMPH), a slight
decrease of ["'C] DTBZ binding was also found.

However, in a subsequent study, the striatal [''C]
DTBZ binding in early-abstinence MA abusers (mean, 19
days; range, 1-90 days) was increased””. One potential
explanation for this increase is that ["'C] DTBZ binding
not only reflects DA synaptic integrity, but also indicates
changes in the endogenous vesicular DA storage levels
with unchanged VMAT2 protein expression™’. This
hypothesis was verified by Kilbourn et al.*®¥, who conducted
a systematic study in rats, in which in vivo PET analysis
of ["'C] DTBZ binding was examined as a function of DA
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Table 2. PET imaging of vesicular monoamine transporter 2 in drug addiction

Ref. Radioligand Drug Subjects Controls Main findings
[43] ["C]DTBZ AMPH 9 non-drug-using subjects with Same subjects before drug use ()
low-dose AMPH (0.4 mg/kg)
[46] ['C]DTBZ MA 16 MA users 18 normal controls )
[47] ["'Cc]1DTBZ MA 16 recently withdrawn MA users 14 normal controls 1)

(mean 19 days)

() striatal radioligand uptake decreased or (1) increased compared with healthy controls; MA, methamphetamine; AMPH, amphetamine.

depletion with alpha-methyl-para-tyrosine (AMPT) and
repletion with L-dopa. Repeated treatment with AMPT
at doses that markedly depleted (-75%) brain DA levels
resulted in increased (+36%) in vivo ['C] DTBZ binding
to VMAT2 in the striatum. This increase in binding was
completely reversed by treatment with L-dopa to restore
the DA levels. But there were no changes in the total
number of VMAT2 binding sites, as measured by in vitro
autoradiography. Further, Boileau et al. attributed their
findings of a slight decrease in ["'C] DTBZ binding caused
by AMPH not to changes in presynaptic VMAT2 but an
insufficient drug dose to significantly deplete striatal DA™
Therefore, more systematic preclinical studies are required to
optimally guide the extraction of clinically useful information
from ["C] DTBZ PET imaging of the human brain®.

PET Studies of the Dopamine Transporter

The DAT is a membrane-spanning protein that pumps DA
from the extracellular space into the presynaptic neuronal
cytosol, from which other transporters sequester DA into
vesicles for storage and later release (Fig. 1). DA reuptake
via the DAT is the primary mechanism by which DA is
cleared from synapses and DATs have been used as
markers of presynaptic DA terminals®®. The DAT is also
a target for addictive drugs such as cocaine and AMPH.
Currently, there are several positron-emitting radionuclide-
labeled tracers for PET imaging of the DAT in vivo, such
as ["'C] cocaine, ["'C] B-CIT, ['®F] FCT, WIN 35,428, and
["C] d-threo-MP. And the neuroimaging studies have
demonstrated that chronic use of addictive drugs has
long-term impact on DAT levels and activity, resulting
in dopaminergic dysfunction by mechanisms not well
understood®" (Table 3).

Cocaine was initially labeled with "'C to track the

distribution and pharmacokinetics of this powerful stimulant
and drug of abuse in the human brain and body. It was
soon discovered that [''C] cocaine is also a sensitive
radiotracer for DAT availability®®®. Because the major
molecular target of cocaine is the DAT, the question of
whether chronic cocaine use alters the DAT has been
investigated®. Although postmortem studies have shown
decreased DAT in cocaine addicts®™, one PET study using
['"C] cocaine reported no significant differences in DAT
binding between cocaine-dependent individuals who had
withdrawn for >5 days and controls®.

Besides cocaine per se, some of its congeners have
also been labeled with positron-releasing radionuclides
to study the function of the DAT in drug addiction in vivo.
23-carboxymethoxy-3B-(4-iodophenyl) tropane (B-CIT),
one of these congeners, has been labeled with "'C for
PET studies. In an autoradiographic study on human brain
sections and a PET study of monkeys and humans, ["'C]
B-CIT was found to accumulate markedly in the striatum
where DATs are mostly located®™. In an in vivo PET study
with ["'C] B-CIT, decreased DAT has been found in the
putamen in early Parkinson's disease®™, but so far it has
not been used in the study of drug abuse.

In 2000, ['°F]-(1)-N-(4-fluorobenzyl)-2b-propanoyl-3b-
(4-chlorophenyl) tropane (['°F] FCT), a structural congener
of cocaine, was found to have a high affinity for the DAT
and a relatively low affinity for the serotonin transporter,
indicating that it is a suitable tracer for studying the DAT
in vivo with PET®". In the PET study with ['*F] FCT in
the cocaine self-administration model with monkeys, the
laterality of DAT function was changed even before enough
cocaine was consumed to produce significant overall

changes in receptor and transporter availability™®.
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Table 3. PET imaging of the dopamine transporter in drug addiction

Ref. Radioligand Drug Subjects Controls Main findings

[53] ["'C] cocaine Cocaine 12 detoxified cocaine 20 normal controls (-)
abusers (>5 days)

[58] ['®*F] FCT Cocaine 12 adult male cocaine-naive same monkeys before drug use (-)
rhesus macaques with drug
self-administration (9 weeks)

[62] ["C]WIN 35,428 Heroin 11 heroin users abstinent for 10 normal controls (1) ;5 (1) (comparison to the
6 months, and 10 on methadone abstinent subjects); ["'C]
maintenance for 6 months WIN 35,428 uptake

correlated with subjective
anxiety in methadone
maintenance subjects

[63] [""C] WIN 35,428 MA 6 abstinent MA users 10 normal controls )

[64] ["C] WIN 35,428 MA baboons treated with one of 3 baboons treated with saline (1) [""C] WIN 35,428 uptake
three doses of MA correlated with MA dose
[0.5 mg/kg (n = 2),

1 mg/kg (n = 2) and
2 mg/kg (n = 3)]
[65] ["C] WIN 35,428 MA 11 male MA users 9 normal controls (1) ["C] WIN 35,428 uptake
associated with duration of
MA use and closely related
to severity of persistent
psychiatric symptoms
[69] ["'C] d-threo-MP Alcohol 5 alcoholics 16 normal controls (-)

(]) striatal radioligand uptake decreased or (-) did not differ significantly from healthy controls; MA, methamphetamine.

Other cocaine analogs, WIN 35,428 and CFT [2[3-
carbomethoxy-3 beta-(4-fluorophenyl) tropane], have
been extensively characterized as selective inhibitors of
DA uptake with high affinity for the DAT®. Human studies
have shown that the extent of ["'C] WIN 35,428 binding can
be used to differentiate normal people from those with DA
system disorders® ®". A PET imaging study with ["'C] WIN
35,428 demonstrated that heroin users have a significantly
lower DAT uptake than healthy controls®. ["'C] WIN 35,428
has also revealed a reduction of the DAT in MA abusers
and in baboons after MA injection® %,

Methylphenidate (MP, Ritalin), a psychostimulant,
is commonly used to treat attention deficit hyperactivity
disorder and narcolepsy. The psychostimulant properties of

MP are linked to its binding to a site on the DAT, resulting in
inhibition of DA reuptake and enhanced levels of synaptic
DA. The more active d-enantiomer (d-threo-MP) has been
labeled with ["'C] and animal studies have demonstrated
the saturable, reversible, and specific binding of [''C]
d-threo-MP to the DAT, suggesting that it is a useful PET
tracer for imaging presynaptic dopaminergic neurons®’. A
PET imaging study using pretreatment with MP showed a
marked decrease of ["'C] d-threo-MP binding in the human
brain®. However, PET imaging did not find a significant
difference of [''C] d-threo-MP distribution between
alcoholics and non-alcoholics, which means that prolonged
alcohol abuse might have no significant impact on DAT

availability™®.
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PET Studies of Postsynaptic DA Receptors
The radiolabeled ligands for PET imaging of DA receptors
in drug addiction and the main findings are listed in Table 4.

Spiroperidol (spiperone) is a potent D2 receptor
antagonist™. In 1984, in vivo studies in rats and primates
showed that "®F-labeled spiroperidol has high specific
activity for D2 receptors””". Latterly, N-methylspiroperidol
(NMSP), the amide N-methyl analog, has also been
radiolabeled with ®F. In vivo PET imaging in the baboon
brain showed that striatal uptake and retention is five-
fold higher for ['®F] NMSP than for ['®F] spiroperidol, which
suggested that ["*F] NMSP is an ideal choice for studies
of the D2 receptor in humans. In PET studies with
['®F] NMSP, cocaine abusers show significantly lower D2
receptor availability than normal controls, especially during
early detoxification® ™, and this may be present even 3—4
months after detoxification”. D2 receptor availability was
also found to be associated with decreased metabolism
in several regions of the frontal lobe, most markedly the
orbito-frontal cortex and cingulate gyri”®. In vivo PET
imaging in baboons showed that AMPH pretreatment
induces decreases in ['*F] NMSP in the corpus striatum,
suggesting that PET imaging with ['°F] NMSP can also be
used to monitor drug-induced elevations in endogenous DA
levels™.

Raclopride is a synthetic compound that acts as an
antagonist on D2 receptors and "'C-labeled raclopride is
the most commonly-used tracer in the PET imaging of
addiction to cocaine™, alcohol® 7" " MA" and heroin®”.
In cocaine abusers with intravenous administration of
48 mg cocaine (a typical “street” dose), [''C] raclopride
occupancy at D2 receptors was decreased significantly,
suggesting that higher DA concentrations compete at the
receptor site”®. Alcoholics showed lower D2 receptor levels
in the caudate and putamen during early detoxification and
in the caudate during late detoxification, which is in line
with the idea that D2 mechanisms are involved in alcohol
dependence™® " " Heroin-dependent individuals® and
MA abusers™ both showed significantly lower D2 receptor
availability than comparison subjects.

["®*F]FCP (['®F] 4-fluoroclebopride) is a fluorine-18
labeled benzamide derivative that binds reversibly to
D2 receptors®’. In PET imaging with ['®F] FCP, Nader
and colleagues® found that the baseline D2 receptor

availability is negatively correlated with the rate of cocaine
self-administration.

['®F] fallypride, an analog of epidepride, is a selective
and high-affinity antagonist of D2/D3 receptors. In an ['°F]
fallypride PET imaging study, nicotine-dependent smokers
displayed significantly less availability of D2/D3 receptors
within the bilateral putamen, functionally covering parts of
the dorsal striatum, compared to never-smoking subjects®®.
['®F] desmethoxyfallypride (['°F] DMFP), another selective
D2/D3 receptor antagonist, has also been developed and
used to find that a low availability of D2/3 receptors in the
ventral striatum and adjacent putamen is associated with a
high level of craving for alcohol *?.

For the D1 receptor, ['C] NNC 112, a new benzazepine
[(+)-8-chloro-5-(7-benzofuranyl)-7-hydroxy-3-methyl-
2,3,4,5-tetra-hydro-IH-3-benzazepine], has been reported
to be a useful PET radioligand for the quantitation of D1

receptors in humans®!

, and its D1 receptor selectivity has
recently been re-evaluated®. With PET and the radiotracer
["C] NNC 112, Martinez et al.®® found no difference
between cocaine abusers and normal controls. However,
within the cocaine abusers, low D1 receptor availability
in the ventral striatum was associated with the choice to
self-administer cocaine, suggesting that low D1 receptor
availability may be associated with an increased risk of
relapse. Another radioligand, ['C] SCH23390 [(R)-(+)-7-
chloro-8-hydroxy-3-methyl-1-phenyl -2,3,4,5-tetrahydro-
1H-3-benzazepine], the first selective D1-like receptor
antagonist, is recognized as the standard ligand for PET
studies of striatal D1 receptors®’. A significant reduction
in [""C] SCH23390 binding potential has been found in
the striatum of smokers compared to nonsmokers, most
prominently in the ventral striatum, suggesting a reduction
in D1 receptor density in the ventral striatum of cigarette

smokers!®® &,

Conclusions

PET imaging studies have corroborated the role of DA in
drug addiction. The increases in DA caused by addictive
drugs and the subsequent fast and marked activation
of postsynaptic DA receptors are relevant for drug
reinforcement. The adaptive changes in the dopaminergic
system after long-term drug abuse may lead to the
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Table 4. PET imaging of postsynaptic DA receptors in drug addiction
Ref. target Radioligand Drug Subjects Controls Main findings
[73] D2 ["*F] NMSP Cocaine 10 cocaine abusers 10 normal controls (1) (detoxified for 1 week);
(-) (detoxified for 1 month)
[74] D2 ["*F] NMSP Cocaine 20 male cocaine abusers 20 normal male controls  (|)
[75] D2 ["*F] NMSP AMPH 3 adult female baboons before drug use )
treated with AMPH (1.0 mg/kg)

[76] D2 ["'C] raclopride Cocaine 11 male cocaine abusers with before drug use )
intravenous administration of
48 mg cocaine

[53] D2 ['*F] NMSP Cocaine 10 cocaine abusers 9 normal controls (1)

[69] D2 ["'C] raclopride Alcohol 10 alcoholics 10 normal controls (1)

[77] D2 [""C] raclopride Alcohol 9 male alcoholics abstinent 8 normal male controls  (])

for 1-68 weeks
[78] D2 [""C] raclopride Alcohol 14 type 2 alcoholics tested 11 normal controls (1); (-) (between early and late
within 6 weeks of detoxification detoxification)
and re-tested 1-4 months later
while alcohol-free

[79] D2 ["'C] raclopride MA 15 MA abusers 20 normal controls (1) ['"C] raclopride uptake positively
correlated with rate in orbitofrontal
cortex in abusers

[80] D2 ["'C] raclopride Heroin 11 opiate-dependent individuals 11 normal controls (1)

[81] D2 ['®F] FCP Cocaine 12 rhesus macaques with Self control (1) (by 15-20% within 1 week

cocaine self-administration initiating self-administration); of (|)
(by 20% during 1 year of drug
exposure)

[83] D2/D3  [*°F] fallypride Nicotine 17 heavy smokers 21 age-matched (-); ['®F] fallypride uptake positively

normal controls correlated with nicotine craving in
the ventral striatum but negatively
correlated in the anterior cingulate
and inferior temporal cortex

[33] D2/D3  ["°F] DMFP Alcohol 12 alcoholics 12 normal controls (1) (negatively correlated with
alcohol craving)

[86] D1 [""C] NNC 112 Cocaine 25 cocaine abusers 23 normal controls (-) ["C] NNC 112 uptake in ventral
striatum negatively correlated with
cocaine relapse

[88] D1 ["C] SCH23390  Nicotine 11 smokers 18 normal controls )

[89] D1 ["C] SCH23390  Nicotine 12 smokers 12 normal controls (1) trend of increase of ["'C]

SCH23390 uptake after smoking

abstinence

(}) striatal radioligand uptake decreased and (-) not significantly different from healthy controls; MA, methamphetamine; AMPH, amphetamine.
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persistent use of drugs and cause relapse. Neuroimaging
studies have provided evidence of how the human brain
changes as the individual becomes addicted. With the
appropriate radiotracers, PET enables visualization of the
presynaptic and postsynaptic sites in the dopaminergic
system. Imaging these markers provides key insights into
the pathophysiology of drug addiction, and understanding
of the involvement of DA in drug abuse may also offer
directions for the development of new strategies for
pharmacological interventions for addiction. The therapeutic
interventions that are driven by the imaging findings on
DA can be divided into those that interfere with the acute
effects of a drug and those that compensate for the chronic
effects of long-term use linked to its dopaminergic effects®”.

In the future, the role of PET may become more
important in drug-addiction diagnosis and guiding
therapy. Enhancements in image resolution and specific
molecular tags will permit accurate diagnoses, based on
both structural and molecular changes in the brain. For
widespread application, advances in molecular imaging
should include the characterization of new radiotracers,
application of modeling techniques, standardization
and automation of image-processing techniques, and
appropriate clinical settings in large multicenter trials. The
growing field of neuroimaging is helping nuclear medicine
physicians to incorporate pathways into personalized
patient care.

However, the use of PET to study the role of the
dopaminergic system in drug addiction is still in its infancy.
Although available PET studies have mainly focused on
DA, its interactions with other neurotransmitters such as
GABA, glutamate, and serotonin also play important roles
in modulating the magnitude of DA responses to drugs.
Currently, several imaging modalities complement each
other, and image fusion has become common in diagnostics
and treatment®'. In recent years, the multimodality
imaging technologies such as PET/CT and PET/MRI
have shown promising results, indicating great potential
for clinical and preclinical uses®. There is no doubt that
future PET research on drug addiction will benefit greatly
from multimodal imaging approaches. Furthermore, the
development of new PET tracers that are sensitive to the
targets of DA and other neurotransmitter systems, along
with the findings of multimodal imaging studies that are
integrated into genetic and neurobiological research, will

increase our understanding of the mechanisms underlying
drug addiction.
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Positron emission tomography (PET) is an in vivo molecular imaging tool which is widely used in nuclear
medicine for early diagnosis and treatment follow-up of many brain diseases. PET uses biomolecules as
probes which are labeled with radionuclides of short half-lives, synthesized prior to the imaging studies. These
probes are called radiotracers. Fluorine-18 is a radionuclide routinely used in the radiolabeling of neuroreceptor
ligands for PET because of its favorable half-life of 109.8 min. The delivery of such radiotracers into the
brain provides images of transport, metabolic, and neurotransmission processes on the molecular level.
After a short introduction into the principles of PET, this review mainly focuses on the strategy of radiotracer
development bridging from basic science to biomedical application. Successful radiotracer design as described
here provides molecular probes which not only are useful for imaging of human brain diseases, but also allow
molecular neuroreceptor imaging studies in various small-animal models of disease, including genetically-
engineered animals. Furthermore, they provide a powerful tool for in vivo pharmacology during the process of
pre-clinical drug development to identify new drug targets, to investigate pathophysiology, to discover potential
drug candidates, and to evaluate the pharmacokinetics and pharmacodynamics of drugs in vivo.

Keywords: Alzheimer’s disease; autoradiography; blood-brain barrier; brain tumor; cholinergic system; kinetic
modeling; metabolism; molecular imaging; neurodegeneration; positron emission tomography; precursor;
psychiatric disorder; radiotracer; sigma receptor

Introduction

Positron emission tomography (PET) is an in vivo
molecular imaging tool widely used in nuclear medicine
for early diagnosis and treatment follow-up of many
brain diseases. Positron-emitting radionuclide-labeled
substances allow the visualization, characterization, and
measurement of biological processes at the molecular and
cellular levels in humans and other living systems by highly
sensitive coincidence-detection!. This is based on 511 keV
photons (gamma radiation) originating from positron-
electron annihilation. PET differs in that aspect from other
modalities such as single-photon emission computed
tomography (SPECT), magnetic resonance imaging

(MRI), optical imaging, and ultrasound. Because of their
high sensitivity (~10®° to 10> M) PET and SPECT offer
advantages over the other methods. Therefore, in the past,
they were the only modalities that allowed noninvasive
imaging of biochemical receptor sites. Nowadays, the other
imaging modalities compete in that aspect although precise
absolute quantitation in terms of biochemical parameters
has not been achieved yet.

Recently, multimodal imaging approaches, specifically
PET/CT and PET/MRI, have been suggested to bring a
new perspective into the fields of clinical and preclinical
imaging. Clinical cases have shown that the combination
of anatomical structures, revealed by CT and MRI, and the
functional information from PET into one image, with high
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fusion accuracy, provides an advanced diagnostic tool and
research platform® ¥,

PET and SPECT use biomolecules as probes, labeled
with radionuclides of short half-lives, synthesized prior to
the imaging studies. These probes are called radiotracers.
According to the concept developed by George von
Hevesy™ a radiotracer is a chemical compound in which
one or more atoms have been replaced by its radioisotope.
By virtue of its radioactive decay, it can be used to follow
the original compound as it acts in the same manner.
Due to the extremely small concentrations required, the
radiotracer does not disturb the systemic processes to be
studied. This allows the tracing of chemical, biochemical,
and physiological processes and investigation of their
functions and capacities.

Although SPECT is the most common imaging tool in
clinical nuclear medicine, this review is focused on PET.
SPECT primarily uses radioiodine, e.g. "I, or radiometals,
e.g. ®Tc as the label. lodine is rarely present and metals
are usually absent from the protein-binding drugs that serve
as lead structures. Therefore, the applicability of SPECT for
neuroimaging is rather limited, because labeling with "I or
¥"Tc causes strong and unpredictable alterations of target
affinities and blood-brain-barrier (BBB) permeability. The
positron-emitting radionuclides "'C and "F, introduced as an
isotopic modification ("'C for '*C; “isotopic labeling”) or an
atomic substitute ("°F for 'H, OH; “isosteric, isoelectronic, or
bioisosteric labeling”), generate rather small affinity changes,
if any. ®F is considered the most suitable radionuclide for
PET because of its five-fold longer half-life (109.8 min) than
"'C, its high B* yield (97%) and its lower positron energy
maximum of 640 keV (IAEA, Nuclear Data Services, https://
www-nds.iaea.org/relnsd/vcharthtml/VVChartHTML.html).

Despite the limitations, the principles and strategies
for radiotracer development described below also apply to
SPECT. Also, aspects of radiation safety, toxicology issues,
quality control, licensing, and regulatory control, which need
to be considered for the production of radiopharmaceuticals
suitable for administration to humans, have been reviewed
extensively elsewhere®™. Meanwhile, a highly regulated system
for radiopharmaceutical production has been established
in most of the developed countries (http://ec.europa.eu/
health/documents/eudralex/vol-4/index_en.htm). This topic is
therefore excluded from further consideration.

Successful radiotracer design as described below

does not necessarily lead to human application. Nowadays,
special PET and SPECT devices are available for small-
animal imaging, allowing molecular neuroreceptor imaging
studies in various models of disease including genetically-
engineered animals® ”. They provide a powerful tool for in
vivo pharmacology during the process of pre-clinical drug
development to identify new drug targets, to investigate
pathophysiology, to discover potential drug candidates, and
to evaluate the pharmacokinetics and pharmacodynamics
of drugs in vivo®.

The general sequence of radiotracer development is
shown in Fig. 1 and can be followed up in a short video
available at http://www.beilstein.tv/tvpost/toxic-epibatidine-
was-structurally-modified-to-image-alzheimer%C2%B4s-
disease/. This demonstrates how chemical/pharmaceutical
and biochemical/pharmacological steps interact to finally
decide whether to break-off or continue the development
process. PET radiotracers that have been developed for
neuroreceptor imaging and have already been used in
humans are listed in Table 1.

Target Selection and Identification of Lead Structures

Careful selection of the target to be imaged in combination

| Target selection and identification of lead structures |

f

|Target characterization and in vitro screening of new compoundsi

¢

I Physicochemical characterization of lead compounds |

'

| Preparation of labelling precursors and radiolabelling |

¢

| Specific binding of radiotracers in vitro |

¢

| Metabolism of radiotracers in animals |

'

| Proof of target-specific binding in animals |

¢

| Estimation of receptor-binding parameters in animals |

'

| Proof of concept in human |

Fig. 1. Strategy for development of new PET radiotracers for
neuroimaging.
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Table 1. Neuroreceptor targets® that have been used for successful PET radiotracer development

Neuroreceptor

PET radiotracer

Selected reference for human use

Acetylcholine receptor:
Acetylcholine receptor:
Acetylcholine receptor:
Acetylcholine receptor:
Acetylcholine receptor:
Acetylcholine receptor:
Acetylcholine receptor:
Acetylcholine receptor:

Acetylcholine receptor:

muscarinic
muscarinic
muscarinic
muscarinic M2
nicotinic a4p2
nicotinic a432
nicotinic a4p2
nicotinic a4p2

nicotinic a7

Adenosine receptor: A,

Adenosine receptor: A,

Adenosine receptor: Ay,

Adenosine receptor: Ay,
Cannabinoid receptor: CB,
Cannabinoid receptor: CB,
Cannabinoid receptor: CB,
Cannabinoid receptor: CB;
Cannabinoid receptor: CB,
Dopamine receptor: D,

Dopamine receptor: D,

Dopamine receptor: D,

Dopamine receptor: D,

Dopamine receptor: D,-D,
Dopamine receptor: D,-D,
Dopamine receptor: D,-D;
Dopamine receptor: D,-D,
Dopamine receptor (extrastriatal): D,/D,
Dopamine receptor (extrastriatal): D,/D;
Dopamine receptor: D;>D,

Estrogen receptor

Glutamate receptor: mGluR1
Glutamate receptor: mGIuR5
Glutamate receptor: mGIuR5
Glutamate receptor: mGIuR5
Glutamate receptor: mGIuR5
Glutamate NMDA receptor: PCP site
Glutamate NMDA receptor: PCP site
Glutamate NMDA receptor: PCP site
Glutamate NMDA receptor: PCP site
Glutamate NMDA receptor: glycine-site

Histamine receptor: H1

[""C]scopolamine

[N-""C-methyl]-benztropine

["C](+)3-MPB
[*FIFP-TZTP
2-["®*F]fluoro-A-85380
6-["*FIfluoro-A-85380
['*F]AZAN
(-)-["*Fflubatine
[""C]CHIBA-1001
["*FICPFPX
["CIMPDX
["CITMSX
["CISCH442416
['*FIMK-9470
["C]MePPEP
["*FIFMPEP-d
["CIOMAR
["CINE40
[""C]SCH 23390
["CINNC687
["CINNC756
["CINNC112
[""CJraclopride
["CINMSP
["CINPA
["CIMNPA
["'CIFLB457
[®F]fallypride
["CJ-(+)-PHNO
["*FIFES
["clITMMm
["'C]ABP688
['*F1SP203
['ClAZD9272
["*FIFPEB
["'Clketamine
["CICNS-5161
["®*F]fluoromemantine
['*FIGE-179
["C]AcL703
["'Cldoxepin

Frey et al. 1992"

Xie et al. 2004"”

Yamamoto et al. 2012"""
Ichise et al. 2008

Sabri et al. 2008

Ding et al. 2004

Wong et al. 20131

Sabri et al. 20111

Toyohara et al. 2009

Bauer et al. 2003
Fukumitsu et al. 2008
Mishina et al. 2011%%
Ramlackhansingh et al. 2011%"
Burns et al. 2007%”

Terry et al. 2010

Terry et al. 2010%

Wong et al. 2010%"

Ahmad et al. 2013%

Farde et al. 1987%"

Karlsson et al. 1993%"
Karlsson et al. 1993%"
Slifstein et al. 2008%"

Farde et al. 19867

Wong et al. 19865
Narendran et al. 2009""
Otsuka et al. 20094

Farde et al. 1997
Mukherjee et al. 20024
Ginovart et al. 2007"
Moresco et al. 1997
Toyohara et al. 2013F"
Ametamey et al. 2007
Brown et al. 2008
Kagedal et al. 20121%
Wong et al. 2013*"
Kumlien et al. 19997
Hammers et al. 2004"”
Ametamey et al. 200214
McGinnity et al. 2014“"
Matsumoto et al. 2007""
Yanai et al. 1991%"

(To be continued)
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(Continued)

Histamine receptor: H3

GABA-benzodiazepine receptor:
GABA-benzodiazepine receptor:
GABA-benzodiazepine receptor:
GABA-benzodiazepine receptor:

GABA-benzodiazepine receptor:

Opioid receptor: p
Opioid receptor: d
Opioid receptor: k
Opioid receptor: unselective
Opioid receptor: unselective

Opioid receptor: unselective

al
al
al
al

a5

Neuropeptide Y receptor: Subtype 1

Serotonin receptor: 5-HT,
Serotonin receptor: 5-HT
Serotonin receptor: 5-HT,,
Serotonin receptor: 5-HT
Serotonin receptor: 5-HT
Serotonin receptor: 5-HT
Serotonin receptor: 5-HT
Serotonin receptor: 5-HT g
Serotonin receptor: 5-HT 5
Serotonin receptor: 5-HT g
Serotonin receptor: 5-HT,,
Serotonin receptor: 5-HT,,
Serotonin receptor: 5-HT,,
Serotonin receptor: 5-HT,,
Serotonin receptor: 5-HT,,
Serotonin receptor: 5-HT,
Serotonin receptor: 5-HT,
Sigma receptor: o,

Sigma receptor: o,
Translocator protein (TSPO)
Translocator protein (TSPO
Translocator protein (TSPO

Translocator protein (TSPO

( )
( )
( )
( )
Translocator protein (TSPO)
Translocator protein (TSPO)
Translocator protein (TSPO)
Translocator protein (TSPO)
Translocator protein (TSPO)

Translocator protein (TSPO)

["CIGSK 189254
[""Clflumazenil
["®*F]fluoroethyl-flumazenil
["®*FIfluoroflumazenil
["®Flflumazenil
["C]R015-4513
["'C]carfentanil
[""C]methylinaltrindol
["'CIGR103545
["'C]diprenorphine
["®F]FcyF
["®F]fluorethyldiprenorphine
['*F1Y1-973
[""CIWAY-100635
[carbonyl-"'C]WAY-100635
[carbonyl-""C]DWAY
["'cjcPCc-222
["CICUMI-101
["*FIMPPF
['*FIFCWAY
["'CIP943
[""C]AZ10419369
["'CIP943
["'C]MDL100907
["®Flaltanserin
['®F]deuteroaltanserin
["®F]setoperone
['®F]Cimbi-36
['C]SB207145
["'CIGSK215083
[""C]SA4503
["*FIFPS
["CIPK11195
(R)-["CIPK11195
["C]PBR28
["'C]DPA-713
["CIDAA1106
[""C]vinpocetine
['*F]F-PBRO6
["*FIDPA-714
["*FIFEPPA
[*FIPBR-111

Ashworth et al. 2010"
Persson et al. 19857
Leveque et al. 2003""
Lee et al. 2007""
Massaweh et al. 2009°”
Lingford-Hughes e al. 20025
Frost et al. 1990
Madar et al. 1997%%
Tomasi et al. 2010"°
Frost et al. 1990
Cohen et al. 2000""!
Baumgartner et al. 2006"
Hostetler et al. 20115
Pike et al. 1995*"
Parsey et al. 2000°"
Andree et al. 20022
Houle et al. 1997
Milak et al. 2010®
Costes et al. 2002"”
Theodore et al. 2006
Gallezot et al. 2010
Varnas et al. 2011"*¥
Murrough et al. 2011
Hinz et al. 20077
Rosier et al. 19967"
Van Dyck et al. 200072
Trichard et al. 1998™!
Ettrup et al. 2014
Marner et al. 2009
Parker et al. 2012
Mishina et al. 20057
Waterhouse et al. 2004
Junck et al. 1989"
Banati et al. 1999®"
Brown et al. 2007®"
Endres et al. 2009"*”
Yasuno et al. 2012}
Gulyas et al. 201254
Fujimura et al. 2009®
Arlicot et al. 2012"
Mizrahi et al. 2012""!
Guo et al. 2013

*Neurotransmitter transporters are not considered; "formerly known as peripheral benzodiazepine receptor.



Peter Brust, ef al.

Development of "F-labeled radiotracers for neuroreceptor imaging with PET 781

with proper identification of a lead structure and
subsequently an appropriate lead compound is one of
the most important steps in the process of radiotracer
development. Considering the resources needed to obtain
a radiopharmaceutical ready for human application, strong
biomedical or even pathological relevance of the chosen
target is needed. Major groups of brain diseases such
as neurodegenerative diseases, affective disorders, and
brain tumors are expected to be of multifactorial origin, i.e.,
interactions between multiple genes influenced by internal
and external factors occur, and this may have pathological
or protective consequences.

Imaging with a single radiotracer offers the chance
of picking out only one dedicated piece of the whole
scenario of physiological interactions. Thus, it is important
to select those key proteins as rational targets which are
predominantly altered in pathophysiological states. Ideally,
they are causally involved in the etiology of the disease,
providing the possibility that their imaging may have impact
on both diagnosis and therapeutic drug development.

A schematic view of this complex situation, identifying
important molecules involved in the three classes of
diseases noted above, is shown in Fig. 2. Notably, many
of them are identical though occurring in different contexts.
Therefore, it is highly likely that radiotracers designed, for
instance, for imaging a certain key protein in the etiology of
Alzheimer’s disease (AD) may also be of major importance
for other diseases, which further justifies the efforts
expended on radiotracer development.

For example, sigma, (o,) receptors are chaperones
involved in the suppression of oxidative stress, a feature
that links them to numerous brain diseases®’. Post-
mortem studies have shown loss of o, binding sites in
the hippocampus of patients with AD®® and in the cortex
of patients with schizophrenia®”. Overexpression of o
receptors has been found in many brain tumor cell lines
and in human brain tumors®?. The neuroprotective potential
of o, receptor agonists has been shown in different models
of neurodegeneration® ¥ and is expected to be important
for cancerous diseases as well® %",

As another example, impaired cholinergic neurotrans-
mission is a key feature of AD and the related cognitive
impairment is at least partially associated with loss of
cortical nicotinic acetylcholine receptors (NnAChRs)® *.
There is evidence that both subtypes with the highest

expression in the brain are involved: a432 and a7 nAChRs.
Accordingly, these subtypes have been chosen for
radiotracer development® ** °. However, these nAChRs
are not only key proteins in neurodegenerative diseases
(Fig. 2A) but also in many other brain diseases such as
drug addiction, schizophrenia (Fig. 2B), and possibly cancer
(Fig. 2C). This offers the advantage that corresponding
radiotracers may also be used to answer questions related
to these diseases.

The radiotracer (S)-["'Clnicotine, one of the very first
positron-emitting receptor ligands, was initially developed
to investigate the distribution of nicotine in vivo and later
tested for PET imaging of nAChRs in the human brain® %,
However, co-administration of unlabeled nicotine failed to
displace much of the radioligand, indicating that the PET
signal did not sensitively reveal specific binding to nAChRs.
Cerebral (S)-[""C]nicotine uptake proved mainly to be
determined by blood flow, rather than the local abundance
of nAChRs in vivo®. This indicates the importance not only
of target but also of lead structure identification. Clearly,
nicotine failed for the purpose of nAChR imaging. The
discovery of various nAChR subtypes during the last two
decades and their investigation have revealed different
distributions and functions in various brain regions™ .
Accordingly, different lead structures are needed to image
them separately.

The selection process for development of "®F-labeled
radiotracers resembles the strategy used by the
pharmaceutical industry in drug discovery. Although
some features of radiotracers and drugs are different,
the principal need remains: specific target binding. As
discussed below, some selection criteria, such as affinity,
selectivity, kinetic behavior, and metabolism may be even
stronger for radiotracers than for common drugs. On the
other side, characteristics like bioavailability, side-effects,
and pharmacological efficacy are negligible. Regardless
of the differences, the lead structures of pharmaceutical
interest are usually the basis for radiopharmaceutical
development.

Target Characterization and in vitro Screening of
New Compounds

High-affinity binding is one of the most important prere-
quisites for radiotracers targeting neuroreceptors!'® °". As
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a rule of thumb, a binding potential (BP = B,,,/Kp) of >2 is
required for a good PET radioligand"®®. This implies the
need to search for higher target affinity (1/Kp) if the receptor
density (B,..,) is low. For example, the receptor densities for
a7 nAChRs in the human brain are between 2 and 16 fmol/mg
tissue™®®. Accordingly, a K, between 1 and 8 nmol/L is
required to fulfil the minimal criteria. The best a7 nAChR
PET radiotracers available so far have affinities between 0.3
and 10 nmol/L®.

Other important prerequisites for PET radiotracers

are target selectivity and low non-specific binding"* "*".

The displacement of radiotracer binding by ligands specific
for non-target sites indicates lack of selectivity. This is a
general disadvantage, because the specific signal obtained
in neuroimaging studies is reduced (i.e. constitutes only
a fraction of the total signal) in the presence of binding to
non-target sites"®. nAChRs, for example, comprise many
subtypes expressed by at least 16 different genes® '*.
Many of them share a high degree of sequence identity and
similarity with other nAChRs and also with other ligand-
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gated ion channels"®. Therefore, detailed investigation
of non-target sites is important for the development of
PET radiotracers for neuroimaging of nAChRs. In some
cases, it is not the sequence-similarity of target proteins
that is responsible for cross-reactivity but the chosen lead
structure. A well-known example is vesamicol, which is
the only known lead structure for targeting the vesicular
acetylcholine transporter (VAChT). It has only a ten-
fold higher affinity for VAChT than for o receptors in the
brain"®!. Improving this selectivity is still a challenge in the
development of PET radiotracers for the VAChT!"*,

The receptor densities and affinities of the respective
ligands in target tissues are parameters that can be
quantified in vivo by molecular imaging with PET. They
are important during radiotracer development. To obtain
such information, in vitro radioligand-binding assays
can be used"® " The total binding measured in these
assays is always a sum of target-specific binding, which
has limited capacity and is saturable, and non-specific
binding, which has a high capacity and is non-saturable at
pharmacologically meaningful concentrations®”.

Given that the receptor density is determined by the
target, higher BP values can only be achieved by higher
ligand affinity. The binding affinity in vitro and in vivo may
differ considerably because of the presence of different
affinity states and other confounding factors!"®. Therefore,
in vitro binding assays are the methods of choice to
experimentally determine the affinity of new ligands. In
particular, homogenate-binding or cell-binding assays
allow high-throughput screening if needed. Alternatively,
autoradiography on brain slices may be used; this is much

Hippocampus

1.

more time-consuming but allows additional investigation of
the regional distribution of receptors in the brain!® "%,

With regard to nAChRs, the a42 subunit distribution
has been investigated by in vitro autoradiography using
[*H]cytisine"® " while the a7 nAChR has been characterized
using [**l]Ja-bungarotoxin™™ "' or [*H]methyllycaconitine!?.
For various reasons, these three ligands are not suitable
as lead compounds for PET radiotracer development®.
However, these highly selective compounds can be used to
obtain information on the specific receptor binding of new
drugs. For example, the highly-selective a7 nAChR ligand
NS10743" (for structure see Fig. 7) is able to displace the
binding of [**[Ja-bungarotoxin in the mouse brain (Fig. 3).

Concerning the a4p2 nAChR subtype, epibatidine
has been used successfully as a lead compound since it
has long been known for its high affinity for heteromeric
nAChRs"®. However, it has rather high toxicity arising from
its potency and capacity to activate many different neuronal
nAChR subtypes™®.

In order to improve the subtype selectivity, the fluoro-
for-chloro-substituted homoepibatidine analogue, flubatine
(previously called NCFHEB), has been synthesized™” (Fig.
4). Results from [°H]epibatidine binding assays performed
with HEK293 cells expressing the human a42 nAChR
(Fig. 5) show that both enantiomers of flubatine have
affinities comparable to that of epibatidine and that the
(+)-enantiomer has two-fold higher affinity than the other
stereoisomer!""".

As expected from previous studies with fluoro- and
norchloro-analogues of epibatidine!®, the newly-designed
homoepibatidine analogues have 20- to 60-fold lower

Cortex <
Colliculi
Ponto-
Basal mesencephalo-
forebrain tegmental
complex

[*251]a-bungarotoxin

+ NS10743

Fig. 3. NS10743, a lead compound for a7 nAChRs, displaces in vitro binding of the highly-selective ['*IJa-bungarotoxin in mouse brain.
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Fig. 4. Toxic epibatidine (left) and its less toxic derivative norchloro-
fluoro-homoepibatidine (flubatine, right).
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affinities to ganglionic a3f4 nAChRs than to the 0432
subtype!""”. For flubatine, the increase in subtype selectivity
seemingly results in decreased pharmacological side-
effects compared to epibatidine. Intraperitoneal injection
of 25 pg/kg (+)-flubatine or (-)-flubatine into awake mice
is without important pharmacological effects!"®. Extended
single-dose toxicity studies in rodents have shown a NOEL
(No Observed Effect Level) of 6.2 pg/kg for (—)-flubatine
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Fig. 5. Competition binding assays of [*H]epibatidine on mem-branes prepared from cultured HEK293 cells stably transfected with a4p2
and HEK293 a34 cells. Increasing concentrations of epibatidine or flubatine were used for competition. Non-specific binding was
determined in the presence of 300 pmol/L (-)-nicotine tartrate and subtracted from the total binding (adapted from Deuther-Conrad

et al. Farmaco 2004"""),

and 1.55 pg/kg for (+)-flubatine after i.v. injection®. These
values are about ten-fold higher than those reported for
N-methylepibatidine!™® and fluoro-norchloroepibatidine!™".
Regarding a7 nAChRs, many drug companies are
developing receptor agonists and/or positive allosteric
modulators for the treatment of schizophrenia and
dementia®’. Recently, NS10743, developed by Neuro-
Search A/S (Ballerup, Denmark), has been characterized
as a lead structure for PET radiotracer development.
[’H]Epibatidine-binding studies performed with HEK293
cells expressing the human a7, a3f4, or a4p2 nAChR have
revealed Ki-values of NS10743 of 12 nmol/L, 84 nmol/L, and
>10 pmol/L, respectively""*. Together with autoradiographic
evidence of specific receptor binding as shown in Fig. 3,
these data encouraged the radiolabeling of NS10743 to
obtain an a7 nAChR-selective PET radiotracer™.
Occasionally, there is a lack of specific drugs that
interact with certain brain proteins. For example, only a
single lead compound AH5183, later called vesamicol'? "%,

has been identified for the VAChT so far. Accordingly,
all the PET radioligands that have been developed for
neuroimaging the VAChT are derivatives of this lead
structure!’®. Major drawbacks of vesamicol are the
relatively low affinity (K; >10 nmol/L) and lack of selectivity.
It binds to o receptors with only ten-fold lower affinity!"*
as well as to a “vesamicol-binding-protein”**. Similar
affinity and selectivity have been found for (—)-FEOBV!"*,
a radioligand first described in 1993"* and recently
chosen for human VAChHT studies!®”. Autoradiographic
investigations of the human brain have revealed that
['®FJFEOBYV binding is decreased by 33% in the prefrontal
cortex, 25% in hippocampal CA3, and 20% in the CA1
region of patients with AD!"?®. Although this was interpreted
as cholinergic depletion, reduced o, receptor binding
cannot be excluded, because a 26% loss of this receptor
has also been described in the CA1 region of patients with
AD™. So far, no ideal PET radiotracer for the VAChT has

[106]

been developed ™ and optimization of the binding affinity
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of vesamicol-type ligands has been hampered by the lack
of respective quantitative structure-activity relationships.
Therefore, molecular modeling approaches have been
used to predict the binding affinity of vesamicol-type/like
ligands for VAChT from their molecular structures!* >,

A completely different situation is found with regard
to radiotracer development for o, receptor imaging. These
receptors have an unusual multi-drug binding spectrum
and the respective ligands cover diverse structural
classes®. Therefore, selectivity not only for the other
subtype (o, receptor) but also for a great variety of further
potential binding sites needs to be considered. Choosing
spiropiperidines as lead structures, which fulfill these
criteria and display a lack of significant binding to a great
variety of different targets!**"*? has enabled successful

%! However, structural

PET radiotracer developmen
modification was needed to introduce fluorine in a suitable
labeling position. Accordingly, various series of derivatives
have been synthetized to select those with the highest
affinity, selectivity, and in vitro metabolic stability!**"*®.
Very high selectivity towards the VAChT has been found,

excluding cross-reactions with this target".

Physicochemical Characterization of Lead Compounds

Besides affinity and selectivity, some basic physicochemical
properties of the parent compound have to be considered
before radiolabeling. Lipophilicity, measured for example
as logP and/or logD in octanol/water partition experiments,
and molecular weight are important determinants for the
compound’s ability to cross the BBB!"** ™", Small-molecule
drugs may sufficiently cross the BBB via lipid-mediated
free diffusion if they have a molecular weight <400 g/mol
and form <8 hydrogen bonds™". However, the majority of
small-molecule drugs and all large-molecule drugs lack
these chemical properties™*". Considering these limitations,
increasing lipophilicity may enhance the BBB permeability,
but it also tends to increase plasma protein binding,
causing a decrease of drug availability. Consequently, a
parabolic relationship exists between lipophilicity and BBB
permeability!’®”. For a series of benzamides targeting the
dopamine D, receptor, an optimal logP between 2 and
3 has been determined"*?. Accordingly, there is a rather
small window of appropriate combinations of lipophilicity,
molecular weight, and affinity. Nevertheless, a nearly infinite

number of substances can theoretically be synthesized
from basic organic elements within the restraints described
above.

Significant deviations from the above parabolic
relationship have been found, which can be ascribed to the
existence of multiple mechanisms of drug transport through
the BBB"*®. There is clear evidence that the expression
of active efflux pumps like the multidrug transporter
P-glycoprotein (P-gP) at the BBB accounts for the poor
permeability of certain drugs (see below). Undoubtedly,
P-gP is an important barrier to the entry of hydrophobic
drugs into the brain"*. Thus, proper prediction needs to
consider active transport phenomena.

Furthermore, a variety of nutrient transporters exp-
ressed at the BBB are able to transport certain xenobiotics
and drugs"™" . Recently, it has been shown that the a42
nAChR PET radiotracer ['®F]flubatine (formerly called
["*FINCFHEB) interacts with carrier-mediated choline
transport at the BBB!"'®.

Preparation of Labeling Precursors and Radio-

labeling

Considering the short half-lives of the radionuclides used
for radiolabeling (e.g., 20.4 min for "'C and 109.8 min for
'8F) they need to be incorporated into appropriate precursor
molecules quickly. Ideally, the precursor molecules should
allow rapid labeling in a maximum of two synthetic steps.
As a rule of thumb, the whole labeling procedure including
purification and formulation of the final product, should not
last longer than two to three half-lives (for "'C). Accordingly,
labeling precursors are not necessarily chemically similar
to the respective radiolabeled compound/non-radiolabeled
reference compound.

Furthermore the precursor should allow (1) high
reproducibility of the reaction, (2) automation of the
production process (labeling, purification, formulation),
and (3) accomplishment of an absolute radiochemical
yield (RCY) of the formulated product high enough
to permit human application. Ideally, the latter should
enable routine as well as commercial production of the
radiopharmaceutical.

Fluorine forms very strong covalent C-F bonds
that provide valuable chemical, physical, and biological
properties to organic molecules that contain one or more
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fluorine atoms attached to aromatic carbon. However,
because of the reactivity and hazards of elemental fluorine
and hydrogen fluoride, the task of introducing fluorine
into organic molecules has been a particular challenge
to synthetic chemists and has led to the development of
specialized fluorination techniques and reagents*> "%,

Generally, fluorine can be introduced into organic
molecules by electrophilic fluorination reactions using
elemental fluorine or by nucleophilic fluorination using
inorganic and other ionic fluorides. Although various
fluorinating agents have been reported in organic
fluorination reactions, only two agents are suitable
for direct radiofluorination reactions with '°F: ["®F]F,
and its derivatives (such as ['®F]acetylhypofluorite for
electrophilic fluorination and ['®F]fluoride for nucleophilic
substitutions"*"*)). For regioselective introduction of
'®F, activated precursor molecules like trialkylstannyl-
substituted arenes are needed.

Electrophilic fluorination is quite fast and efficient,
making it a highly desirable synthetic method to obtain
metabolic radiopharmaceuticals such as the glucose
derivative ['®F]IFDG (via the old-fashioned synthetic
pathway using glycals) or the amino acid ['*F]FDOPA.
Unfortunately, the products suffer from low specific activity
owing to the carrier-added non-radioactive fluoring!™*" "%
and thus are excluded from use for neuroreceptor imaging.

The only exception is the post-target-produced highly
specific ['®F]F, of up to 55 GBq/umol"™” and its use for
['®*F]CFT synthesis, a dopamine transporter ligand!*".
Therefore, no further attention is given to electrophilic
radiofluorination in this review. Furthermore, special
methods for *F-labeling of peptides and proteins are not
considered, because these molecules are not suitable for
brain imaging due to their very low BBB transport rates'*”.

Nucleophilic substitution primarily depends on the
activation of the ["°F]fluoride ion (['®F]F’) — so-called “naked
fluoride” — starting from irradiated *O-enriched target water.
This is reached by the generation of ion pairs consisting
of bulky counter-ions for the [*F]F such as K*-chelating
agents or tetraalkylammonium ions"** ">,

In the presence of aprotic or very weakly-acidic protic
solvents, the counter-ion/['°F]F" - ion pair is available as a
highly reactive nucleophile. In combination with suitable
precursors provided with properly reactive leaving groups,
nucleophilic substitution reactions may occur.

Nucleophilic substitution depends on properly active
leaving groups for the "®F-fluoride exchange reaction. Its
selection depends on various chemical properties of the
compounds to be labeled. For radiosynthesis of a desired
"®F-labeled compound via nucleophilic substitution, a
distinction generally has to be made between aliphatic and
aromatic procedures.

%8 in most

For aliphatic nucleophilic substitutions
cases, the anions of sulfonic acids such as triflate, tosylate,
mesylate, or nosylate groups are the preferred leaving
groups. An option to introduce '*F to aliphatic (or even
deactivated aromatic) moieties of a molecule is the use of
its halide derivatives. The approximate order of increasing
suitability for aliphatic reactions is: | > Br > Cl > F, which
is the reverse of that found in aromatic nucleophilic
substitution reactions!™®. In the radiolabeling of various
fluoro-alkyl indiplon derivatives, the use of bromine as the
leaving group has an RCY (38-43%) similar to the use
of a tosylate leaving group!®""*. Notably, depending on
the length of the alkyl chain, O-tosyl-containing precursor
molecules gradually decompose over months!™®. Using a
halide leaving group, even isotopic °F (stable fluorine) for
'8F exchange with minor precursor amounts is an option!"®”.
Ring opening of cyclic reactive entities offers another
method for the introduction of radiofluorine®".

Fluoro-aromatic compounds are known to be
extraordinarily stable. This is true for the C-F bond too.
Accordingly, radiofluorinated derivatives are very suitable
radiotracers. For their no-carrier-added radiosynthesis,
aromatic nucleophilic substitutions on deactivated
(electron-deficient) aromatic ring systems (i.e. activated
in terms of nucleophilic reactions) with suitable leaving
groups are needed. This activation is caused by electron
withdrawing groups, whereas trialkylammonium (-N(Me;)")
or nitro groups or special combinations of both act as
leaving groups!'®. For aromatic nucleophilic substitution
reactions, the -N(Me;)" group is preferred because it
usually allows more reproducible radiosynthesis with
higher RCYs. Beside deactivated carbocyclic aromates,
pyridine rings are a valuable tool to be radiofluorinated as
they are already deactivated moieties. Recently, seven
different strategies for radiolabeling the a4p2 nAChR
ligands (=)/(+)-['®F]flubatine were compared!®®. The
original radiosynthesis using a bromo-pyridine precursor
and an ethoxycarbonyl protecting group at the tropane
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nitrogen requires a microwave reaction followed by chiral
HPLC separation of the enantiomers and provides overall
RCYs of only 2%, which is insufficient for routine clinical
PET investigation''®". Several variations of leaving groups
coupled in the ortho-position to pyridine nitrogen (-Cl, -NO,,
-N(Me;)*/iodide, -N(Me,)"/triflate) and protecting groups
(-Boc, -Trityl, -Fmoc) have been investigated. The use of
chlorine was unsuccessful, while the use of -NO, revealed
~75% lower labeling efficiency than that of -N(Me;)'/iodide
or -N(Me;)*/triflate. A combination of the N(Me;)*/iodide
precursor and a Boc-protecting group provided the best
results with an RCY of 60 * 5%\ The radiosynthesis
was independent of the use of a microwave and was easily
transferable to automated synthesis modules to prepare
for human application. Recently, automated synthesis has
been reported by two institutions with RCYs of 30%!"* and
25%""%°.

The above-mentioned electron withdrawing groups (-I
effect, -M effect) bound to aromatic moieties are a definite
need to enable a nucleophilic attack. In a recent study
on radiolabeling of cannabinoid receptor type 2-selective
compounds (Fig. 6), the summarized effect of bromine in
the meta-position to the leaving group —NO, was regarded
to be not strong enough to achieve an RCY >3%"*". An
introduction of nitrogen into the aromatic ring facilitated
the nucleophilic substitution (RCY >28%) but reduced the
affinity by a factor of 30"°". To retain the affinity (K = 4.3
nmol/L), a —-N(Me,)" precursor was synthesized and used for
radiolabeling and provided RCYs between 30% and 35%!"¢%.

Besides low labeling yields, the use of bromine
precursors may have further disadvantages such as an
unsatisfactory quantitative separation of the radiolabeled
product and its precursor (Fig. 7). Initial attempts to use a
bromine precursor for radiolabeling of NS10743, a highly

selective a7 nAChR ligand, failed.

For some molecules, the structure does not allow
nucleophilic substitution or the radiotracers decompose
under the accompanying harsh conditions. In these cases,
labeling can be achieved by a multistep procedure using
small generic groups that allow both derivatisation with
fluorine as well as convenient introduction of radiofluorine.
These groups are referred to as secondary labeling
precursors or prosthetic groups™® """ A large number
of these "®F-labeled intermediates have been prepared
and investigated, such as amines, alcohols, aldehydes,

s |n

ketones, carboxylic acids, esters, and halide
particular, ['°F]fluoroalkynes and ['®Flfluoroalkylazides are
interesting prosthetic groups as they can be coupled to
a variety of molecules using the Huisgen “click” reaction
which proceeds in high RCYs in aqueous solution under
mild conditions. Thus, it can be used for the radiolabeling
of water-soluble biomolecules™® """ Generally, careful
selection of prosthetic groups is critical for radiotracer
development as they often exert great influence on target
binding and/or in vivo stability"®.

A further path to "®F-labeled radiotracers is starting the
labeling of a pre-prepared substance (reactive precursor) in
a first step and its chemical transformation in a subsequent
reaction into the final product. This is demonstrated by
means of a ring closure reaction (McMurry coupling, Fig. 8).

We have recently used "®F-labeled alkyltosylates for
the radiolabeling of phenolic precursors via etherification
to obtain high-affinity and selective radiotracers for
the serotonin transporter”””! and the enzyme phos-
phodiesterase 10A""® respectively, with RCYs between
11% and 25%. High metabolic stability of the ether
bond is expected because negligible defluorination was
observed"",

—_— e 18F
S

LG RCY
NO,  ~3%
N(Mes)* 30%-35%

Fig. 6. Effect of leaving group (LG) on radiolabeling yield of a new cannabinoid receptor type 2-selective drug. RCY, radiochemical yield.
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Fig. 8. Introduction of ["*F]fluoride into a complex molecule in a first step and subsequent McMurry coupling to the final product, a PET-
tracer for imaging cyclooxygenase-2'",

By contrast, ["*F]fluoroacetamides have proven to be for in vivo imaging because metabolites that cross the BBB

metabolically unstable due to hydrolytic cleavage®. Thus,  are generated. The metabolic instability is caused by the
high-affinity and selective radiotracers for the VAChT!'™

action of hydrolytic enzymes, e.g. carboxylesterase!"®. In
and the GABA, receptor®”, respectively, are not suitable

such cases, the use of ['®F]fluoropropane sulfonamides
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can be recommended because of their stability against

carboxylesterase-mediated hydrolysis!"®®.

Specific Binding of Radiotracers in vitro

To determine the specific target binding of newly-
developed radiotracers, various in vitro binding assays
can be used"™. These provide specific features useful for
target characterization and in vitro screening; an example
of affinity determination of ["®FINS10743!"'* is shown in
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Fig. 9. Saturation analysis of ["*FINS10743 binding on membranes
prepared from cultured SHSY5Y cells expressing the
human a7 nAChR. Non-specific binding was determined
in the presence of 300 umol/L (-)-nicotine tartrate and
subtracted from total binding.

(+)-["®F]Flubatine

M'_?ZKD, nmol/L

Fig. 9. In a homologous competitive binding assay using
SHSYS5Y cells expressing the human a7 nAChR and
increasing concentrations of ['°FINS10743 as radiotracer,
an equilibrium dissociation constant K, of ~9 nmol/L was
estimated. Non-specific binding was determined in the
presence of 300 umol/L (-)-nicotine tartrate and subtracted
from the total binding.

Alternatively, in vitro binding affinity can also be
determined by autoradiography, where brain slices are
incubated with increasing radiotracer concentrations.
Although more time-consuming, this technology has the
advantage that additional information on the regional
distribution of the target within the brain is available. As an
example, Fig. 10 shows the distribution of a4B2 nAChRs
in rat brain as determined with the two enantiomers of
["®FIflubatine. Brain slices were incubated with increasing
radiotracer concentrations to obtain data on target density
and radiotracer affinity. As expected, these clearly show
the highest receptor densities in the thalamus, superior
colliculus, and nucleus interpeduncularis®". Unexpectedly,
different affinities were estimated for the various regions. In
principle, this may be caused (1) by a remaining part of the
endogenous ligand (ACh) competing with the radiotracers,
(2) different allosteric receptor regulation in the various
regions, or (3) by additional binding to (an)other target(s).

In another experiment (Fig. 11), additional information
was obtained on the selectivity of (—)-["*F]flubatine for a4p2

(-)-["®F]Flubatine

1.03 £ 0.3 Thalamus 0.65 £ 0.1
0.43 0.1 Superior colliculus 0.57 £ 0.1
0.40 0.1 Nc. interpeduncularis 0.97 £ 0.1

Fig. 10. In vitro autoradiographs of a42 nAChR distribution in rat brain using (+)-["*F]flubatine and (-)-["*F]flubatine as radioligands.
Increasing concentrations of flubatine were used for homologous competition. Non-linear regression analysis was used to
estimate the affinities (1/K;) in various brain regions. Nc, nucleus.
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nAChRs. The radiotracer binding in pig brain was inhibited
by co-incubation with various drugs of different selectivities
for nAChRs. The nonselective inhibitor epibatidine!"®?
and the B2-subtype-selective inhibitors A-85380"*% and
cytisine!"™ clearly reduced the (-)-["*F]flubatine binding,
whereas the a7-subtype-selective inhibitor MLA"* did not.

Furthermore, autoradiographic experiments are
well-suited to compare various radiotracers and target
binding in different species. For example, the distribution
of GABA, receptors in pig brain as measured with the
gold-standard [*H]flunitrazepam and a new '°F-labeled
indiplon[® derivative!"® is similar to that in rat brain (Fig.
12). Another example shows the use of [*H]citalopram,
the most selective serotonin transporter radioligand!'®”,
to obtain in vitro autoradiographs of serotonin transporter
(SERT) distribution in the pig brain (Fig. 13). Cresyl violet
staining of parallel slices allowed the precise delineation of
numerous brain regions and correlation analysis between
autoradiographs of the gold-standard ([*H]citalopram)
and a new PET radiotracer (['°F]FMe-McN5652). A highly

(-)-[13F]F_ lubatine

TS

+ Cytis_ipe_(4‘|32)

significant correlation between the radioligands (r = 0.9, P
< 0.001) was found!"®.

Usually, in vitro autoradiography is a good predictor
of the imaging properties of a new radiotracer. However,
radiotracers with unacceptable in vitro data are still able to
provide good images in vivo. An example is the dopamine
transporter-selective SPECT radiotracer [*"Tc]TRODAT-1.
In vitro autoradiography with this radiotracer shows a high
non-specific background with less conspicuous binding in
the rat striatum, a dopamine-transporter-rich brain region”®,
Meanwhile, [*"Tc]TRODAT-1 has been introduced into the
clinic as a tool for the diagnosis of Parkinson’s disease!*".

Metabolism of Radiotracers in Animals

Investigation of radiotracer metabolism in vivo needs
special consideration, especially for neuroimaging.
Because of the exceptionally great functional diversity of
the brain compared to other organs, there is a need to
precisely differentiate between various brain regions with

Thalamus, Th

Superior colliculus, Sc

Nucleus interpeduncularis, Ni

K;, nmol/L

Th Sc Ni
(-)-Epibatidine  0.13 0.09 0.21
A-85380 0.33 0.39 38.7
Cytisine 115 448 133

Fig. 11. In vitro autoradiographs of a4f2 nAChR distribution in pig brain using (-)-[*°F]flubatine as radioligand. Epibatidine, A-85380,
cytisine and MLA were used as competitors to assess the specificity and selectivity of radiotracer binding to a4p2 nAChRs.
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A _[PH]Flunitrazepam

Pig brain

Pig brain

Rat brain

Fig. 12. In vitro autoradiographs of GABA, receptor distribution in pig and rat brain using [*H]flunitrazepam and a new *F-labeled indiplon
derivative™ as radioligands (adapted from Deuther-Conrad et al. Curr Radiopharm 2009"*%),

[®H]Citalopram

Hippocampus

Frontal cortex Frontal cortex

- iy
Striatum Amygdala Cerebellum

[18F]FMe-McN5652

Cresyl violet

Hippocampus  Frontal cortex Hippocampus

Striatum Cerebellum

Amygdala

Fig. 13. In vitro autoradiographs of serotonin transporter distribution in pig brain using [*H]citalopram and ['®*F]FMe-McN5652 as
radioligands, compared to an adjacent cresyl violet-stained brain slice (adapted from Kretzschmar et al. Eur Neuropsy-

chopharmacol 2003"%%),

regard to specific radiotracer binding and target density.
Therefore, it has to be ensured that the PET image is
derived from the radiotracer only and not blurred by the
presence of radiolabeled metabolites. Consequently, the
potential presence of radiometabolites in the brain needs to
be investigated and ideally excluded. Furthermore, the use
of compartmental models for the quantitation of receptor
binding parameters depends on an exact measurement
of the radiotracer availability for brain uptake. Accordingly,
the radioactivity measured in blood samples needs to be
corrected by subtraction of the amount of radiometabolites.

Standard chromatographic methods such as high-
performance liquid chromatography (HPLC), thin-layer
chromatography (TLC) and solid-phase extraction (SPE)
are used to separate the radiotracer and its metabolites.
In principle, all methods are based on the different
interactions of various analytes with the stationary and
mobile phases. After separation has been achieved, the

activity of the analytes is determined by special online
activity detectors integrated into the HPLC system, by
autoradiography of TLC plates, or by measurement of
eluted substances in well-counters. While HPLC and TLC
are standard procedures during radiotracer development,
SPE offers advantages in the clinical setting because of
its high throughput and low cost. However, SPE has to be
validated by comparison with HPLC or TLC before use.

A common concern in the development of PET
radiotracers for neuroimaging is the presence of lipophilic
metabolites in blood, because they are likely to cross the
BBB just because of their lipophilicity”®”. Such metabolites
may either be active, i.e. having a target-affinity high
enough for significant binding, or inactive. In the former
case, quantification is highly confounded because the
measured signal represents undetermined proportions of
parent tracer and metabolite, each of which may have a
different affinity for the target”’. In the latter case, non-
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specific binding is increased, leading to a decreased signal-
to-noise ratio.

For example, the 5-HT,, receptor PET radiotracer
['®F]altanserin is metabolized by reduction of ketone to
yield ["®F]altanserinol, which is transported across the
BBB"". In the brain, it contributes to non-specific binding.
However, the signal obtained from specific receptor
binding is regarded to be unchanged because the affinity
of altanserinol for serotonin receptors is negligible"". This
offers the possibility of using ['°FJaltanserin together with
a constant infusion paradigm for quantification of 5-HT,,
receptor availability in the brain"®" "%, Alternatively, the
use of the simplified reference tissue model (see below)
allows consideration of the presence of radiometabolites in
brain, as long as their contribution to non-specific binding
is homogenous throughout and there is a reference region
without specific binding!"®’.

Confounding effects of brain metabolites on dopamine
transporter (DAT) imaging have been observed for a
variety of radiotracers such as ['*1]-CIT"*, ["C]B-CIT!"®,
["*FIFECNT!™ ["C]PE2I"*", and ["'C]/["®F]LBT-999!"%

In the case of B-CIT, lipophilic metabolites have been
detected"®* " Accordingly, labeling of B-CIT with "'C
by either N-methylation or O-methylation has resulted in
radioligands with different kinetics in the monkey brain.
Preparation of two of the putative labeled metabolites
[N-methyl-""C]B-CIT-acid and [O-methyl-""C]nor-B-CIT, and
investigation of their brain uptake, revealed that <0.4%
of the injected [N-methyl-"'C]B-CIT-acid entered the brain
whereas 5%—6% of the more lipophilic [O-methyl-""C]
nor-B-CIT entered and accumulated in the striatum and
thalamus. Notably, nor-B-CIT has been found to specifically

bind to the serotonin transportert'®”

, providing an additional
confounding effect.

Regarding ["'C]PE2I, a benzyl alcohol metabolite
derived from biotransformation by cytochrome P450
enzymes residing predominantly in the liver®”, has been
shown to cross the BBB!""). In the brain, it is supposed
to be further metabolized by alcohol and aldehyde
dehydrogenases. Also, for ['"C]JLBT-999 and ["°F]LBT-
999, hydroxylated derivatives have been found. Their
accumulation in the striatum indicates specific binding to
the DAT!"®,

For ["®FIFECNT, N-dealkylation has been shown
to provide a brain-penetrant radiometabolite of even

higher in vitro DAT affinity than the parent compound
itself, preventing the use of a reference tissue model for
quantitation*®2°",

Lipophilicity is not necessarily a prerequisite for
brain uptake of radiometabolites. ["*F]fluoroacetamides
have been shown to be metabolically unstable due to
hydrolytic cleavage of the amide bond. The resulting
highly hydrophilic ['®F]flucroacetate is transported into
the brain®??* at least partly mediated by carboxylic
acid transporters at the BBB®*. [**F]fluoroacetate was
proposed as a major metabolite of radiotracers for imaging
the VAChT, e.g. ["*FIFAMV'™ and ["°F]FAAP® or GABA,
receptors™®, preventing the use of these radiotracers for
neuroimaging. Interestingly, it was found that fluoroacetate
is defluorinated by glutathione S-transferases”” which
are highly expressed in brain tissue®®. To explain the high
amounts of radioactivity in rat ventricles after injection of
["*FIFAMV, it was proposed that the elimination of brain
metabolites may occur by clearance via the cerebrospinal
fluid™™.

Besides knowledge regarding the potential of
radiometabolites to cross the BBB, information on the
precise amounts of radiometabolites in plasma is often
needed for quantitation of receptor binding of PET
radiotracers in vivo (see below). The faster the metabolism,
the stronger the alterations of the input functions and the
influence of potential bias. Determination of metabolites in
rodents or larger animals such as pig or monkey provides
suitable estimates for clinical PET studies. Because
of the higher surface-to-volume ratio, the influence of
metabolism on the PET quantitation of human data is usually
overestimated when investigated in experimental animals.
Thus, for the serotonin transporter PET radiotracers (+)-["'C]
McN5652 and [®F]JFMe-McN5652, the metabolism in pigs®®
is about twice as fast as measured in humans®'®*". Another
very good example is the a4B2 nAChR PET radiotracer
(-)-["®F]flubatine. Rather strong differences between
pigs and humans have been reported. While ~60%
of metabolites were found in pig plasma at 2 h after
injection®?, this value was only ~10%—15% in humans®'.
Because of this very low amount of radiolabeled metabolites,
full kinetic modeling was possible even without metabolite
correction of the input function®*, which is of great
advantage for routine clinical use.

The high metabolic stability of flubatine has recently
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been confirmed in an in vitro study comparing mouse and
human microsomal preparations (containing enriched
cytochrome P450 enzymes®'® ?'"®l) where a 5-6-times
faster metabolism was found in mice. Interestingly,
the (-)-enantiomer is significantly less stable than the
(+)-enantiomer (unpublished data). Stereoselective
metabolism of drugs by P450 enzymes is a common
phenomenon and may also explain differences in the
metabolism of other enantiomeric PET radiotracers, such
as (+)-/(=)-[""CIMcN5652%"" or the o, receptor-selective
(R)-/(S)-["®FIfluspidine™®.

Proof of Target-specific Binding in Animals

Usually one of the first steps to demonstrate target-
specific binding in vivo is the investigation of radiotracer
biodistribution in mice or rats. Although in vitro studies
allow the estimation of target affinities, the bioavailability
of radiotracers is a confounding factor for target binding
in vivo. The bioavailability of radiotracers is influenced by
blood flow, plasma protein binding, membrane permeability,
and metabolism. Furthermore, the optimized settings
used for radioligand binding assays usually differ from the
physiological conditions found in vivo where different pH
and temperature as well as the presence of endogenous
competitors may be confounding factors. The complex
interaction of all these parameters can only be investigated
in vivo and justifies the approval of animal experiments by
legislative authorities.

Information on the time-dependent biodistribution of
radiotracers can be obtained by ex vivo tissue sampling
or small-animal imaging™ . The two methods are rather
complementary than competitive, both offering advantages
and disadvantages (see Table 2). More detailed information
is available elsewhere!".

In addition to the use of rodents for ex vivo tissue
sampling or small-animal imaging, larger animals such as
monkeys or pigs are used for PET imaging with human
scanners.

Independent of the type of in vivo study chosen, the
strategy to obtain certain information about the radiotracer
is similar. Studies have to show that the brain uptake is
sufficiently high, specific, and selective to justify human
application for neuroimaging. Furthermore, data obtained
on whole-body radiotracer kinetics can also be used to
estimate the absorbed radiation dose as a prerequisite for
human application®®'".

The magnitude of brain uptake is mainly determined
by the size, lipophilicity, and H-bonding capacity of the
radiotracer™" #'® j.e. parameters accessible by in vitro
investigations. The brain uptake may occasionally be
confounded by affinity for efflux transporters at the BBB.
A variety of in vitro systems representing the BBB have
been described, but the optimal use of these data, in terms
of extrapolation to human unbound brain concentration
profiles, remains to be fully exploited®'. Therefore,
animal experiments are still indispensable to investigate
this aspect. Notably, the expression of the various efflux

Table 2. Advantages and limitations of ex vivo tissue sampling and small-animal imaging

Parameter

Ex vivo tissue sampling

Small-animal imaging

Anesthesia

Applied activity (per mass)
Radiation damage Unlikely
Estimation of absorbed radiation dose Possible
Multiple time point measurements
Longitudinal studies Not possible
Animal models of disease
Tracer kinetic modeling
Physiology Unaffected

Blocking effects of drugs

Just before death

~ Human dosage

Multiple subjects needed

Relatively high expenses

Relatively high expenses

Unaffected by applied dosage

Throughout the study

>> Human dosage

Possible

Possible (preferred)

Single subjects

Possible

Possible

Possible

Potentially affected

Potentially affected by applied dosage
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transporters at the BBB differs significantly between
species®® ?*'|. Among drug transporters, breast cancer
resistance protein appears to be most abundant with an
expression level ~2-fold greater in humans than in mice.
By contrast, the expression level of P-gP in humans is
~2.5-fold lower than the corresponding mdria gene in
mice®". Consequently, low brain uptake in rodents does
not necessarily forecast the uptake in other species like
humans. For example, the brain uptake of the high-affinity
and selective a7 nAChR ligand ['°FINS14492 is ~10-times
higher in pigs than in mice, suggesting suitability for human
brain imaging®?. Similar species differences between
rats, guinea pigs, and monkeys have been reported for the
5-HT,, receptor ligand ['®F]altanserin, the NK1 receptor
antagonist ["CJGR205171, and the classical P-gP substrate
[""Clverapamil®.

The specificity and selectivity of brain uptake is another
important issue to consider in animal experiments™. For
targets with a heterogeneous distribution, the ratio of brain
uptake between a region with high target expression and a
region with negligible or low target expression represents a
reasonable measure of specific binding. A typical example
is the dopamine D, receptor. The caudate/cerebellum ratio
was used to verify specific binding of the first (D,-receptor
specific) PET radiotracers, 3-N-[""C]methylspiperone and
[""Clraclopride, in human and monkey®* ?*®. Since these
early studies, the cerebellum has often been used as suitable
reference region for the development of PET radiotracers

for other dopamine receptors?®*®

, serotonin 5-HT,, and
5-HT, receptors®?” ?*® muscarinic and nicotinic ACh
receptors®?*?*"histamine receptors®?, and the serotonin
transporter'®® 3 An example of ex vivo autoradiography

of SERT distribution in rat brain where the radiotracer

A

Frontal cortex

s

Superior colliculus

Hippocampu

Striatum

Substantia nigra

['®*FIFMe-McN5652 (30 MBq) was injected intravenously
is shown in Fig. 14B. The animal was sacrificed 90 min
later and the brain subjected to autoradiography. Regions
with the highest SERT expression such as frontal cortex,

striatum, and substantia nigra®" %%

clearly showed the
highest radiotracer accumulation, providing evidence for
radiotracer selectivity!"®®. Furthermore, comparison with
an in vitro autoradiograph of rat brain (Fig. 14A) using the
same radiotracer clearly showed a high correlation of SERT
binding between the approaches.

An example of how an ex vivo binding ratio has been
used to identify the radiotracer with the highest o1 receptor
binding in mouse brain among a series with various lengths
of the alkyl side chain is shown in Fig. 15. Notably, for
the o, receptor, as for metabotropic glutamate receptor 1
(mGIUR1)® and the GABA, receptor"®, the cerebellum
is among the regions with the highest expression and
cannot be used as a reference region in this case. The ratio
between the region with lowest radiotracer accumulation
(olfactory bulb) and that with highest accumulation (facial
nucleus) was chosen for the estimation of specific receptor
binding. Consistent with the highest brain-to-plasma ratio
at 60 min post-injection and the highest target affinity, this
ratio was highest for the ethyl derivative ["®Flfluspidine®.

Besides the use of reference regions for the evaluation
of specific receptor binding in brain, blocking studies are
recommended. A high concentration of a drug that binds
specifically to the receptor site is injected before or together
with the radiotracer and thereby prevents its specific binding
to the target®. From the difference between a control
study and the blocking study, information on the specific
binding can be obtained. Using a similar setup, the target
selectivity of the radiotracer can be investigated. As shown

1em

Striatum

Substantia nigra

Fig. 14. Comparison of in vitro (A) and ex vivo (B) autoradiographs of serotonin transporter distribution in rat brain using ["*F]FMe-
McN5652 as radioligand (adapted from Kretzschmar et al. Eur Neuropsychopharmacol 2003"%%),
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Olfactory bulb Facial nucleus

Ratio 4.7: n=2
(["®F]fluspidine)

Ratio 2.0: n=3 Ratio 2.8: n=4

Fig. 15. Comparison of ex vivo autoradiographs of o, receptor distribution in rat brain using (%)-['®F]fluspidine and derivatives with
various lengths of the alkyl side-chain as radioligands (adapted from Brust et al. Curr Med Chem 2014"),

['*F]FMe-McN + Fluoxetine (SERT)

+ GBR12909 (DAT)

Tn

Fig. 16. Comparison of ex vivo autoradiographs of serotonin transporter distribution in rat brain using [*F]JFMe-McN5652 as radioligand. Specific
transporter inhibitors were used to assess the selectivity of transporter binding (adapted from Marjaméki et al. Synapse 2003%).

in Fig. 16, the selectivity of the new SERT radiotracer ~ dopamine uptake inhibitor®®. In contrast to the selective
["®F]FMe-McN5652 was assessed by ex vivo autoradiography SERT inhibitor fluoxetine, neither drug inhibited binding of
performed on rat brain at 120 min after radiotracer injection ["®F]FMe-McN5652 to the rat midbrain, a region with high
and 180 min after administration of nisoxetine, a specific SERT expression.

norepinephrine uptake inhibitor, or GBR12909, a specific In comparison to autoradiography, PET images of
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animal brains suffer from low resolution. This can clearly be
seen in Fig. 17 where an ex vivo autoradiograph of a mouse
brain (volume 0.4 mL) is compared to a PET image of a pig
brain (volume 110 mL). Despite this limitation, the specificity

PET images of pig brain
Coronal

Saggital

Control

+ SA4503

of radiotracer binding may be determined in animal PET
studies. The coronal PET images in Fig. 17 show that
administration of the o, receptor ligand SA4503 prevents the
specific target binding of (S)-["*F]fluspidine in pig brain®®*®.

Ex vivo autoradiograph of mouse brain
16F

Cerebellum

Fig. 17. PET images of a pig brain (left; volume 110 mL) and an ex vivo autoradiograph of a mouse brain (right; volume 0.4 mL) are
compared to demonstrate the difference in resolution between the two imaging modalities (adapted from Brust et al. J Nucl Med

20147,

Estimation of Receptor-binding Parameters in

Animals

One of the great advantages of PET is the possibility of
precise quantitation of local tracer concentrations in tissue;
this ultimately enables the estimation of receptor binding
parameters in vivo. Preclinical PET studies in animals are
suitable for this purpose” ® and hence permit appropriate
radiotracer evaluation. Initially, the PET scanner’s
resolution was rather low (~10 mm)®® allowing successful
quantitation only in the brains of larger animals such as
primates[239, 240]’ dOgS[241'243], cats[zaa, 245], and pigs[246'248].
During the last decade, various dedicated PET cameras for
imaging in small animals have been developed, providing a
resolution of 1-2 mm®® .

Moreover, the first PET/MRI systems have become
available for both human and small-animal imaging,
allowing more accurate identification of brain regions®.
Thus, accurate quantitation is possible and similar to

" In addition,

that achievable with autoradiography
pharmacokinetic, multiple-tracer, and longitudinal
studies can be performed in single subjects constituting
a great potential for basic neuroscience research®®",
neuropharmacology® **%, and the investigation of animal
models of neurological and neuropsychiatric disorders!.
While in vitro autoradiography was the method of

choice for receptor mapping for more than three decades,

the suitability of animal PET/MRI for that purpose
has recently been proven. For example, Syvanen®®
determined the GABA, receptor density, B, in rat
brain using four doses (between 4 pug and 400 pg) of
['"Clflumazenil. Five regions with high GABA, receptor
expression were investigated and the highest B,,, was
found in the hippocampus (44 ng/mL) and the lowest in the
cerebellum (33 ng/mL). No significant regional differences
in the receptor affinity, K, (5.9 ng/mL), were detected. Using
the same setup, an experimental model of epilepsy was
investigated and a significant decrease of B,.., by 12% was
reported, while K, remained unchanged®”.

Although convincing in animals, a similar protocol
applied to humans has major drawbacks. Multiple
radiotracer injections significantly increase the radiation
burden. Furthermore, use of pharmacological doses
requires much stronger safety regulations. Therefore, a
common and generally-accepted approach to quantify
radiotracer receptor binding in humans is estimation of
the binding potential, BP = B,..,/Ky""". Assuming that
Kp remains unchanged, changes of BP are directly
proportional to changes in B,,,, a postulate which holds in
the majority of such studies.

The BP can be estimated by compartmental mod-
eling®***. A compartment model is a linear mathematical
model that describes the transfer of a radiotracer
among various compartments which are regarded to be
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homogenous at all times with respect to the radiotracer
concentration. Compartmental models describe the tracer
kinetics as a first-order process which is in general, but not
always, justified in view of the very low concentrations in
which the tracer is present in the investigated organism.
Also, one should keep in mind that the different
compartments do not necessarily correspond to unique
spaces (e.g. extracellular versus intracellular) but usually
rather represent different chemical modifications in which
the radioactive label resides (see above, the radiotracer
and its metabolites). For this reason, all compartmental
concentrations in PET are usually referred to the same
common volume (total tissue space). This has to be
considered when interpreting the numerical results in order
to avoid misconceptions. In other words, compartmental
models superficially relate tracer concentrations in the
different compartments, but in fact represent (local) mass-
balance equations. Radiotracer exchange between the
different compartments is described by rate constants
(usual unit: 1/min) specifying the fractional change of
concentration per unit time in the respective compartment
due to the process modeled by that specific rate constant.
As long as the tracer kinetics can be considered
linear (which is usually a valid assumption) a sufficiently
comprehensive compartmental model (with a sufficient
number of compartments) will be able to describe any
given system. Increasing the number of compartments
sufficiently, one can even model diffusive processes (which

One tissue compartment

dM,/dt = K,C,(t) — k, M(t)

Two tissue compartment

dM,/dt = K, Ca(t) — k, Mg (t) — ks M (t) + koM (2)

dMy/dt = k,Mg(t) — kaMy(t)

inherently imply the presence of concentration gradients).
For the evaluation of PET data, however, this is not a
feasible strategy. It rather turns out that very simple one-
or two-tissue compartmental models suffice to adequately
describe the data at the given limits of spatial and temporal
resolution. For a more in-depth description of the basics
of compartmental modeling we refer the reader to the
literature®*®- 2%,

Typical examples of compartmental models are
shown in Fig. 18, where C, refers to the arterial plasma
concentration of the unmetabolized radiotracer, M, to the
total amount of radiotracer, M; to the free fraction, and M,
to the bound fraction. Linear systems of ordinary differential
equations describe the changes of radiotracer contents in
these models. Based on these equations, the rate constants
for the blood-brain and brain-blood transfer (K, and k,” or
k,”), and the rate constants for the specific binding/release
(ks and k), can be estimated by nonlinear least-squares
fits. Distribution volumes calculated from the rate constants
provide parameters related to receptor density. For the
one-tissue compartmental model, the respective parameter
is the total distribution volume V; (equal to K,/k”,). For the
two-tissue compartmental model the total distribution volume
V:= Vo + Vs = (KK )1 + k3'lk,), the specific distribution
volume Vg = (K,/k,')(k5'/k,), and the binding potential BP =
k3'lk, provide measures of the specific binding.

Fig. 19 shows an example, where a two-tissue
compartment model was used to estimate BP of the SERT

BBB
Plasma Brain Tissue

K1

Ca Mt
kzlf
K ks’

Ca Mt Mb
kz’ k4

Fig. 18. Compartmental models used to describe receptor binding of radiotracers in brain.
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Fig. 19. Comparative PET and autoradiographic study of serotoni

n distribution in pig brain using ["*F]FMe-McN5652 and [*H]citalopram

as radioligands. Binding potential values estimated from time-activity curves (B) of a PET study in various brain regions
(A) are compared to results from an in vitro autoradiographic study using [°H]citalopram (C) (adapted from Brust et al.
Neuropsychopharmacology 2003 and Brust et al. Synapse 2003%'?).

radiotracer ['°F]FMe-McN5652 in anesthetized pigs under
control conditions and after i.v. injection of the highly-
selective SERT inhibitor citalopram (5 mg/kg). Under
control conditions, BP values clearly reflected the SERT
distribution as demonstrated by correlation analysis with
[*H]citalopram autoradiography with the highest values in
the thalamus and the lowest in the cerebellum. Pre-injection
of citalopram significantly inhibited [*F]FMe-McN5652
accumulation, as demonstrated by the time-activity curves,
and BP estimated from these curves®® *®°. This clearly
demonstrated the specificity of the radiotracer uptake. The
selectivity for the norepinephrine transporter (NET) was
demonstrated by pre-injection of maprotilin, a selective
NET inhibitor*.

Accurate measurement of the arterial plasma time-
activity curve as well as consideration and correct
determination of metabolites in plasma is important for
receptor quantitation based on compartmental models
using an arterial input function. This poses substantial
problems in imaging of small animals and humans.
Therefore, alternative quantification strategies, called

“references tissue models” have been developed®®" %4

These models rest on the observation that (apart from
minor effects of different arrival times) the arterial input
function is identical in different brain regions. Then, it is
possible to use the tissue response to this input function
in one region as an indirect measure of the input function
if that region is devoid of the targeted receptor. This
obviates the need for actual measurement of the arterial
plasma time-activity curve and also makes metabolite
analysis unnecessary. Furthermore, this strategy can be
used even in the presence of brain metabolites. Although
these techniques have several advantages compared to
arterial blood sampling (especially non-invasiveness), they
quite sensitively rely on several assumptions and should
be used with great care. For example, the existence of
any specific binding in the reference region results in an
underestimation of specific binding in the target region®”.
PET also allows the visualization of specific receptor
binding by estimation of the binding parameters in each
voxel, i.e. each image point in the three-dimensional
rectangular grid®. The higher the number of voxels,
the higher the number of calculations to be executed.
To be able to perform about a million estimations in a
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reasonable time, graphical methods are available allowing
linear rather than non-linear regression. For radiotracers
with irreversible binding the Gjedde-Patlak graphical
analysis®*?*® and for those with reversible binding the
Logan graphical analysis®® have become the methods of
choice. For the two-tissue compartmental model, the slope
of the regression line in the Logan plot represents the total
distribution volume V4, defined by Ki/k,(1+ky/k,) + fbv (fov =
fractional blood volume in the target region, ky/k, = BP%*").

Fig. 20A shows a parametric map of V;of the a7
nAChR radiotracer ["®*FINS10743 resampled into the
MR-based common stereotactic space for the brain of a
juvenile pig®”. Fig. 20B shows V; of ['®*FINS10743 after
administration of the selective a7 nAChR antagonist
NS6740. This clearly demonstrates specific radiotracer
binding in pig brain.

Newer developments include proposals to obtain
parametric images even in cases without either an
arterial input function or a reference region®®®®, direct
reconstruction algorithms of linear and nonlinear
parametric images, and joint estimation of parametric
images and input function®. Further validation of these
concepts is still needed.

Proof-of-Concept in Humans

The final step in PET radiotracer development is proof-

['8F]NS10743

of-concept in humans. A prerequisite to get permission
for such studies is the transition of the biomarker from
research-grade radiochemical to a radiopharmaceutical,
for which higher standards of product quality must be
met®®®. Many aspects of radiation safety, toxicology issues,
quality control, licensing, and regulatory control need to be
considered for the production of radiopharmaceuticals and
these have been extensively reviewed elsewhere!® 19270 27",
The regulatory framework has become increasingly
restrictive during the last two decades. Therefore, the
time between first successful radiosynthesis of a new PET
radiotracer and its first human use is at least between 5
and 10 years. For example, in the case of the 432 nAChR
radiotracer (-)-['*FIflubatine, the time between the first
report on radiosynthesis!® and the first report on human
use" was 8 years. For ['®F]FMe-McN5652 it was 10
years®'®?? and for ["°F]FEOBV!"®, a radiotracer for the
VAChT, it has been almost 20 years?”. At the beginning
of neuroreceptor imaging with PET this transition time was
much shorter, in the range of 1-2 years as exemplified by
[""Clraclopride®® #™ 3-N-["'C]methylspiperone®, and
["'Clflumazenil*® 27,

However, even if a radiotracer is not further developed
into a radiopharmaceutical for imaging in human subjects it
may find widespread use in preclinical studies with special
animal PET devices®® to investigate animal models of
diseases™ or new drugs® %7,

['8FINS10743 + NS6740

Fig. 20. Parametric maps of the distribution volumes (V;, mL/g) of ["*FINS10743 under baseline (A) and blocking (B) conditions in sagittal
plane of pig brain. The V; values were calculated by the classic Logan method using the arterial input function for ["*FINS10743
(adapted from Deuther-Conrad et al. Eur J Nucl Med Mol Imaging 2011%).
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Conclusion

The main focus of this review is the development and
evaluation of radiolabeled ligands (radiotracers) in
order to investigate brain functions in living organisms.
Application of radiotracers provides images of transport,
metabolic, and neurotransmission processes on the
molecular level. PET is a method used in humans to
acquire such information. It is the most sensitive and
specific molecular in vivo imaging method available at
present. Through the integration of chemical/radiochemical,
pharmaceutical/radiopharmaceutical, biochemical and
radiopharmacological basic research, computational
chemistry, and with the aid of nuclear medicine diagnostics,
a new approach in neuroscience has been made available.
The foremost importance of this approach is the diagnosis
and therapeutic monitoring of brain diseases.
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A migraine is a recurring neurological disorder characterized by unilateral, intense, and pulsatile headaches.
In one-third of migraine patients, the attacks are preceded by a visual aura, such as a slowly-propagating
scintillating scotoma. Migraine aura is thought to be a result of the neurovascular phenomenon of cortical
spreading depression (SD), a self-propagating wave of depolarization that spreads across the cerebral cortex.
Several animal experiments have demonstrated that cortical SD causes intracranial neurogenic inflammation
around the meningeal blood vessels, such as plasma protein extravasation and pro-inflammatory peptide
release. Cortical SD has also been reported to activate both peripheral and central trigeminal nociceptive
pathways. Although several issues remain to be resolved, recent evidence suggests that cortical SD could be
the initial trigger of intracranial neurogenic inflammation, which then contributes to migraine headaches via
subsequent activation of trigeminal afferents.

Keywords: cortical spreading depression; migraine; neurogenic inflammation; PET,; trigeminal nociceptive
pathway

Introduction probably cortical SD, induces vasodilation and plasma

protein extravasation. Such neurogenic inflammation is

Cortical spreading depression (SD), described first by thought to trigger a headache via stimulation of trigeminal

o : -
Leao™, is a self-propagating wave of transient neuronal/  ¢o ents Consistent with this hypothesis, cortical SD

glial membrane depolarization that is accompanied by a induced intracranial neurogenic inflammation around the

. . . . - 02
transient negative shift of the direct current (DC) potential meningeal blood vessels!™"®, and subsequent activation

. 3. 4]
and temporal elevation of cerebral blood flow (CBF) of both peripheral™ and central™” trigeminal nociceptive

throughout the cerebral hemisphere at a rate of 2-5 mm/ pathways has been described. Here, we review the

: ~[1,5,6] . .
min . The rate of spreading correlates with the observed experimental evidence mainly from neurophysiological

. . . 7] . .
spread of the aura of a classical migraine™, which is studies that has advanced the understanding of whether

characterized by a spot of flickering light that appears near and how the neurovascular phenomenon of cortical

the center of the visual field and then gradually expands SD causes intracranial neurogenic inflammation, and

[8-10] . .
outward” ™. Recently, cortical SD has been hypothesized subsequently participates in triggering a migraine

to be the initial event involved in migraine headaches.
I'[11, 12]

headache.

Moskowitz et a proposed that pro-inflammatory

peptides, such as substance P and calcitonin gene- Migraine Pathophysiology
related peptide (CGRP), released from trigeminocervical

nerve terminals in response to some unknown stimulation, A migraine is a recurring neurological disorder characterized
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by unilateral, intense, and pulsatile headaches lasting
4-72 h " and is often associated with symptoms including
nausea, vomiting, and sensitivity to light, sound, or smell"™®.,
In one-third of migraine patients, the attack is preceded
by transient neurological symptoms like sensory or motor
deficits, collectively referred to as a migraine aura® 2",
Most common is a visual aura, a scintillating scotoma, in
which a spot of flickering light appears near the center of
the visual field and then gradually expands outward®"?.

Several theories have been proposed to explain the
pathophysiology of migraine: the vascular, neural, and
trigeminovascular theories. In the 1930s, Harold Wolff*?
and colleagues proposed the vascular theory, wherein the
neurological symptoms of migraine aura are caused by
cerebral vasoconstriction, and the migraine pain is evoked
by vasodilatation of the extracranial terminal branches of
the external carotid artery. They found that the intensity
of migraine pain is closely related to the amplitude of
pulsation in the occipital and superficial temporal branches
of the external carotid arteries®. In the 1980s, Olesen and
colleagues found the presence of spreading oligemia, a
20%-30% reduction of cerebral blood flow that appears
first in the posterior part of the brain and then gradually
spreads into the parietal and temporal lobes at a rate of
2-3 mm/min during an episode of migraine with aura®® 2%,
The spread of oligemia does not match the territories of
the major cerebral arteries, but follows the cortical surface,
implying a neural, rather than a vascular cause®. A highly
variable increase in the cerebral blood flow is often followed
by oligemia®® *® but the periods of increased cerebral
blood flow do not correlate temporally with the experience
of migraine headache® ?*?"!, suggesting that the intracranial
vasodilation is likely an epiphenomenon, rather than a
cause of the migraine headache.

In 1941, Karl Spencer Lashley"™, a psychologist at
Harvard University, described his own experience of a
visual aura, where a scotoma started as a small area, then
gradually enlarged, and spread toward the periphery of
the visual field, and the propagation rate was estimated to
be 3 mm/min or less. Three years later, Aristides Leao!
reported the phenomenon of cortical SD, characterized
by a self-propagating wave of depolarization that begins
in the neuronal/glial cells of local areas of the brain and
subsequently spreads in all directions at a rate of ~3 mm/

min. The similarity of Lashley's migraine aura and Leao's
cortical SD was first picked up by Milner in 1958, and
further investigated by Olesen in the 1980s, as described
above. Based on both Lashley's description of a spreading

scotoma!'”

and Leao's findings of cortical SD', the
pathogenic theories changed from primary vascular to
primary neural mechanisms.

In the 1980s, Moskowitz and colleagues reconciled the
primary vascular and primary neural views and proposed
the trigeminovascular theory!™ . They hypothesized
that some unknown stimulation, probably the cortical
SD, depolarizes the trigeminocervical nerve terminals
innervating the meninges, and pro-inflammatory peptides
such as substance P and CGRP are released from
the primary meningeal afferents, which further induce
vasodilation and plasma protein extravasation. Such
neurogenic inflammatory reactions were thought to trigger
headache via stimulation of the trigeminal afferents.
Supporting this theory, plasma extravasation was observed
during electrical stimulation of the trigeminal ganglion in
the rat', and pro-inflammatory peptides including CGRP
and substance P were released in response to electrical
stimulation of the trigeminal ganglion in humans and
cats®®. Moreover, the theory was supported by clinical
studies where the CGRP levels were found to be increased
in the jugular vein of patients during migraine attacks®,
and vasogenic leakage from the leptomeningeal vessels
has also been shown in at least one case of migraine with
aura®, two cases of prolonged migraine aura and during

spontaneous or familial hemiplegic migraine attacks®" *?.

Leao's Cortical Spreading Depression

The mysterious phenomenon of cortical SD was first
identified in the rabbit cerebral cortex by Aristides
Leao, a young Brazilian neurophysiologist, during his
Ph.D. fellowship in the Department of Physiology at
Harvard University!. At that time, Leao was studying the
electroencephalogram (EEG) of experimental epilepsy
in the cerebral cortex of an anesthetized rabbit, but he
was distracted by a contradictory and unexpected result
that the EEG activity was silenced for a minute, and
such suppression propagated slowly across the cerebral
hemisphere. This phenomenon was then extensively
studied around the world®**® and has been characterized
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as a self-propagating wave of depolarization associated
with a transient negative shift of the DC potential® and
temporal elevation of the CBF® *. These changes in DC
potential and CBF spread throughout the cortical gray
matter at a rate of ~3 mm/mint"®°.

Cortical SD can be evoked by tetanic electrical stimuli,
mechanical stimuli such as pressure on or puncture of the
cortex, alkaline pH, low osmolarity, and chemical stimuli
such as potassium ions or glutamate®**. Recently, we
demonstrated that transient tissue oxidation in a restricted
local area of the rat cerebral cortex also induces cortical
SD®!. To restrict oxidation within a sub-millimeter region,
we used a unique technique, photo-dynamic tissue
oxidation (PDTO) technique, developed by Kataoka et al.
for assessing the spatially- and temporally-controlled brain
tissue oxidation from outside the brain within seconds or
minutes®. PDTO was carried out by application of rose
Bengal, a photo-sensitizing dye, to a discrete region of
the brain, followed by photo-irradiation through the dura
mater. We found a high-amplitude DC potential shift (~50
mV) in the photo-oxidized area, and such a shift of the DC

DC potential level (mV)

potential recovered gradually over the next 3 h (Fig. 1)®.
A series of DC potential negative shifts with an amplitude
of approximately —25 mV was observed in the surrounding
area, indicating that a representative cortical SD was
induced by prolonged and synchronized membrane
depolarization in the photo-irradiated area®.

The propagation of cortical SD is thought to involve
the release and diffusion of some excitatory chemical
mediators, most likely K" and glutamate, into the interstitial
fluid“?. Mechanisms that modulate cortical excitability
have been demonstrated to contribute to cortical SD
propagation, such as the local distribution of astrocytes,
which is known to stabilize the extracellular milieu®® *",
Astrocytes have been reported to remove K* from the
extracellular space by several mechanisms, including
inwardly-rectifying K* channels, the Na*/K*-ATPase and
Na*-K*-ClI" co-transporters, and spatial K™ buffering via
gap junctions® *¥. Indeed, astrocytes have been reported
to prevent the occurrence of SD through spatial buffering
of the extracellular K'Y, Moreover, several studies have
reported that the spread of SD stops where white matter

30 60 90 120

150

Time (min)

Fig. 1. A: Schematic of the experimental method (brain viewed from above). The rose Bengal was injected into the frontal cortex (point
a, represented by a cross), and two microelectrodes were placed in both the dye-injected site (point a) and in the parietal cortex
(point b). The dye-injected site (cross) was then photo-irradiated. B: DC potential changes recorded from the dye-injected site (a)
and the surrounding area (b). The bars indicate photo-irradiation for 10 min. Note the transient positive deflections in the upper
panel, which are thought to be induced by local current passing between the recording site and the neighboring tissue undergoing
depolarization (adapted from Cui et al. Biochem Biophys Res Commun 2003"),
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begins and at the edge of glial-fibrous scars left by previous
injury or infarction> *®. Consistent with these observations,
we also demonstrated that the velocity of cortical SD
gradually decreases from the dorsal to the ventral cortical
areas of the insular cortex, in which the volume distribution
of astrocyte is known to gradually increase.

Recently, we have also demonstrated that the brain
serotonergic system, which is known to modulate the
excitability of cortical neurons through activation of several
receptor subtypes, in particular, 5-HT1A, 5-HT2A, and
5-HT3 receptors™’*?, contributes to the propagation of
cortical SD. Pyramidal neurons in the cerebral cortex
express 5-HT1A and 5-HT2A receptors, which exert
opposing effects on the excitability and firing activity of
pyramidal neurons™” *. Activation of 5-HT1A receptors
hyperpolarizes, whereas activation of 5-HT2A receptors
depolarizes pyramidal neurons™“*%. On the other hand,
5-HT2A receptors are expressed in large and 5-HT3
receptors in small GABAergic interneurons®. The
activation of the excitatory receptors 5-HT2A and 5-HT3
in GABAergic interneurons directly excites GABAergic
interneurons, and indirectly inhibits the firing of pyramidal
neurons in the cortex and hippocampus®" *3. Although the
activation of 5-HT2A receptors in pyramidal neurons results
in the activation of neurons, a preferential inhibitory action
of 5-HT has been reported in vivo®. Such a preferential
inhibitory action of 5-HT on cortical neurons could be
explained by the different binding affinities of 5-HT for
5-HT1A and 5-HT2 receptors. Hoyer et al.®® reported that
5-HT has a much higher binding affinity for 5-HT1A than
5-HT2 receptors in the cerebral cortex. We also found
that the propagation velocity of cortical SD is increased,
possibly by extending the width of the depolarization wave,
in neonatal rats treated with 5,7-dihydroxytryptamine®®,
in which the serotonergic innervation in the cerebral
cortex is chronically decreased due to pharmacological
degeneration of the dorsal raphe serotonergic neurons
(Fig. 2). These results indicate that the excitability of the
cerebral cortex might be increased by chronic dysfunction
of serotonergic innervation in the cerebral cortex, and such
a mechanism would explain the facilitation of migraine
with a low serotonin disposition. Likewise, increased
excitability of the cerebral cortex caused by gene mutation,
such as missense mutation of CACNA1A (encoding the a,

subunit of neuronal Cav2.1(P/Q-type) calcium channels),
a representative gene mutation in familial hemiplegic
migraine (FHM) families, induces migraine susceptibility by

lowering the threshold of cortical SD generation®®.

Cortical SD Induces Neurogenic Inflammation in
Rat Cerebral Cortex

Cortical SD is thought to be a trigger of neurogenic
inflammation around meningeal blood vessels, and then
evokes headache pain via the activation of trigeminal
afferents!™ "> *_ Bolay et al."® demonstrated that cortical
SD causes vasodilation of the middle meningeal artery
and subsequent plasma protein leakage mediated by the
release of pro-inflammatory peptides from trigeminal axon
collaterals innervating the meninges. Further evidence!™
supports the idea that a long-lasting (up to 48 h) disruption
of the blood-brain barrier can be induced by cortical SD,
due to activation of the matrix metalloproteinase-9 (MMP-
9) cascade. The MMP-9 levels increase from 3 to 6 h
after the induction of cortical SD in the ipsilateral cerebral
hemisphere, reaching a maximum at 24 h and persisting for
at least 48 h'". Plasma protein leakage and brain edema
are also contemporaneous 3 h after cortical SD induction.
These observations suggest that the plasma protein
extravasation and pro-inflammatory peptides release from
primary meningeal afferents might be a pivotal step in the
cortical SD-induced neurogenic inflammatory process and
subsequent headache. However, conflicts exist, as several
drugs that selectively inhibit plasma protein extravasation in
rodents have failed to reduce the pain severity in patients
with migraine as evidenced by the failure in clinical trials of
substance P and neurokinin-1 antagonists®’ and specific
plasma protein extravasation blockers such as 4991w93%®
and cp122,288"". Such contradictory evidence indicates
that an appropriate method is necessary to investigate
whether and how the neuroinflammation is involved in
migraine etiology and to verify the extrapolated data from
animal studies for the human condition.

Recent advances in non-invasive molecular imaging
techniques, such as positron emission tomography (PET),
provide powerful tools for quantitative investigation of
the tissue distribution and dynamic changes of functional
molecules in vivo, because of their high sensitivity and
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Fig. 2. Increased velocity of cortical SD in 5,7-dihydroxytryptamine (5,7-DHT)-treated rats. A: Schematic of the experimental method (brain
viewed from above): two laser Doppler flow probes were placed on the same side as the dye-injection (cross) at different distances
(point a, 4 mm; point b, 9 mm). A microelectrode was placed near the caudal probe (point b) for recording DC potential changes. B:
PDTO-induced changes in cerebral blood flow (CBF, upper) and in the DC potential (lower). Bars indicate photo-irradiation for 10
min. C: Spreading velocity in 5,7-DHT-treated (65 hyperperfusions in eight animals) and vehicle-treated rats (51 hyperperfusions in
six animals). *P <0.05, unpaired t-test (adapted from Cui et al. J Neurosci Res 2013%4).

spatiotemporal resolution. PET imaging with specific
probes designed for binding to inflammatory processes,
such as ["'C]PK11195, [""C]DAA1106, [''C]DPA-713, and
["C]JCLINME have been widely used for studying brain
inflammation®®¥. The principal immune cells in the central
nervous system, microglia, are activated in response
to inflammatory processes in the brain®!. The process
of microglial activation is thought to be related to an
increase in the number of microglia and the expression of
numerous proteins such as the peripheral benzodiazepine
receptor (PBR)®. The PBR is a mitochondrial outer
membrane protein, and is expressed at a low level on
resting microglia and astrocytes in the normal brain. Its

expression is upregulated in activated microglia’®®®®,
and the upregulation is well correlated with the state of
activation®”". ""C-labeled PK11195 is a specific PET
ligand for PBR to image activated microglia in the brain,
and has been extensively used for quantitative evaluation
of brain inflammation by PET in a number of neurological
disorders, such as stroke™, multiple sclerosis®®, Alzheimer
disease, Parkinson disease”” and Huntington disease!™.

Using ["C]PK11195-PET imaging in rats, we
demonstrated that unilateral cortical SD induces
neurogenic inflammation in the ipsilateral cerebral
hemisphere™. The highest ["C]PK11195 radioactivity was
seen in the initial area of the cortical SD (KCI-microinjected
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site), and moderate radioactivity was observed in the
ipsilateral surrounding areas, but not in the corresponding
contralateral areas. In sham control rats, however, a slight
increase in ['"C]PK11195 radioactivity was seen primarily
in the NaCl-microinjected site. [''C]PK11195 radioactivity is
barely observed within the brain under normal conditions in
control rats, except for the lateral, third, and fourth ventricles
(Fig. 3). Our immunohistochemical study also confirmed
that the number of OX-42-immunopositive microglia is
increased in the ipsilateral hemisphere compared with
the corresponding area in the contralateral hemisphere
in rats with unilateral cortical SD (Fig. 4). Hypertrophied
(enlarged, darkened soma with shorter, thicker processes)
or amoeboid (densely stained, enlarged soma with a few

short processes) OX-42-immunopositive microglia are
often seen in the ipsilateral hemisphere. However, such a
difference between the two hemispheres is not observed in
sham-operated rats. These results indicate that cortical SD
is able to induce microglial activation, a well-known sign of
neuroinflammation in the brain.

Cortical SD Activates the Trigeminal Nociceptive

Pathway in the Rat Brain

Migraine headaches are thought to be triggered by brain
inflammation that activates trigeminal nociceptors in
meningeal blood vessels™. However, it is still controversial
whether the neurogenic inflammation induced by cortical

Fig. 3. A representative ["'C]PK11195 PET image co-registered with the MRI template eight days after generation of unilateral (left
hemisphere) cortical SD. The PET image was reconstructed with the MAP algorithm and summed from 5 to 60 min after radioligand
injection. The arrow in the middle panel indicates the KCI-microinjected area. The white broken lines indicate the regions of
interest (core, ipsilateral and contralateral). The mean values of binding potential for ["C]PK11195 in the core and ipsilateral side
were 0.48 * 0.18 and 0.26 * 0.07, respectively. Binding potential was estimated by Logan-noninvasive graphical analysis using
contralateral as the reference region (adapted from Cui et al. J Nucl Med 2009"4).
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Fig. 4. Photomicrographs of OX-42 immunoreactivity following cortical SD. The images show the OX-42 immunoreactivity 8 days after 2 h
of recurrent SD in the left hemisphere (A and C) compared with the contralateral hemisphere (B and D). C and D, magnified views
of the OX-42 immunoreactivity. Hypertrophied or amoeboid OX-42-positive microglia were often seen in the left hemisphere. Scale
bars, 500 ym in A and B, and 100 um in C and D (adapted from Cui et al. J Nucl Med 2009"*).

SD is able to activate the trigeminal nociceptive pathway.
Recently, Moskowitz and colleagues demonstrated that
c-Fos expression in the trigeminal nucleus caudalis
(TNC), the first central site of the trigeminal nociceptive
pathway, is significantly increased by cortical SD, and this
increase is abolished by trigeminal rhizotomy®. Moreover,
cortical SD-evoked single neuron activity in the trigeminal
ganglion (peripheral pathway) and the TNC has also been
demonstrated directly by electrophysiological studies!”. Such
activation was observed as a two-fold increase in ~50% of
neurons in the trigeminal ganglion and TNC, and persisted
for 45 min or longer. However, conflicting reports have shown
that the cortical SD does not induce sustained neuronal
activity recorded mainly in the deeper laminae of the more
rostral trigeminal nucleus up to several hours after either a
single or even a series of cortical SD inductions in the rat” ",

We recently developed a small-animal neuroimaging
method combining 2-["*F]fluoro-2-deoxy-D-glucose (FDG)

PET imaging with statistical parametric mapping analysis
to evaluate the regional activity in the entire rat brain.
Using the FDG-PET imaging method, we found that
cortical SD activates the trigeminal nociceptive pathway,
including both second-order and high-order nuclei, such
as the thalamus and somatosensory cortex, ~40 h after
the induction of unilateral cortical SD (unpublished data).
Consistently, several electrophysiological studies have
reported that neurons in the high-order nuclei of the
trigeminal nociceptive pathway are activated in response
to inflammatory stimuli applied to the meninges” *. A
juxtacellular recording study has further revealed that the
neurons located in the trigeminal thalamic areas (ventral
posteromedial thalamic nucleus/ posterior thalamic
nucleus) are activated by inflammatory stimulation of the
meninges, and functionally project to diverse cortical areas,
such as the trigeminal primary somatosensory (trigeminal
barrel-field region of the primary somatosensory cortex,
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S1BF), trunk region of the primary somatosensory cortex,
secondary somatosensory cortex, insula, primary visual
cortex and primary auditory cortex®". Taken together, these
observations suggest that cortical SD is able to activate
the trigeminal nociceptive pathway and might contribute to
migraine headache.

Summary

A migraine headache is a complex neurobiological
disorder that has been hypothesized to be caused by
intracranial neurogenic inflammation which activates
trigeminal nociceptors in meningeal blood vessels. Since
its discovery by Leao, cortical SD has been implicated
in the pathophysiology of migraine due to the similar
spreading velocity of cortical SD and the scintillating
scotoma, a typical visual aura in migraine. Animal studies
have demonstrated that cortical SD causes plasma protein
extravasation around the meningeal blood vessels due to
vasodilation of the middle meningeal artery or long-lasting
disruption of the blood-brain barrier. Furthermore, direct
and indirect evidence has shown that cortical SD activates
both the peripheral (trigeminal ganglion) and the central
pathways including the second-order and high-order nuclei
of the trigeminal nociceptive pathways. These observations
suggest that cortical SD is the initial trigger of prolonged
neurogenic inflammation around the meningeal blood
vessels, which probably evokes the headache sensation.
Although the precise roles of cortical SD in migraine remain
unclear, evidence from experimental models in rodents
provides a valid platform for understanding the molecular
mechanism of migraine and for promoting the development
of new migraine therapies.
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Neuroimaging of cerebral glucose metabolism and blood flow is ideally suited to assay widely-distributed brain
circuits as a result of local molecular events and behavioral modulation in the central nervous system. With
the progress in novel analytical methodology, this endeavor has succeeded in unraveling the mechanisms
underlying a wide spectrum of neurodegenerative diseases. In particular, statistical brain mapping studies have
made significant strides in describing the pathophysiology of Parkinson’s disease (PD) and related disorders by
providing signature biomarkers to determine the systemic abnormalities in brain function and evaluate disease
progression, therapeutic responses, and clinical correlates in patients. In this article, we review the relevant
clinical applications in patients in relation to healthy volunteers with a focus on the generation of unique spatial
covariance patterns associated with the motor and cognitive symptoms underlying PD. These characteristic
biomarkers can be potentially used not only to improve patient recruitment but also to predict outcomes in
clinical trials.

Keywords: Parkinson’s disease; metabolism; blood flow; PET; SPECT, movement disorder; network analysis;

imaging biomarkers

Introduction

Functional brain imaging with positron emission
tomography (PET) and single-photon emission computed
tomography (SPECT) has provided novel insights into the
pathophysiology of Parkinson’s disease (PD) and related
movement disorders. The integrity of the presynaptic
nigrostriatal dopaminergic systems can be evaluated by
measuring the dopamine storage capacity using ['°F]
fluorodopa (FDOPA), or dopamine transporter (DAT)
binding using radiotracers such as ['**I]BCIT and ["*F]FPCIT
(see reviews " ¥). Postsynaptic dopamine receptor systems
can be assayed with radioligands that bind specifically
to D, or D, receptors. In addition, PET has been used to
study regional neuronal activity by quantifying resting-
state regional cerebral glucose metabolism (rCMRglc)
with ["*FIfluorodeoxyglucose (FDG)® and regional cerebral

blood flow (rCBF) activation responses with ['°O]H,O™.
Abnormal rCBF distributions in the resting state can also
be measured using PET and SPECT perfusion tracers.
In particular, imaging of cerebral metabolism and blood
flow has contributed greatly to the understanding of the
abnormal brain circuitry underlying the pathophysiology of
PD.

PET/SPECT can be particularly useful in assessing
the consequences of nigrostriatal dopamine deficiency
on the functional networks of the basal ganglia. Although
the primary pathological abnormality in PD is located in
the substantia nigra, the degeneration of dopaminergic
projection neurons to the striatum leads to widespread
changes in the functional activity of the basal ganglia®.
Specifically, the loss of inhibitory dopaminergic input to the
striatum increases the inhibitory output from the putamen to
the external globus pallidus (GPe), decreases the inhibitory
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output from the GPe to the subthalamic nucleus (STN),
and causes functional over-activity of the STN and internal
globus pallidus (GPi), resulting in reduced output from the
ventrolateral thalamus to the cortex. This classic model
has been modified to emphasize the cognitive dysfunction
associated with PD™ and is linked to concurrent changes in
regional glucose metabolism and blood flow.

We review the advances in functional brain imaging
studies of PD in the resting state based on analyses of
rCMRglc and rCBF in patients and healthy volunteers. As
in most neurodegenerative conditions, these two variables
are considered to be coupled in PD and related to synaptic
activity at the regional level. We also summarize the use
of novel analytical techniques in the clinical diagnosis
and evaluation of PD. These include both univariate and
multivariate statistical approaches such as statistical
parametric mapping (SPM) and principal component
analysis (PCA) for volume of interest (VOI) or voxel-wise
analysis over the whole brain. In addition, we focus on the
application of these imaging methods to the selection of
suitable candidates for surgical trials and the assessment
of their treatment outcome.

Functional Brain Imaging: Univariate Analyses

PET/SPECT imaging of rCMRglc and rCBF has been
used extensively to identify changes in regional brain
function in patients with PD comparable to those revealed
in experimental animal models"” ®. The bulk of this effort
is based on the use of SPM to localize regionally specific
differences and functional-clinical correlates in PD patients
scanned when they are off dopaminergic medications.
Functional brain images are spatially transformed into
a standard anatomical space to allow mapping analysis
on a voxel basis. To reduce inter-individual variability in
anatomical and functional substrates, images are usually
ratio-normalized to a global mean or other reference value
that is assumed to be preserved in the diseased brain.
Consequently, only relative measures of functional brain
activity are used in most studies.

Cerebral Metabolism Studies

Because the local rate of glucose metabolism is a direct
marker of synaptic activity, PET with FDG has been the
most common approach to studying abnormal brain function
in PD. By using FDG PET images from multiple cohorts

of patients and healthy controls we and other researchers
have reported a reproducible pattern of abnormal regional
metabolism in PD (Fig. 1) characterized bilaterally by
increases in the putamen, thalamus, cerebellum, pons, and
sensorimotor cortex (SMC), and decreases in the lateral
frontal and parieto-occipital areas®"". This is in accordance
with a dual-tracer PET study with both FDG and ["°0]O,
showing bilaterally increased energy metabolism in the
putamen and pallidum in early unmedicated PD patients"?.
Regional metabolism in the cerebellum is also elevated

in early-stage and advanced PD patients™ ¥

, suggesting
that cerebellar hypermetabolic activity in PD is closely
linked to akinesia and rigidity but not to tremor. It has been
further reported that clinical scores of motor symptoms are
correlated positively with rCMRglc in the bilateral putamen
and pallidum!™ and in the midbrain, cerebellum, and
motor cortex"®. These reports indicate a pathophysiologic
association between subcortical hypermetabolism and
motor dysfunction in PD.

Unique features of cortical hypometabolism in PD
have also been frequently reported. An early study reported
pronounced occipital hypometabolism in the more severely
affected hemisphere in PD'"". The asymmetry in this
metabolic reduction correlated inversely with finger-tapping
performance in a subset of patients with more unilateral
motor impairment. While hypometabolism is limited in the
frontal and occipital cortices of PD patients with no cognitive
impairment® it becomes more widespread within cortical
regions in advanced PD"". Further, the relationships of
abnormal rCMRglc with clinical symptoms and impaired
striatal DAT binding have been examined in de novo
untreated PD patients"®. Correlation analyses showed that
the UPDRS motor ratings were negatively correlated with
rCMRglc in the premotor cortex (PMC), while putaminal
DAT binding was positively correlated with rCMRglc in
the premotor, dorsolateral prefrontal, anterior prefrontal,
and orbitofrontal cortices. This method also led to a set of
disease-related brain templates for PD and atypical PD to
aid single-case differential diagnosis''® '". These results may
represent the cortical functional correlates of nigrostriatal
dysfunction in the motor basal ganglia-cortical circuitry in
parkinsonism.

FDG PET has also been used to delineate the
metabolic functional correlates of PD with cognitive
impairment. Regional metabolism is markedly reduced
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Fig. 1. A: Brain regions with significant metabolic abnormality identified by SPM analysis of resting-state FDG PET scans in patients
with Parkinson’s disease (PD) and age-matched normal volunteers. PD patients showed relative metabolic increases (red)
in the putamen/globus pallidus (GP) and thalamus, in the cerebellum and pons, and in the sensorimotor cortex (SMC), along
with metabolic decreases (blue) in the parieto-occipital association areas. B: Bar diagrams (mean * standard error) illustrating
increased metabolic activity in the subcortical area and decreased activity in the cortex using rCMRglc data (P <0.01) that
compared the PD patients to the controls. (Produced by the authors using FDG PET images described by Ma et al. J Cereb Blood
Flow Metab 2007"%. The display shows t-maps that are significant at P <0.001. The regional brain activity values were obtained

post-hoc with a spherical VOI 8 mm in diameter centered at the peak of significant SPM clusters.)

in the inferior/superior parietal and occipital cortices in
PD patients with autonomic failure®”, in agreement with
the negative correlation reported between intellectual
impairment in PD and rCMRglc in posterior association
regions such as the bilateral parietal and occipital gyri®".
Both studies provided early indications that cortical
hypometabolism may be primarily associated with cognitive
dysfunction in PD. It was also found that the relative
metabolic activity in typically affected cortical regions was
significantly correlated with scores for cognition, but not with
those for motor performance and behavior in a combined
cohort of PD patients without and with dementia®®?. This
measure gave a high sensitivity and specificity of 0.91
and 1.00 for an ultimate clinical diagnosis of dementia.
Indeed, we found that worsening executive dysfunction in
non-demented PD patients is related bilaterally with lower
rCMRglc in parieto-occipital association regions, and with

higher rCMRglc in the cerebellum (Fig. 2). Extensive areas
of hypometabolism are also evident in the posterior cortical
regions, including the temporo-parieto-occipital, medial
parietal, and inferior temporal cortices in PD patients with
mild cognitive impairment!"®. These results support the
notion that posterior cortical dysfunction is the primary
imaging feature of cognitively-impaired PD patients at risk
for developing dementia.

Cerebral Blood Flow Studies

Owing to the short half-life of the radiotracer, H,O PET has
been primarily used in brain activation studies to examine
physiological processes underlying motor execution and
learning® ). Nevertheless, this method has also been
used to map rCBF alterations in PD patients at rest. Both
rCBF and rCMRglc data measured with PET yield similar
patterns of subcortical hyperactivity and cortical hypoactivity
in PD patients; these are highly comparable to those from
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Fig. 2. A: Brain regions with significant behavioral correlations identified by SPM regression analysis of resting-state FDG PET scans
in non-demented patients with Parkinson’s disease (PD). Scores on the California verbal learning test (CVLT) were positively
correlated with metabolic activity in the precuneus and bilateral parieto-occipital association areas (red), and negatively with
metabolic activity in the right brainstem and bilateral cerebellum (blue). B: Scatter plots illustrating significant linear relationships
between the measure of cognitive dysfunction in PD with decreased brain activity in the parieto-occipital regions and increased
brain activity in the cerebellum with rCMRglc data. Note that a lower CVLT score indicated a higher degree of cognitive dysfunction

in individual patients. (Produced by the authors using FDG PET and clinical data described by Huang et al. Neurolmage 2007

150]

The display represents t-maps that are significant at P <0.01. The regional metabolic values were obtained post-hoc with a
spherical VOI 8 mm in diameter centered at the peak of significant SPM clusters.)

resting-state rCBF studies using SPECT perfusion data. For
example, one study compared parametric maps of globally
normalized rCBF in PD patients and age-matched normal
volunteers using SPECT with 99mTc-ethyl cysteinate dimer
(ECD)®. In patients with early-stage PD, rCBF increased
in the bilateral putamen and the right hippocampus relative
to controls. In patients with late-stage PD, rCBF increased

in the bilateral putamen, pallidum, hippocampus, and
cerebellum, the left ventrolateral thalamus, and the right
insula and inferior temporal cortex. Thus, significant rCBF
changes in PD are associated with the pathophysiology and
progression in the functional architecture of thalamocortico-
basal ganglia circuits and related pathways.

By contrast, rCBF declines in the supplementary motor
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area (SMA) and the dorsolateral prefrontal cortex (DLPFC) in
PD patients using SPECT with 99mTc-hexamethyl propylene
amine oxime (HMPAO)®®. In a subgroup of patients with
Hoehn-Yahr 11l/1V, rCBF decreased in the SMA, and in the
DLPFC and insular cortex. The degree of rCBF decline in
the DLPFC or the insular cortex was correlated with UPDRS
motor scores. rCBF was also significantly reduced in the
bilateral posterior parietal and occipital cortices in non-
demented PD patients relative to normal individuals using
SPECT with N-isopropyl-p-["**lliodoamphetamine (IMP)?".
There was a strong positive correlation between the scores
in a visual-processing task and rCBF in the right visual
association area in PD patients. This work demonstrates that
posterior parietal and occipital hypoperfusion is a consistent
feature in non-demented PD patients and the latter is likely
to underlie impaired visual cognition.

SPECT perfusion data have proven useful for
characterizing the unique features of cortical hypoperfusion
in PD with dementia. Previous studies in patients with
Hoehn-Yahr 1lI-IV PD showed significant rCBF decreases
in the left frontal/parietal association cortices with IMP®®
and in the precuneus and inferior parietal regions with
HMPAO™ consistent with the impaired visuospatial
perception in demented PD. Furthermore, temporal and
more extensive parietal hypoperfusion are often seen in
demented patients®. The cortical hypoperfusion might be
clinically useful in discriminating PD patients with dementia
from those without cognitive impairment.

In summary, imaging studies of brain metabolism
and perfusion have revealed unique and comparable
pathological features underlying varying degrees
of motor and cognitive dysfunction in patients with
PD. The characteristic patterns of abnormal regional
cerebral metabolism and perfusion are to a large degree
independent of global measures of brain activity in non-
demented patients with PD as described previously® *"". The
generally similar findings from these two imaging measures
of brain function indicate close coupling between cerebral
blood flow and metabolism in PD under resting conditions.
These results have established molecular-functional-clinical
correlates of the impaired cortico-subcortical circuitry in PD.

Functional Brain Imaging: Multivariate Analyses

The measurements of local metabolic rates or blood flow

changes may not fully account for the complex nature of
brain networks involved in neurodegenerative processes
and their modulation by therapy. These processes may be
better represented by spatial covariance patterns among
spatially distributed functional regions that can be altered
by the presence of disease or behavioral activation. Many
computing methods have been used in the analysis of
rCMRglc and rCBF data to compare groups in the same
resting state®>* and under brain activation conditions®**",
The resultant topographic patterns describe functional
connectivity and are commonly referred to as disease-
specific brain networks.

Metabolic Network Analyses

We have developed a statistical modeling approach to
detect and quantify regional functional interactions in
neurodegenerative disorders®" *!. This method, known
originally as the scaled subprofile model (SSM), uses PCA
to identify regional covariance patterns using images from
a combined group of patients and controls or a single group
of individuals (software freely available at our website http://
www.feinsteinneuroscience.org). These patterns reflect the
covariation of increased or decreased activity in regional
brain function in patients relative to the normal population
or in relation to the correlation with a behavioral variable.

SSMPCA allows for the prospective quantification
of covariance pattern expression in individual subjects.
Subject scores computed from functional brain images
can be correlated with clinical or physiological parameters
on a single-case basis®. Of note, these scores have
higher signal-to-noise ratios than decreasing levels of
dopaminergic markers such as FDOPA or FPCIT with
increasing disease severity. Thus, SSMPCA may offer
greater sensitivity for detecting spatiotemporal changes
in brain network activity during progression or following
therapy.

Many imaging studies have been performed to
implement and validate network methods for the diagnosis
and evaluation of patients with PD and related movement
disorders®™ “?. Using SSMPCA analysis of FDG PET data
we consistently revealed a pattern of regional metabolic
covariation characterized by lentiform, thalamic, cerebellar,
pontine, and sensorimotor hypermetabolism, along with
hypometabolism in the lateral PMC, SMA, and parieto-
occipital regions (Fig. 3). The subject scores for this PD-
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related covariance pattern (PDRP) are elevated in PD
patients, and are correlated positively with clinical disease
ratings and negatively with striatal FDOPA uptake or DAT
binding™ *" *?. This pattern has been confirmed in multiple

cohorts of PD patients**? 4l

and parkinsonian primates
scanned with different tomographs. In addition, PDRP
expression showed an excellent test-retest reproducibility
[intraclass correlation coefficient (ICC) >0.94] between
FDG PET imaging sessions conducted OFF and ON
medications in independent groups of PD patients at
early and advanced stages®™. Moreover, disease-specific
covariance patterns for multiple system atrophy (MSA),
progressive supranuclear palsy and parkinsonian tremor
have also been developed for more accurate differential
diagnosis of PD from atypical parkinsonism on a single-
case basis!* *"*,

SSMPCA analysis of FDG PET data can also

A SSMPCA: PDRP

Post. Parietal

Thalamus  Putamen/GP

Post. Parietal

reveal the specific networks associated with cognitive
dysfunction in PD. By using this method in non-demented
PD patients, we identified a covariance pattern that is
correlated with memory and executive functioning®. This
PD-related cognitive pattern (PDCP) is characterized by
hypermetabolism in the cerebellar vermis and dentate
nuclei and hypometabolism in frontal and parietal
association areas (Fig. 4). Similar results have been
reported from VOI-based SSMPCA analysis®" and another
multivariate method based on partial least squares®.
PDCP activity predicted memory or visuospatial function,
and perceptual motor speed in a prospective validation
sample of PD patients of similar disease duration and
severity. In addition, PDCP scores showed excellent test—
retest reliability (ICC >0.89) in patients undergoing repeat
FDG PET imaging OFF and ON medications. PDCP is
orthogonal to PDRP as its expression is independent of
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Fig. 3. A: Parkinson’s disease-related pattern (PDRP) identified by SSMPCA spatial covariance analysis of resting-state FDG PET scans
in patients with Parkinson’s disease (PD) and age-matched normal volunteers. This pattern was characterized by relatively

increased metabolic activity (yellow) in the putamen/globus pallidus (GP) and thalamus, in the cerebellum and pons, and in the
SMC. These changes covaried with relatively decreased metabolic activity (blue) in the lateral premotor cortex (PMC) and in the
parieto-occipital association regions. B: Scatter plots of individual values and mean (* standard deviation) for PDRP expression
in healthy controls (open circles) and PD patients (filled circles). PDRP network scores were significantly elevated in patients
relative to controls. A higher PDRP score corresponded with more severe motor symptoms in individual patients. [Reproduced by
the authors using FDG PET images described by Ma et al. J Cereb Blood Flow Metab 2007™°. The display represents voxels that
contributed significantly to the network at P <0.001, and were demonstrated to be reliable (P <0.001) on bootstrap estimation.]
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Fig. 4. A: Parkinson's disease-related cognitive pattern (PDCP) identified by SSMPCA spatial covariance analysis of resting-state FDG
PET scans in non-demented PD patients. This pattern was characterized by covarying metabolic reductions (blue) in the rostral
supplementary motor area (pre-SMA) and precuneus, as well as in the dorsal premotor (PMC) and posterior parietal regions,
and in the left prefrontal cortex. Relative metabolic increases (yellow) in the cerebellar vermis and dentate nuclei (DN) were also
evident as part of this topography. B: Brain-behavioral correlations between PDCP network expression and neuropsychological
performance in non-demented PD patients. There was a significant linear relationship between PDCP network activity and scores
in the California verbal learning test (CVLT). Note that a lower CVLT score and higher PDCP activity indicated a greater degree of
cognitive dysfunction in individual patients. (Reproduced by the authors using FDG PET and clinical data described by Huang
et al. Neurolmage 2007"".) The display represents regions that contributed significantly to the network at P <0.01 and were

demonstrated to be reliable (P <0.05) by bootstrap estimation.

UPDRS motor scores in individual PD patients.
Importantly, the topography of the PD-related
metabolic covariance pattern identified in these studies
is in line with experimental models of parkinsonism® !,
Specifically, this supports the notion of enhanced pallido-
thalamic inhibition as the main functional substrate of
parkinsonian bradykinesia. The subject scores for PDRP
correlate with objective disease severity ratings and with
independent measures of nigrostriatal dopamine function.
Furthermore, the PDRP scores and rCMRglc within key
hypermetabolic regions obtained from preoperative FDG
PET scans are related to neuronal firing rates in the GPi
and STN measured during stereotaxic neurosurgery® >,
On the contrary, the PDCP scores did not show such
relationships despite their correlation with cognitive
impairment in patients. This is further evidence that the

PDRP is an indirect measure of an abnormal physiological
signal resulting from hyperactivity in the basal ganglia-
thalamic-motor cortical loop.

Blood Flow Network Analyses

PD-related brain network patterns based on SSMPCA can
be directly identified and prospectively accessed by using
rCBF images from PET or SPECT. VOI-based network
analysis of ECD SPECT data from PD patients and age-
matched healthy controls revealed a pattern characterized
by relative increases in putaminal, thalamic, and cerebellar
perfusion along with decreases in the frontal operculum
and in the medial temporal cortex®®. The subject scores
for this PDRP pattern were significantly increased in PD
patients relative to healthy control and MSA groups. These
features agree very well with those reported in the PDRP
derived from FDG PET images.
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Notably, the PET-derived PDRP scores computed from
ECD SPECT scans more accurately separate PD patients
from normal controls and MSA patients’® **. Receiver
operating characteristic analysis indicated that the PDRP
measures yielded an overall diagnostic accuracy of 0.91,
with a sensitivity of 0.97 and specificity of 0.71 and 0.80 for
distinguishing PD from the other two groups. Hence, the
disease-related patterns identified with FDG PET can be
reliably assessed in SPECT perfusion scans to discriminate
between healthy controls and patients with PD and atypical
parkinsonism.

The disease-related patterns seen in PDRP derived
from FDG PET and ECD SPECT images are also similar
to those revealed by another multivariate brain mapping
method based on independent component analysis
(ICA). A SPECT study compared differences in rCBF
between PD patients and age-matched controls with
SPM after decomposing the images into disease-related
and unrelated components®®. In the disease-related
components, PD patients revealed significantly higher
normalized rCBF in the putamen, pallidum, thalamus,
brainstem, and cerebellum, and significant hypoperfusion
in the parieto-temporo-occipital cortex, DLPFC, insula,
and cingulate gyrus. Importantly, motor UPDRS scores in
patients correlated negatively with rCBF in the insula and
cingulate gyrus. The abnormal regions revealed by both
ICA and PCA are consistent with the current model of
parkinsonism.

We have validated the PDRP or PDCP network as a
reliable measure of parkinsonism or cognitive dysfunction
by computing its activity prospectively in H,O and FDG PET
scans from PD patients and healthy volunteers®. PDRP
expression was significantly elevated in PD patients, using
either H,O or FDG PET scans. A significant correlation was
present between PDRP/PDCP scores computed from H,O
and FDG images in the same cohort of PD patients. This
relationship has established the clinical utility of network
quantification with rCBF data in the early differential
diagnosis of PD. For example, PDRP/PDCP scores were
computed in a prospective cohort of normal controls and
patients with early- and late-stage PD who underwent
H,O PET imaging. We found that PDRP scores performed
better than those for PDCP in separating early PD from
controls. This difference in PDRP and PDCP scores from

cross-sectional data is in line with the observation from
a longitudinal study of disease progression with FDG
PET" indicating that the manifestation of motor symptoms
precedes cognitive dysfunction in early PD.

The reliability of PDRP/PDCP expression computed in
rCBF scans has also been evaluated within subjects using
a test-retest design in mild and advanced PD patients®.
These patients were scanned twice within one H,O PET
imaging session at baseline and during treatment with
levodopa (LD) infusion or deep brain stimulation (DBS).
PDRP/PDCP scores measured with rCBF data have
very high reproducibility (ICC >0.92), comparable to that
from rCMRglc data acquired between FDG PET sessions
separated by up to 2 months. This high reproducibility is
evident in both early-stage and advanced PD patients
scanned at baseline and during treatment.

PDRP/PDCP expression can also be assessed
prospectively with rCBF data acquired from arterial spin
labeling (ASL) perfusion MRI. We have shown that ASL MRI
is comparable to FDG PET in quantifying PDRP network
activity in individual patients and healthy controls®”. Indeed,
the PDRP scores in PD patients measured concurrently
with both rCBF and rCMRglc images were equally elevated
from the controls and significantly correlated with each
other. With further technical refinement this imaging
modality has been successful in deriving analogous spatial
covariance patterns associated with motor and cognitive
dysfunction in PD®¥.

In summary, the motor and cognitive symptoms of
PD have been linked to abnormal spatial covariance
patterns involving different aspects of the basal ganglia-
thalamocortical pathways. These patterns closely resemble
specific physiological and anatomical brain networks
known to be operating in disease states, and are highly
reproducible across independent patient populations and
tomographs at separate institutions. Individual subject
scores for the motor-related topography are significantly
elevated in PD patients and correlate with bradykinesia and
rigidity ratings. In addition, subject scores for the cognition-
related topography predict behavioral performance.
Besides the use of FDG PET data, pattern derivation and
prospective assessment can also be achieved with rCBF
data obtained from PET and more routine SPECT methods

as well as newly-developed MRI perfusion techniques.
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Functional Neuroimaging in the Evaluation of

Therapeutic Interventions

Reliable in vivo markers of neuronal activity are necessary
to assess the medical or surgical outcome in PD. Currently
available clinical rating scales are inherently variable and
relatively insensitive, and may not accurately reflect the
extent of therapy-mediated changes in regional brain
function. Conversely, quantitative functional imaging
markers of cerebral metabolism and blood flow in the
resting state may serve as suitable outcome measures
for the treatment of PD. These measures may help select
patients for clinical trials by providing more accurate
diagnosis on an individual case basis and may afford
a useful tool in predicting clinical outcomes for certain
neurosurgical interventions.

Effects of Dopaminergic Therapy on Brain
Function

PET/SPECT has been used to quantify regional functional
changes associated with successful drug therapy. We
reported that LD infusion significantly decreased rCMRglc
in the putamen, thalamus, cerebellum, and primary
motor cortex, along with a significant decline in PDRP
expression® (Fig. 5). Changes in pallidal metabolism
and PDRP activity were negatively correlated with clinical
improvement in UPDRS motor ratings. These confirmed
that lentiform hypermetabolism or hyperfusion in PD
may be in part reversible by LD®. The response to
dopaminergic therapy in PD patients may be mediated by
the modulation of cortico-striato-pallido-thalamocortical
pathways.

PET has played a key role in unraveling the metabolic
and neurovascular effects of LD therapy for PD. Both
H,O and FDG PET images have been used to quantify
LD-mediated changes in the expression of motor- and
cognition-related PD covariance patterns as well as in rCBF
and rCMRglc in PD patients before and after intravenous
LD infusion®”. There was a significant dissociation between
rCBF and rCMRglc in the modulation of the PDRP by LD
treatment, characterized by decreases in network activity
in the rCMRglc images but concurrent increases in the
rCBF images. This treatment also induced decreases in
rCMRglc and increases in rCBF in the putamen/pallidum,
dorsal midbrain/pons, STN, and ventral thalamus. These

are the same regions that exhibit increased brain activity
in PD with either rCMRglc or rCBF data obtained off
medication as described above. These results indicate that
flow—metabolism dissociation is a unique feature of LD
treatment. The elevations in rCBF and in the corresponding
PDRP network activity may be attributed to a direct action
of dopaminergic drugs on the microvasculature in the close
proximity of monoaminergic terminals. This LD-mediated
disassociation between blood flow and metabolism calls for
great caution when interpreting rCBF findings in patients
who have taken dopaminergic medications or undergone
insufficient washout before imaging.

Stereotaxic Surgical Therapies

Neurosurgery can provide effective symptomatic relief
in patients with advanced PD by performing localized
interventions on several deep nuclei that serve as key relay
stations within the basal-ganglia-cortical motor circuitry and
related pathways. DBS at high frequency offers a reversible
treatment for PD without the permanent side-effects caused
by an ablative lesion. In addition, DBS parameters can be
adjusted postoperatively for optimal clinical benefits on an
individual basis. A number of subcortical targets have been
stimulated to achieve long-term improvement in the motor
and non-motor symptoms of PD®** including mainly
pallidal and subthalamic DBS to improve general motor
features and ventral intermediate (Vim) thalamic DBS to
suppress tremor.

Neuroimaging studies with rCMRglc and rCBF have
shed important light on the therapeutic mechanisms
underlying these procedures. Ipsilateral and contralateral
changes in regional brain function can be detected in the
PMC, SMC, SMA, and cerebellum using both FDG and H,O
PET following unilateral DBS at the internal and external
parts of the globus pallidus® ®. Interestingly, unilateral
Vim DBS leads to rCBF decreases in the ipsilateral SMC
and the contralateral cerebellum, as well as concurrent

increases in the ipsilateral ventral thalamus®

. Changes
in tremor acceleration and rCBF are correlated in the
ipsilateral cortical regions; changes in tremor frequency
and rCBF are correlated in the contralateral cerebellum and
pons. These results suggest that DBS delivers symptomatic
relief by modulating the activity of cerebello-thalamo-
cortical pathways.

Stimulation at the STN is considered to be more
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Fig. 5. Network modulation and clinical correlation with antiparkinsonian interventions in patients assessed with FDG PET. A: Bar
graph (mean % SE) illustrating relative changes in the expression of the PD-related metabolic covariance pattern (PDRP) during
antiparkinsonian therapy with LD infusion (shaded bar) and ventral pallidotomy, pallidal and STN DBS, and subthalamotomy
(filled bars). Reduction in PDRP activity was greater in lesion versus DBS at the same target or in STN versus GPi by either
lesion or DBS. For unilateral surgical intervention, PDRP reflected changes in network activity in the operated hemisphere. With
LD infusion, the PDRP changes were averaged across hemispheres. CN, Control. B: Correlations between clinical improvement
in UPDRS motor rating and treatment-mediated changes in PDRP activity. The clinical outcome in individual patients was
significantly correlated with the degree of PDRP suppression following levodopa administration in mild PD patients and STN DBS
in advanced PD patients. (Reproduced by the authors using FDG PET and clinical data described by Feigin et al. Neurology 2001""
and Asanuma et al. Brain 2006"".. ‘P <0.01; “P <0.005 vs untreated condition)
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effective than at the GPi in improving PD symptoms by
affecting more than one inhibitory output area of the
basal ganglia, i.e. both the GPi and the substantia nigra
pars reticulata. An FDG PET study showed that rCMRglc
decreased in the left rostral cerebellum with STN-DBS, but
increased in both lower thalami extending to the midbrain
area and remotely in the right frontal, temporal, and parietal
cortices'"!. These data demonstrate an activating effect of
DBS on its target structures and suggest a central role of
the STN in motor, association, limbic, and cerebellar-basal
ganglia circuits.

FDG PET has proven to be useful for directly
comparing the specific metabolic effects of different
interventions. It has been reported that metabolism is
reduced in the GPi and caudal midbrain but elevated in
the posterior parietal region following STN stimulation and
subthalamotomy!®. While the metabolic decline in the GPi
is greater with a lesion, the metabolic increase is greater
with stimulation. PDRP expression is similarly reduced
with both treatments. Moreover, we reported that both STN
stimulation and LD therapy result in significant metabolic
reductions in the putamen/pallidum, SMC, and cerebellar
vermis, as well as elevations in the precuneus®®”. Reduction
in the lentiform metabolism may reflect deactivation of the
inhibitory basal ganglia output nuclei following suppression
of the synaptic activity of STN projections. Comparable
declines in PDRP activity have also been observed with
both interventions (Fig. 5), and they are correlated with
clinical improvement. This is in excellent agreement with
the findings reported with FDG PET in subthalamotomy®
and DBS at the GPi and STN®. These results suggest
that effective treatments for PD are facilitated by a common
mechanism involving the modulation of pathological brain
networks.

It is of interest to note that PDCP expression assessed
by rCMRglc and rCBF scans in the same patients was not
changed by symptomatic therapy with either intravenous
LD infusion or STN-DBS®". Hence, PDCP assessment did
not reveal any flow-metabolism disassociation evident with
LD administration in PDRP noted above. These findings
support the hypothesis that PDCP network activity is a
reproducible imaging biomarker of cognitive function in
PD and this measure may prove useful in clinical trials
targeting the non-motor symptoms of PD.

H,O PET has been used to measure resting rCBF
responses to STN-DBS. Cerebral blood flow increases
in the thalamus and midbrain, but declines bilaterally in
premotor cortex””. Of note, significant correlations are
present between improved rigidity and decreased rCBF in
the SMA, between improved bradykinesia and increased
rCBF in the thalamus, and between improved postural
reflexes and decreased rCBF in the pedunculopontine
nucleus (PPN). Increased rCBF in the thalamus and midbrain
agrees with the rCMRglc results from FDG PET!" %), These
data indicate that STN stimulation appears to increase the
firing of STN output neurons, which enhances inhibition of
the thalamocortical projections, ultimately decreasing blood
flow in cortical targets. Furthermore, blood flow increases
bilaterally in the STN and in the left lentiform during
bilateral STN DBS"", but declines in the left SMA (BA 6),
left ventrolateral thalamus, and right cerebellum. Changes
in rCBF in the basal ganglia or the SMA and thalamus are
both correlated with the improvement in motor function.
STN DBS in resting patients may also result in deactivation
of the thalamic anteroventral and ventrolateral nuclei and
the SMA.

STN-DBS in PD has also been examined by measuring
resting-state rCBF with SPECT. In patients with stable
clinical improvement during a long-term follow-up study"?,
STN-DBS at 5 months induced a reversible increase of
rCBF in the pre-SMA, PMC, and DLPFC regions from the
preoperative baseline. Blood flow increased further from 5
to 42 months in these frontal areas, and also in the primary
sensorimotor cortices, pallidum, ventral lateral thalamus,
cerebellum, pons, and midbrain, involving the substantia
nigra. The improvement in motor scores was correlated with
the rCBF increase in the pre-SMA and PMC. Long-term
STN-DBS leads to progressive improvement in neural activity
in the frontal motor/association areas, along with increased
activity in subcortical structures in the later phase.

There are bound to be agreements and discrepancies
across the many neuroimaging studies on the functional
effects of STN-DBS. The major disagreement is likely
to come from different neurosurgical protocols, imaging
techniques, and analytical methods. The second difference
may stem from varied and limited sample sizes, and the
inhomogeneous clinical characteristics of PD patients
included in the study. The third difference may be the
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use of rCBF or rCMRglc as an outcome measure for the
therapeutic trial. Although STN stimulation results in similar
changes in regional brain activity and PDRP expression
whether in rCMRglc or rCBF scans, a small difference may
still arise from the potential residual effects of dopaminergic
medications on rCBF values across studies.

H,O PET can also detect the rCBF activation patterns
induced by STN-DBS under task conditions. One study
disclosed that rCBF increases significantly in the SMA,
cingulate cortex, and DLPFC with STN stimulation during
a motor activation task™. This suggests that STN DBS
plays a role in enhancing non-primary motor cortical areas,
especially the DLPFC showing greater activation than in
the GPi during effective stimulation. Bilateral STN DBS
worsened the performance of a fast-paced cognitive task
of random number generation in PD". Cerebral blood
flow was reduced in the left dorsal and inferior frontal gyri,
DLPFC, and the posterior and right anterior cingulate, but
increased in the right GPi during the task. STN stimulation
activates its output neurons to the GPi and significantly
changes pallidal coupling with prefrontal, cingulate, and
temporal cortices during the performance of a cognitive
experiment.

It has been proposed that the axial symptoms in PD
can be effectively improved by stimulation at the PPN.
Cerebral blood flow was measured by H,O PET at rest and
during a self-paced motor task of the lower limbs in patients
with advanced PD who were treated with unilateral PPN-
DBS". Stimulation induced significantly increased rCBF
in subcortical regions such as the thalamus, cerebellum,
and midbrain as well as in different cortical areas involving
the medial SMC extending into the caudal SMA (BA
4/6). Some of these regions are similar to the H,0 PET
observations during STN-DBS. An FDG PET study also
demonstrated that PPN DBS can improve non-motor
function in the cognitive domain as indicated by relative
prefrontal and cingulate hypermetabolism and cerebellar
hypometabolism”™. It remains to be seen in a large sample
how PPN-DBS affects the clinical correlates of regional
brain function and whether it can modulate PDRP activity
as evident in other interventions.

In summary, PET/SPECT imaging of rCMRglc and
rCBF is a useful experimental method for assessing the
modulation of structure/functional relationships during the
successful treatment of PD. Treatment with LD or DBS

surgery in patients with PD alters activity in the putamen,
pallidum, thalamus, and cerebellum, and partly restores
the physiological substrate in limbic and associative
cortical regions of the basal ganglia. In addition, clinical
improvement is correlated with the changes in regional
brain activity as well as in the expression of a PD-related
covariance pattern. These interventions are consistently
associated with modulation of regional brain function and
suppression of a specific functional network involving
elements of the cortico-striato-pallido-thalamocortical and
the cerebello-cortical motor loops.

Conclusion

PET/SPECT has been widely used to identify changes in
regional cerebral glucose metabolism and blood flow in PD.
The measurements of cerebral metabolism and perfusion
provide unique information on the topography of widespread
functional alterations in the brains of PD patients, which is
not available from studies with presynaptic or postsynaptic
dopaminergic radioligands. Much effort has been devoted
to the development of novel analytical methods for the
validation of brain networks in functional imaging data.
Such spatial covariance patterns may afford clinically
useful markers in the differential diagnosis of parkinsonism
and in the evaluation of disease severity and therapeutic
response. Many studies have established the specific roles
of imaging in preoperative patient selection for clinical trials
in parkinsonism. A major contribution in this line of research
has been a complementary analytical approach using both
voxel-wise brain mapping and network modeling strategies
to determine the relationships between localized functional
abnormality and the expression of widely distributed brain
networks. Applications of these techniques may provide
greater insights into the pathophysiology of PD and offer
more accurate assessment of the inherent functional
changes that occur with disease onset, progression, and
successful therapy.
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ABSTRACT

To evaluate the effect of bevacizumab on cerebral
ischemia, we used 2-deoxy-2-'"°F-fluoro-D-glucose
(®*F-FDG) small-animal positron emission tomography
(PET) in the middle cerebral artery occlusion (MCAO)
rat model. After baseline neurologic function tests and
PET studies, MCAO Sprague-Dawley rats received
bevacizumab or normal saline (controls). Weekly PET
imaging and neurologic function tests showed that the
®F-FDG accumulation in the bevacizumab group was
similar to that in the controls during the first 2 weeks, but
lower than in controls at weeks 3 and 4. However, no
difference was found in neurological scores between the
groups. The number of von Willebrand factor-positive
cells in the bevacizumab group was lower than that in
controls. The expression of vascular endothelial growth
factor was higher than in controls at week 4. These
results suggested that bevacizumab does not influence
functional recovery in this model of cerebral ischemia
during a 4-week period, but inhibits vascular formation
and metabolic recovery, which may be considered in
cancer patients with a recent ischemic stroke.

Keywords: cerebral ischemia; bevacizumab; positron
emission tomography; cancer

INTRODUCTION

Cerebrovascular disease (CVD) and cancer are the top two
causes of morbidity and mortality in aging populations™?.
Studies have shown that CVD is typically associated with
ischemic stroke™. Ischemic stroke featuring functional
disturbance and morphological damage of brain is caused
by CVD, which affects the brain blood supply and leads to
a cascade of metabolic alterations. Clinical presentation
of CVD in cancer patients is common: 14.6% of such
patients have pathologic evidence of CVD, and 7.4% show
clinical symptoms®. Although current therapeutic strategies
improve the survival rate and extend the lifetime of cancer
patients, increased risk of ischemic stroke is frequently
observed in the same individuals®. Therefore, exploring the
therapeutic strategies for recent ischemic stroke in cancer
patients is a serious challenge.

Currently, anti-angiogenic therapy is widely used
in the treatment of various solid cancers. Increasingly,
angiogenesis-targeting therapies have been developed
by manipulating the vascular endothelial growth factor
(VEGF) signaling pathway. Bevacizumab (Avastin,
Genentech/Roche, Basel, Switzerland), a recombinant
humanized monoclonal antibody against VEGF-A, is the
first anti-angiogenic drug approved by the Food and Drug
Administration (USA)" for metastatic colorectal cancer?,
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non-squamous non-small-cell lung cancer®, glioblastoma',
and metastatic renal cell carcinoma'®. Many studies
have demonstrated that bevacizumab therapy is
associated with an increased risk of gastrointestinal
perforation, wound healing complications, hemorrhage,
arterial thromboembolism, and reversible posterior
leukoencephalopathy syndrome!"'¥. Therefore, patients
with a history of bleeding, cerebrovascular accident,
thrombotic disorders, and gastrointestinal perforation were
excluded from participation in clinical trials!"".

Interestingly, our recent clinical observations have
shown that significantly increased numbers of elderly
cancer patients treated with bevacizumab have a recent
ischemic stroke. One study reported that prolonged
bevacizumab treatment increases the risk of ischemic
stroke!". However, its safety in cancer patients with recent
ischemic stroke is still unknown. In the current study, we
evaluated the effect of bevacizumab on recent ischemic
stroke using a molecular imaging approach.

Positron emission tomography (PET) provides in vivo
metabolic information based on imaging the distribution of
positron-emitting radiopharmaceuticals®'®. PET can not
only locate the area of infarction like MRI scanning, but also
provide metabolic information, which has led to significant
insights into various neurologic disorders, including
dementias!"”), movement disorders!®, epilepsy!"®?",
brain tumors®", neurologic infectious, and inflammatory
diseases®?%. Furthermore, PET imaging in neurologic
disease can detect pathologic changes preceding those
seen with structural imaging techniques and even clinical
symptoms®¥. 2-deoxy-2-"®F-fluoro-D-glucose ("*F-FDG),
the most extensively used PET imaging tracer, can detect
subtle changes of glucose metabolism after stroke®. In a
previous study, we successfully used "*F-FDG small-animal
PET to evaluate the metabolic recovery of the cerebral
infarction in an ischemic stroke model®?”. In this study,
we used ®F-FDG PET to assess the metabolic changes,
along with related immunohistochemical and functional
changes, in a rat model of cerebral ischemia treated with
bevacizumab.

MATERIALS AND METHODS

Animal and Experimental Design
Eight adult male Sprague-Dawley rats weighing 240-270 g

were randomly assigned into two equal groups: bevacizumab
treatment and control groups. All animals underwent
reperfusion at 90 min after middle cerebral artery occlusion
(MCAO). Rats in the treatment group were administered
bevacizumab (Avastin, Genentech/Roche Inc., South
San Francisco, CA) via tail vein at 5 mg/kg on the day
after MCAO. Similarly, all rats in the control group were
administered normal saline (NS) in the same way. All rats
underwent neurologic function testing followed by "°F-FDG
PET scanning on day 1 (before injection) and weeks 1, 2, 3,
and 4 (after injection). Immunohistochemical staining was
performed immediately after the last "*F-FDG PET scan.
All experiments were performed with the approval of the
Institutional Animal Care and Use Committee of Zhejiang
University School of Medicine.

Middle Cerebral Artery Occlusion Procedure

MCAO was induced as previously described®. Briefly,
animals were anesthetized intraperitoneally with 1.5%
pentobarbital sodium (50 mg/kg). Body temperature was
maintained at 37 £+ 0.5 °C with a warm pad during the
procedure. The right common, internal, and external carotid
arteries were exposed. A 3-0 monofilament nylon suture
with a rounded tip was inserted from the right common
carotid into the internal carotid and then advanced 18-
20 mm intracranially from the common carotid bifurcation
in order to block the origin of the middle cerebral artery.
Approximately 90 min after MCAO, reperfusion was allowed
by withdrawal of the suture. Then the muscle and skin were
sutured with 4-0 nylon. Animals were given buprenorphine
(0.05 mg/kg, subcutaneously) every 8 h?® for pain palliation
during the first 24 h after operation.

Evaluation of Neurological Deficits

Animals were subjected to a weekly behavioral test for 4
weeks, using the Garcia neurological grading method®.
This evaluation is a composite of spontaneous activity
(abnormal movement), climbing, forepaw stretching,
symmetry in the movement of four limbs, proprioception,
and response to vibrissae touch. The score is the sum of
the six individual test scores and ranges from 3 to 18. A
score of 3 represents the most severe behavioral deficits
and 18 means normal behavior. Rats with scores ranging
from 7 to 12 were used. Investigators were blinded to the
animal group to avoid the bias effect.
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PET Scanning and Image Analysis

Rats were anesthetized with isoflurane (2%) and
administered ~18.5 MBq (500 mCi) of "®F-FDG via tail
vein just before bevacizumab or NS injection and at
weeks 1, 2, 3, and 4 later. PET images were acquired
with a microPET R4 scanner (Siemens Medical Solutions,
Munich, Germany) for 10 min static acquisition at 40 min
after "®°F-FDG injection. Anesthesia was maintained during
data acquisition. The images were reconstructed with a
modified back-projection algorithm. "®F-FDG uptake was
calculated as the percentage of injected dose per gram
of tissue, using the AMIDE software package (version
9.2; Stanford University, Santa Clara County, CA). To
assess the metabolic changes induced by MCAO, regions
of interest (ROIs) 2 mm in diameter were identified in
coronal images. The lesion-to-homologous contralateral
normal region (L/N) ratios were calculated according to the
following formula: L/N ratio = mean counts per pixel of right
lesion ROI/mean counts per pixel of contralateral normal
area. To assess the therapeutic responses, we calculated
the percentage change of L/N ratios according to the
following formula: % change of L/N ratio = (L/N ratio —
baseline L/N ratio) / baseline L/N ratio. The L/N ratio on day
1 was set as the baseline. The average radioactivity level
within the infarct was obtained from the mean pixel values,
normalized to that of non-ischemic cortex, and expressed
as a percentage.

Immunohistochemical Staining

Immunohistochemical investigation was done to determine
the potential effect of bevacizumab on angiogenesis. At
the end of week 4, the rats were deeply anesthetized after
the last PET scan and perfused transcardially with 0.9%
saline followed by 4% ice-chilled paraformaldehyde in PBS
(pH 7.4). The brain was immediately removed, sliced, and
immersed in the same fixative for 24 h. After that, the 5-10
mm slices were washed in dH,O for 30 min, dehydrated in
ascending ethanols, cleared in xylene, and embedded in
paraffin wax. Serial sections were cut at 4 ym throughout
the ischemic area, and stained using the EnVisionTM two-
step protocol with high-temperature antigen retrieval. The
slides were incubated with 3% H,O, for 10 min and rinsed
3 times in PBS for 5 min. Sections were permeabilized
with 0.04% Triton X-100, blocked with 10% normal goat
serum in PBS for 1 h, and incubated overnight in a

humidified chamber at 4°C with the primary antibodies
rabbit polyclonal antibody against VEGF (1:400 dilution;
EMD Millipore, Billerica, MA) and rabbit polyclonal antibody
against von Willebrand factor (vVWF) (1:200 dilution;
DAKO, Glostrup, Denmark). The sections were rinsed 3
times with PBS for 10 min each and treated with HRP-
conjugated secondary antiserum (DAKO EnVisionTM kit)
for 30 min at 37°C. Then the stained sections were washed
thoroughly and developed by 0.05% diaminobenzidine
with 0.03% H,O, for 3—5 min until a brown reaction product
was observed. The number of cells positively-stained
for vWF in 5 microscope fields (469 ym x 351 ym) was
counted. Hotspots on the section were selected at x100
magnification in order to evaluate the average integrated
optical density (IOD) of VEGF. Individual measurements
were then made at x200 (BX60, Olympus, Japan). Images
(5 fields/section, 1 section/animal) were digitized with a
camera. The 10D values for VEGF were obtained using
Image-ProPlus 5.0 software (Media Cybernetics, Silver
Spring, MD).

Statistical Analysis

Data are expressed as mean + SEM. The independent
sample-t test was used to evaluate functional recovery,
the PET index, and immunohistochemically-positive cells.
Statistical analyses were performed with SPSS software
(version 15.0, SPSS Inc, Armonk, NY). Values of P <0.05
were considered statistically significant.

RESULTS

Influence of Bevacizumab on Functional Recovery

No significant difference in neurological score was
detected between the groups at each time point of the
4-week experimental observation (Fig. 1), suggesting that
bevacizumab does not affect functional recovery.

Changes in Glucose Metabolism

The rats were studied using "*F-FDG PET in order to
document whether bevacizumab influences glucose
metabolism. The scans allowed the visualization (Fig.
2) and quantification (Fig. 3) of glucose metabolism
throughout the brain at each time point. Semi-quantitative
measurement of '®F-FDG radioactivity in the ischemic area
demonstrated no significant differences in the percentage
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Fig. 1.

181

154

12+

Neurological Score
w
'

Neurological scores before and after bevacizumab treatment.

o Control
B Bevacizumab

0 1 2 3
Time (week)

change of the L/N ratio between the two groups on day 1
(before bevacizumab or NS injection) and at weeks 1 and
2 after MCAO. However, the percentage change in the
bevacizumab-treated group was significantly lower than
that in the NS group at week 3 (0.46 £ 1.15 vs 14.80 + 2.33;
P <0.05) and week 4 (6.48 + 1.91 vs 14.64 + 0.89; P <0.05)
(Fig. 3), indicating that bevacizumab reduces glucose
metabolism in the ischemic area.

Immunohistochemistry
The results showed that the number of vVWF-positive cells
in the bevacizumab group was lower than that in the NS

o -y
. l

Fig. 2. Serial PET images demonstrating metabolic recovery after MCAO in rats after bevacizumab compared to the control group. Images

Fig. 3.

show the brain in coronal view. Scale indicates signal intensity.
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each time point). *P <0.05.

group (7.05 + 0.43 vs 8.67 £ 0.32; P <0.01) (Fig. 4). The IOD
of VEGF in the bevacizumab group was higher than that in
the NS group (15.22 + 0.80 vs 12.83 + 0.76; P <0.05) (Fig. 4).

DISCUSSION

Both ischemic stroke and cancer are leading causes of
morbidity and mortality among the aged worldwide. Stroke
severely impacts cancer patients, while cancer increases
the risk of stroke®®. CVD occurs commonly in cancer
patients, ~15% of whom experience a thromboembolic
event during the clinical course®.

In the present study, we evaluated the effect of
bevacizumab on neurogenic recovery after a recent stroke
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Fig. 4. vWF and VEGF immunohistochemistry. Left, photomicrographs (x200) of immunohistochemical staining for vWF and VEGF
(brown cells) in the ischemic region in bevacizumab-treated and normal saline-injected animals (control). Middle, number of vVWF-
positive cells after 4 weeks of bevacizumab treatment (*P <0.01). Right, integrated optical density (IOD) of VEGF after 4 weeks of

bevacizumab treatment (*P <0.05).

using serial "®F-FDG PET scans combined with neurologic
function testing and immunohistochemical investigation.
Our results demonstrated that bevacizumab had no effect
on functional recovery after a recent ischemic stroke;
however, it did suppress the recovery of cerebral glucose
metabolism. Immunohistology confirmed a decrease in
angiogenesis in the bevacizumab-treated group.

Our study showed no significant difference between
the two groups in terms of glucose metabolic changes in
the area of infarction during the first 2 weeks after MCAO.
However, in the later stage (weeks 3 and 4), significantly
lower "®F-FDG accumulation was observed in the infarct
in the bevacizumab-treated group than in the control
group. These results indicated that bevacizumab does not
significantly inhibit metabolism immediately after MACO and
in the early stage (weeks 1 and 2), but does significantly
inhibit it in the later stage (weeks 3 and 4), especially
at week 3. Interestingly, at week 4, the bevacizumab-
treated group showed increased "®F-FDG accumulation
compared to that in week 3, indicating that the inhibitory
effect of bevacizumab declines over time. These results are
consistent with the instructions for bevacizumab, namely, it
is safer to do surgery 4 weeks after treatment.

In behavioral tests, there was no significant difference
in neurological score between the two groups at any
time point, suggesting that bevacizumab does not affect
functional recovery. These results demonstrated that
bevacizumab is relatively safe in the first 4 weeks in a rat
model of cerebral ischemia.

VWEF, released upon perturbation of endothelial cells,
is a predictive biomarker of vascular injury. VEGF has
the capacity to induce physiological and pathological
angiogenesis, while bevacizumab can decrease this
capacity by preventing the interaction of VEGF with its
receptors on the surface of endothelial cells®". In the
current study, immunohistochemical analysis of the injured
brain showed significantly lower expression of VWF but
higher expression of VEGF in the treatment group than in
the control group. This result indicated that bevacizumab
has a strong effect on decreasing the number of vessels,
consistent with a previous study®. However, other cancer
studies®** differ from ours, in that bevacizumab was
reported to reduce the high expression of VEGF. We
consider that this might be due to the much lower level of
VEGF expression in the ischemic brain compared to that in
a tumor. In a recent study on candesartan, a drug currently
used to treat hypertension, VEGF expression was found to
significantly increase at 2 weeks after MCAO compared to
baseline®. Ischemic neurons increase VEGF expression
by activating astrocytes, and the increase usually occurs
within the first few hours of ischemic stroke®. Since the
endpoint of our study was 28 days after bevacizumab
administration, its effect on VEGF was assumed to be
decreased after its biological half-life of ~5 days®"*®.

In conclusion, the present results indicate that
attention should be paid when using bevacizumab and
careful management should be provided for cancer patients
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with recent ischemic stroke. Although the present study
was done to evaluate the safety of bevacizumab in cancer
patients with recent stroke using a cerebral ischemic rat
model, there are several limitations in terms of sample size,
dose, investigation time points, and duration of follow-up.
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ABSTRACT

Paradoxical reduction of cerebral blood flow (CBF)
after administration of the vasodilator acetazolamide
is the most severe stage of cerebrovascular reactivity
failure and is often associated with an increased
oxygen extraction fraction (OEF). In this study,
we aimed to reveal the mechanism underlying
this phenomenon by focusing on the ratio of CBF
to cerebral blood volume (CBV) as a marker of
regional cerebral perfusion pressure (CPP). In 37
patients with unilateral internal carotid or middle
cerebral arterial (MCA) steno-occlusive disease and
8 normal controls, the baseline CBF (CBF,), CBV,
OEF, cerebral oxygen metabolic rate (CMRO,), and
CBF after acetazolamide loading in the anterior
and posterior MCA territories were measured by
O positron emission tomography. Paradoxical
CBF reduction was found in 28 of 74 regions (18
of 37 patients) in the ipsilateral hemisphere. High
CBF, (>47.6 mL/100 mL/min, n = 7) was associated
with normal CBF,/CBV, increased CBV, decreased
OEF, and normal CMRO,. Low CBF, (<31.8 mL/100
mL/min, n = 9) was associated with decreased
CBF,/CBYV, increased CBYV, increased OEF, and
decreased CMRO,. These findings demonstrated that
paradoxical CBF reduction is not always associated
with reduction of CPP, but partly includes high-
CBF, regions with normal CPP, which has not been
described in previous studies.

Keywords: acetazolamide; cerebral blood flow;
paradoxical reduction; positron emission tomography;
vasodilatation

INTRODUCTION

Paradoxical reduction of cerebral blood flow (CBF) after
administration of vasodilators, termed the “intracerebral
steal phenomenon”, was originally described in the core
of an acute brain infarct after CO, inhalation in a cat
experimental model™?. The vasodilator acetazolamide
(ACZ) also reduces CBF in the core of the acute ischemic
region after experimental occlusion of the middle cerebral
artery (MCA). Expansion of the infarct volume is higher in
cats given ACZ than in controls®. These studies indicate
that administration of vasodilators for the recovery of CBF
in acute brain ischemia is harmful.

A paradoxical CBF reduction has also been docu-
mented in patients with steno-occlusive atherosclerotic

carotid artery disease!®

, and is associated with poor
collateral circulation!”. Okazawa et al. demonstrated
that patients with paradoxical CBF reduction show a
significantly increased oxygen extraction fraction (OEF),
a state of misery perfusion®®. These studies indicated
that the paradoxical CBF reduction is a sign of severe
hemodynamic failure due to a reduction of cerebral perfusion
pressure (CPP) in patients with chronic ischemic disease.
Regional CPP is not measurable by non-invasive

means in patients. However, the regional ratio of CBF to
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cerebral blood volume (CBV) has been suggested to be an
index of regional CPP!"*"". Schumann et al. evaluated the
CBF/CBYV ratio during global CPP manipulation by varying
mean arterial blood pressure (MABP) in the anesthetized
baboon!"?, and found that the CBF/CBV ratio is significantly
correlated with MABP. As the CPP is a function of MABP
and intracranial pressure, regional CBF/CBV is considered
to be an index of regional CPP in the cerebral parenchyma
when intracranial pressure is not pathologically altered™?.

In the present study, we tested the hypothesis that the
paradoxical CBF reduction after ACZ loading is associated
with a reduction of regional CPP by evaluating the CBF/
CBV ratio in patients with internal carotid artery (ICA)/MCA
steno-occlusive disease by means of O positron emission
tomography (PET).

PARTICIPANTS AND METHODS

Participants

This retrospective study was conducted in 37 patients
(29 men, 8 women; age, 64.9 + 10.3 years) who were
examined for evaluation of hemodynamic status at Osaka
University Hospital from August 2007 to January 2011.
The clinical information of the patients is summarized in
Table 1. All patients had severe stenosis or occlusion of the
ICA or MCA on one side. Digital subtraction angiography
or magnetic resonance (MR) angiography revealed ICA

Table 1. Characteristics of the 37 patients enrolled in the study

occlusion in 11 patients, severe stenosis of the ICA in
10, MCA occlusion in 6, and severe stenosis of the MCA
in 10. The severity of the ICA stenosis was >80% by the
North American Symptomatic Carotid Endarterectomy
Trial criteria™. Ten patients had a minor stroke, 12 had a
transient ischemic attack (TIA), and 15 were asymptomatic.
All PET studies were performed at least one month after
the last ischemic episode.

Eight healthy volunteers (4 men, 4 women; 50.5 %
4.2 years) were included as normal controls. The criteria
for the controls were (1) absence of a history of disease,
(2) absence of smoking and alcohol habits, and (3) no
significant brain abnormalities by MR imaging and MR
angiography.

This study was approved by the Ethics Committee of
Osaka University Hospital. Written informed consent was
given by all participants.

PET Measurements

PET images were obtained in 3-D mode using the SET-
3000 GCT/X scanner (Shimadzu Corp., Kyoto, Japan).
The intrinsic spatial resolution was 3.5-mm full-width at half
maximum (FWHM) in-plane and 4.2-mm FWHM axially.
Transmission scanning with a '*’Cs point source was
performed for attenuation correction. The PET images were
reconstructed by a filtered-back projection method after
3D Gaussian smoothing with a 6-mm FWHM. Scattered

Number

Characteristics Age (years) 64.9+10.3

Sex (male/female) 29/8
Angiography ICA occlusion/stenosis 11710

MCA occlusion/stenosis 6/10
Symptoms Minor stroke 10

TIA 12

Asymptomatic 15

Interval between the last symptom and PET (months) 235+34.2
Underlying disease Hypertension 25

Diabetes mellitus 1"

Dyslipidemia 21

ICA, internal carotid artery; MCA, middle cerebral artery; PET, positron emission tomography; TIA, transient ischemic attack.
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radiation was corrected by the hybrid dual-energy window
method combined with a convolution-subtraction method,
and estimation of the true scatter-free component of
the standard photopeak window was performed on a
sonographic basis!"*"®.

The baseline CBV, the baseline cerebral metabolic
rate of oxygen (CMRO,), the OEF at baseline, the CBF,,
and the CBF after ACZ loading (CBF,,,) were measured
following C'"0 and "0, gas inhalation, and H,"0
injection™. A cannula was inserted into the radial artery for
arterial input. CBV measurement was performed with 4-min
static scanning after 1 min of continuous inhalation of C'°0
gas (3.0 GBg/min) and a 3-min interval"®. Arterial blood
was collected 3 times during the scanning to measure the
whole-blood radioactivity. OEF was measured by 3-min
scanning starting simultaneously with 1.5-min "°0, gas
bolus inhalation (1.0 GBg/min). Continuous arterial blood
sampling was performed using a B-detector system to
determine the whole-arterial blood radioactivity. CMRO, and
OEF were calculated by an autoradiographic method!"®".
The CBV data were used to correct for intravascular
hemoglobin-bound "°0,*. CBF, was measured by 3 min
of scanning started simultaneously with intravenous bolus
injection of H,"0 (370 MBq)"""*". Continuous arterial blood
sampling was also performed with a 3-detector system.
Delay and dispersion occurring in the B-detector system
were corrected by the methods described previously®.
Quantitation of reconstructed PET images by the 3-D
mode PET scanner has been validated in a previous
report!".

At the end of the study protocol, we examined the
CBF,,, to determine the cerebrovascular reactivity (CVR)®.
ACZ (1 g; Diamox®, Sanwa kagaku kenkyusho Co., Ltd,
Nagoya, Japan) was slowly injected intravenously for 2
min, and measurement of CBF,,, was started 15 min after
the injection using the same protocol as for CBF,.

Arterial O, and CO, partial pressures (PaO, and
PaCO,), pH, hematocrit (Ht), and hemoglobin concentration
(Hb) were measured in arterial blood samples. Systemic
blood pressure and heart rate were monitored during the
PET study. MABP was calculated as [diastolic BP + (systolic

BP - diastolic BP) / 3].

Data Analysis
The CBF, images were transformed to the standard brain

size and shape of a built-in PET template using SPM2
software (Wellcome Trust Centre for Neuroimaging).
Parametric maps of CBV, CMRO,, OEF, and CBF,,
were created with the same parameters as those for
CBF, normalization. The resultant images had the same
anatomical format with an isotropic voxel size of 2 mm. Oval
regions of interest (ROIl: major axis, 45 mm) were placed
on the MCA-anterior branch territory (MCA-an) and MCA-
posterior branch territory (MCA-po) on 3 sequential cross-
sections on both the ipsilateral and the contralateral sides
of all parametric images (Fig. 1). Each ROI was confirmed
to include no minor infarct region on the co-registered MRI
slices. Mean values of the 3 cross-sections in each region
were used to evaluate the hemodynamic status. CVR was
calculated as the percentage change in the CBF after ACZ
administration using the equation: CVR = [(CBF,,, - CBF,) /
CBF,] x 100%. Paradoxical CBF reduction was defined
as a negative value of the CVR. The CBF,/CBV ratio was
calculated as an index of the CPP"®'. All regions on the
affected side (n = 74) were divided into a paradoxical CBF
reduction group (group A: CVR <0%) and non-paradoxical
CBF reduction groups (group B: CVR = 0-15% and group C:
CVR >15%). The CVR threshold of 15% between groups
B and C was determined based on previous studies, which
set thresholds from 10% to 20%****. The CBF,, CBV, OEF,
CMRO,, and CBF,/CBV ratio were compared between the
three groups and evaluated in comparison to the controls.
The contralateral sides of each group were also compared.

Furthermore, ipsilateral regions showing the
paradoxical CBF reduction were tentatively classified into
three subgroups according to the CBF, value (high-CBF,:
>20% of the mean value in the controls; moderate-CBF,:

Fig. 1. Locations of regions of interest on three sequential cross-
sectional images of baseline cerebral blood flow (22, 24,
and 26 mm above the transaxial section with the anterior
commissure to the posterior commissure line).
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within £20% of the controls; and low-CBF,: <-20% of the
controls). The CBV, OEF, CMRO,, CBF,/CBV ratio, and
CVR values were compared among the ipsilateral and
contralateral sides of the three subgroups, and evaluated in
comparison to the controls.

Statistical Analysis

Comparisons of the arterial blood gas and MABP data
among the three groups (groups A, B, and C) and controls
and among the three subgroups of group A were performed
using analysis of variance (ANOVA) followed by Tukey’s
HSD test. Comparisons of PET data among the three
groups and among the three subgroups were conducted
using the Steel-Dwass test. For each of the three groups
or subgroups, comparisons of PET data to the controls
were evaluated by the Mann-Whitney test. P <0.05 was
considered to denote statistical significance.

RESULTS

The relationships between the CVR and CBF, in the
ipsilateral MCA-an and MCA-po are shown in Fig. 2.
Among a total of 74 regions, 28 were classified into group
A, 21 into group B, and 25 into group C. In group A, 7, 12,
and 9 regions were classified into the high-, moderate-, and
low-CBF, subgroups, respectively.

80.0

60.0

40.0

(mL/100 mL/min)

CBF,

20.0

0.0

-30.00 0.00 30.00 60.00 90.00

120.00

Comparisons among Groups A, B, and C

The mean values of PaCO,, MABP, Hb, and Ht are
summarized in Table 2. No significant differences were
found between each of the three groups and the controls.
The MABP after ACZ in group C was increased compared
to groups A and B (P =0.018 and P = 0.012, respectively).
Hb and Ht in group C were higher than those in group A
(P=0.022 and P = 0.031, respectively).

The mean values of CBF,, CBV, OEF, CMRO,, and
CBF,/CBYV ratio are shown in Table 3. The bilateral CBF,
in groups B and C were lower than in controls (ipsilateral:
P <0.001 and P <0.001, contralateral: P = 0.044 and P =
0.024, respectively). The ipsilateral CBV in groups A and B
were higher than in the controls (P = 0.011 and P = 0.009,
respectively). The bilateral CMRO, in groups A, B, and C
were lower than in the controls (ipsilateral: P <0.001, P =
0.002, and P <0.001; contralateral: P = 0.006, P = 0.003,
and P = 0.002, respectively). The ipsilateral CBF,/CBV ratio
in group A and the bilateral CBF,/CBV ratio in group B were
significantly lower than in controls (P <0.001, P <0.001, and
P =0.001, respectively).

Comparisons among High-, Moderate-, and Low-CBF,
Subgroups

No significant differences in the physiological parameters
were found among the three subgroups (Table 4). The

¢ High-CBFb subgroup

B Moderate-CBFb subgroup

& Low-CBFb subgroup
Non-paradoxical CBF reduction groups
Control

150.00  180.00
CVR (%)

Fig. 2. Relationship between cerebrovascular reactivity (CVR) and baseline cerebral blood flow (CBF,). The distribution of the paradoxical
CBF reduction group was significantly different from the non-paradoxical CBF reduction groups (P = 0.031, Mann-Whitney U test).
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Table 2. Mean * SD values of arterial blood gas parameters and blood pressure

Group A (CVR <0%) Group B (CVR 0-15%) Group C (CVR >15%) Control P value’
PaCO, at baseline (mmHg) 38.8+4.1 38.9+4.1 39.242.3 40.1+4.3 0.877
PaCO, after ACZ (mmHg) 36.74.7 37.614.9 37.7+£3.0 39.244.2 0.584
MABP at baseline (mmHg) 87.6+9.6 85.9+12.4 95.0+£10.2 93.6+£10.6 0.072
MABP after ACZ (mmHg) 88.6+11.0° 87.5+12.4" 101.8£12.5*" 97.0£15.2 0.006
Hb (g/dl) 11.9+1.5% 12.8+1.5 13.4+1.4° 12.9+1.3 0.035
Ht (%) 36.7+4.6° 39.4+4.5 41.0£4.0° 39.41£3.8 0.047

ACZ, acetazolamide; CVR, cerebrovascular reactivity; Hb, hemoglobin; Hct, hematocrit; MABP, mean arterial blood pressure; PaCO,, arterial partial

pressure of CO,. *ANOVA (analysis of variance), °P <0.05 between groups A and C, *P <0.05 between groups B and C, Tukey’s HSD test.

Table 3. Hemodynamic parameters in the MCA-an and MCA-po regions (mean * SD)

Group A (CVR <0%) Group B (CVR 0-15%) Group C (CVR >15%) Control
(n=28) (n=21) (n=25) (n=232)
Ipsilateral Contralateral Ipsilateral ~ Contralateral Ipsilateral Contralateral
Baseline CBF, 39.0£12.2 42.3+11.6 33.9+11.2"  36.1+9.6* 33.35.8 35.745.6 39.746.4
(mL/100 mL/min)
CBV 3.62+0.79°F  2.95+0.58 3.41+0.72"  3.06+0.50 2.90+0.88°  2.96+0.62 2.91£0.46
(mL/100 mL)
OEF 45.4+7.4 44.3+6.0 45.3+7.6 43.7+7.9 43.5+6.5 42.7+5.8 45.245.2
(%)
CMRO, 2.52+0.56" 2.69+0.43* 2.52+0.64'  2.60+0.49* 2.51£0.27*  2.65+0.36" 3.07+0.52
(mL/100 mL/min)
CBF,/CBV 11.0£3.3* 14.5£3.6" 9.9+1.9%* 11.7+1.8°F 12.3+3.5° 12.5+£2.7 13.8+2.2
ratio (/min)
After ACZ CVR -8.015.2° 35.0£31.4%* 6.2+4.6 36.7£20.2* 49.3+41.3%  57.6+43.5°" 107.3£52.9
(%)

ACZ, acetazolamide; an, anterior branch territory; CBF,, baseline cerebral blood flow; CBV, cerebral blood volume; CMRO,, cerebral oxygen

metabolic rate; CVR, cerebrovascular reactivity; MCA, middle cerebral artery; OEF, oxygen extraction fraction; po, posterior branch territory. *P <0.05,

°P <0.01 by multiple comparison among groups, Steel-Dwass test; TP <0.05, *P <0.01 versus control, Mann-Whitney test.

ipsilateral CBV in the high-CBF, subgroup was higher
than that in the moderate- and low-CBF, subgroups (P =
0.030 and 0.034, respectively; Table 5), and the controls
(P <0.001). The ipsilateral OEF in the high-CBF, subgroup
was lower than that in the controls (P = 0.007), while the
ipsilateral OEF in the low-CBF, subgroup was higher than
that in the high-CBF, subgroup (P = 0.002), the moderate-
CBF, subgroup (P = 0.034), and the controls (P = 0.001)

(Table 5). The ipsilateral CMRO, in the low-CBF, subgroup
was lower than that in the high-CBF, subgroup (P = 0.045),
the moderate-CBF, subgroup (P = 0.034), and the controls
(P <0.001) (Table 5). The ipsilateral CBF,/CBV ratio in the
high-CBF, subgroup was comparable to the controls while
those in the moderate- and low-CBF, subgroups were
significantly lower than in the controls (P = 0.007 and P <
0.001) (Table 5). In addition, the contralateral CBF, in the
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Table 4. Arterial blood gas parameters and blood pressure in the three subgroups with paradoxical cerebral blood flow reduction
(mean * SD)

High-CBF, Moderate-CBF, Low-CBF, P value’
PaCO, at baseline (mmHg) 40.8+3.6 38.6+4.6 36.5+4.3 0.270
PaCO, after ACZ (mmHg) 39.3+4.1 36.1+5.0 34.1+5.6 0.242
MABP at baseline (mmHg) 89.4+8.7 87.9+8.8 87.3+10.9 0.931
MABP after ACZ (mmHg) 91.1+5.1 88.7+11.7 90.4+13.2 0.909
Hb (g/dl) 11.4%1.5 121415 122415 0.685
Ht (%) 35.845.0 37.2+4.6 37.4445 0.827

ACZ, acetazolamide; CBF,, baseline cerebral blood flow; Hb, hemoglobin; Hct, hematocrit; MABP, mean arterial blood pressure; PaCO,, arterial

partial pressure of CO,. Data were analyzed by ANOVA

Table 5. Hemodynamic parameters in the MCA-an and MCA-po regions of the three subgroups with paradoxical cerebral blood
flow reduction (mean * SD)

High-CBF,(n =7) Moderate-CBF, (n = 12) Low-CBF, (n=9)
Ipsilateral Contralateral Ipsilateral Contralateral Ipsilateral Contralateral
Baseline CBF, 54.9+6.6" 55.2+11.9°* 39.8+4.2 42.3+6.9° 25.7+4.9" 32.3+4.8"%4
(mL/100 mL/min)
CBV 4.41£0.78°M 3.36£0.46" 3.46£0.59°* 2.82+0.47 3.22+0.64" 2.79£0.67
(mL/100 mL)
OEF 39.325.1%* 40.745.1°7 44.416.7" 44.145.9 51.7+4.8"**  47.4%57°
(%)
CMRO, 2.77+0.54° 2.83+0.51 2.690.50" 2.81+0.36 2.11£0.44**  2.43+0.38*
(mL/100 mL/min)
CBF,/CBV 13.0+3.8° 17.0£5.6 11.8+2.2%* 15.1+1.6° 8.4+2.6°M 11.8+1.3%7
ratio (/min)
After ACZ CVR -6.2+2.7* 69.2+43.8°° -8.35.0 24.0+14.2%* -9.16.8 22.9+15.1%*
(%)

ACZ, acetazolamide; an, anterior branch territory; CBF,, baseline cerebral blood flow; CBV, cerebral blood volume; CMRO,, cerebral oxygen
metabolic rate; CVR, cerebrovascular reactivity; MCA, middle cerebral artery; OEF, oxygen extraction fraction; po, posterior branch territory.
P <0.05, °P <0.01: comparison between high-CBF, subgroup and moderate- or low-CBF, subgroup in the same side; *P <0.05 and °P <0.01:
comparison between low-CBF, subgroup and high- or moderate-CBF, subgroup in the same side, Tukey’s HSD test; 'P <0.05, *P <0.01, compared

with control, Mann-Whitney test.

high-CBF, subgroup was higher than that in the controls ratio and CBF,, CBF,/CBV ratio and CBV were similar
(P = 0.002). The contralateral CBV in the high-CBF, among the three subgroups (Fig. 3). The low-CBF,
subgroup was also higher than that in the controls (P = subgroup was located in the inferior edge of groups B
0.027). and C. The moderate-CBF, subgroup was located inside

The relationships between the ipsilateral CBF,/CBV groups B, C, and controls. The high-CBF, subgroup was
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Fig. 3. Relationship between baseline cerebral blood flow to cerebral blood volume (CBF,/CBV) ratio and CBF, (A), and between the CBF,/

CBYV ratio and CBV (B).

located adjacent to the top of the controls. Figure 4 shows
a representative patient with high CBF, in the regions with
paradoxical CBF reduction.

DISCUSSION

The results of the present study demonstrated that the
paradoxical CBF reduction after ACZ loading is not always
associated with reduction of regional CPP but with various
hemodynamic and metabolic states. On the one extreme
was “misery perfusion” and stage Il ischemia® where

CBF, was decreased, CBF,/CBV was decreased, OEF

was increased, and CMRO, was decreased. On the other
was increased CBF,, normal CBF,/CBV, increased CBYV,
decreased OEF, and normal CMRO,. The latter condition
has not been reported in previous studies.

High Baseline CBF in Paradoxical CBF Reduction

In the high CBF, regions with paradoxical circulation, the
increases in CBF, and CBV were proportional resulting
in normal CBF,/CBV and thus normal CPP. Low OEF in
these regions suggested an excessive CBF, increase for
normal oxygen demand. Originally, increased perfusion
without increased CMRO, was found after acute ischemia
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Fig. 4. Representative images from a patient (female, 71 years) with paradoxical cerebral blood flow (CBF) reduction in high-baseline
CBF (CBF,) regions. This patient was diagnosed with chronic severe stenosis of the left ICA. She presented with no ischemic
symptoms prior to the positron emission tomography examination. Ipsilateral increase in the CBF, and cerebral blood volume
(CBV), ipsilateral decrease in the CBF after acetazolamide loading (CBF,.,), ipsilateral decrease in the oxygen extraction fraction
(OEF), and maintained cerebral oxygen metabolic rate (CMRO,) were found in the left ICA territory.

and called the “luxury perfusion” syndrome®’. This
condition resulted in irreversible brain damage®™". Our
patients showed no clinical signs and MRI evidence of
acute cerebral infarction. None of the patients had cerebral
infarction after the examination. It is noteworthy that an
excessive CBF, increase was also found in the contralateral
hemisphere where the OEF was significantly decreased,
the CBV was significantly increased, and the CBF,/CBV did
not significantly change. Therefore, we speculated that the
excessive CBF, and CBV increases in our patients differ
from ischemia-related luxury perfusion.

A bilateral hemispheric CBF increase during unilateral
ICA occlusion was also found by Torigai et al. ®". They
performed balloon occlusion tests in 4 patients with
intracranial aneurysm and in 6 with head and neck tumors.
Each hemispheric CBF increase was proportional between

the occluded and non-occluded sides. Although their
study induced acute unilateral ICA occlusion, there is a
physiological mechanism to increase CBF bilaterally.

Mechanism of High Baseline CBF

One possible mechanism of the bilateral increase of CBF,
in the high-CBF, subgroup is dilatation of the contralateral
carotid artery and/or basilar artery, as well as of the
cerebral microvessels. Faraci and Heistad suggested that
the large intracranial and extracranial arteries are a major
site of resistance to CBF and contribute to total cerebral
vascular resistance™. If the contralateral ICA and/or basilar
artery in addition to the arterioles were dilated with sufficient
collateral circulation through the circle of Willis in a patient
with unilateral ICA occlusion, then the CPP may be
constant and the CBF, may be increased. Furst et al. also
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speculated that dilatation of the contralateral large arteries
and of the microvessels in the ipsilateral hemisphere may
induce bilateral elevation of the CBF,*%. In the present
study, all patients classified into the high-CBF, subgroup
suffered from unilateral ICA occlusion or severe stenosis
with a patent circle of Willis (Table 6). We speculated that
compensatory dilatation of the contralateral ICA and/or
basilar artery induces a bilateral increase of the CBF,,. It
is known that sympathetic innervation of the carotid and
cerebral vessels and their response to norepinephrine play
an important role in maintaining cerebral autoregulation®.
The contribution of large arteries to the control of cerebral
circulation needs further study in patients with chronic
carotid artery steno-occlusive disease.

Prognosis of Patients with High Baseline CBF

Because of the short observation period after PET
examination, the prognosis of patients classified into
each group and/or subgroup has not yet been precisely
analyzed. Derdeyn et al. studied the relationship between
the OEF and CBV in patients with unilateral carotid artery
occlusion and found that an increase in the CBV with an
increase of the OEF was associated with a higher risk of
stroke™. However, none of the patients with increased
CBV and low OEF developed stroke over a mean follow-
up period of 3.1 years. We suppose that a high CBF, in the
paradoxical CBF reduction is not indicative of a high risk of
ischemic stroke.

Cerebral Oxygen Metabolism in Paradoxical CBF
Reduction

Cerebral oxygen metabolism was significantly and
exclusively decreased in the low CBF, regions of the
paradoxical CBF reduction, even extending to the
contralateral hemisphere. The reduction of CMRO, in
the ipsilateral hemisphere was probably due to selective
neuronal loss. In patients with unilateral cerebrovascular
disease, selective neuronal necrosis, as represented by
a reduction of "C-flumazenil binding, has been found
in the cortical areas in the ipsilateral hemisphere with
reduced CBF and reduced CVRP**"! |n these studies,
no significant reduction of "'C-flumazenil binding was
found in the contralateral hemisphere. In the contralateral
hemisphere of the low CBF, subgroup, metabolic reduction

was considered to be attributable to trans-hemispheric
functional depression. Recovery of CMRO, in the
contralateral hemisphere after bypass surgery supports this
view™®

Staging of High Baseline CBF

Powers and Derdeyn et al. established a staging for
cerebral hemodynamic crisis based on CBF,, CBV, and
OEF®**I |n Stage 0, CBF,, CBV, and OEF are all normal.
In Stage |, CPP is reduced and the cerebral vessels are
dilated to maintain CBF,; the CBV is increased, while
the OEF remains normal. In Stage Il, the capacity for
compensatory vasodilation is overwhelmed and the CBF,
begins to fall. Nemoto et al. added Stage Il chronic where
OEF returns to normal levels due to impaired CMRO,
and CVR is still compromised. In the present study, we
showed that the abnormalities in the low-CBF, subgroup
correspond to Stage Il hemodynamic failure, and those
in the moderate-CBF, subgroup correspond to Stage I.
However, the abnormalities in the high-CBF, subgroup
could not be clearly categorized into any of the established
stages. According to the CBF/CBV in the present study, the
reduction of CPP was most severe in the low CBF, regions
of paradoxical CBF reduction (mean CBF,/CBV = 8.4)
followed by Group B (0 <CVR <15%) (mean CBF,/CBV =
9.9), moderate CBF, (mean CBF,/CBV = 11.8), Group C
(CVR >15%, mean CBF,/CBV = 12.3), and high CBF, (mean
CBF,/CBV = 12.5) in this order. An additional category for
high baseline CBF we propose would be located between
normal and stage |I.

Limitations

There are several limitations of the present study. First,
the number of patients was limited and the background
characteristics of the patients were heterogeneous. Some
were asymptomatic, while others suffered a minor stroke
as evidenced by MR, or a TIA. The patients often had
hypertension, diabetes mellitus, and dyslipidemia. Second,
we determined the presence/absence of the paradoxical
CBF reduction by CBF measurements conducted 15 min
after ACZ injection. The ACZ effect is reported to reach a
maximum at 10 to 20 min after administration. According
to Kuwabara et al., who reported the time-dependency of
the effect of ACZ on the cerebral circulation, the paradoxical
CBF reduction is most prominent 5 min after injection
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compared to 20 min after injection”. The paradoxical
CBF reduction might be detectable more frequently
in the early phase (at 5 to 10 min). Third, although we
speculated about the role of large arteries in controlling
the cerebral circulation, we did not evaluate changes in the
diameter of the common carotid artery or ICA after ACZ
administration. Fourth, we are still following up the patients
of the present study, and the prognosis is still uncertain.
The contribution of a high CBF, to the clinical outcome
and long-term changes remain unclear. However, regions
with increased CBF, and normal CPP might indicate a
protective mechanism against the CBF reduction caused
by the changes in circulatory dynamics. We suggest that
careful follow-up, rather than revascularization treatment, is
desirable in patients with such regions.

In conclusion, we have demonstrated that the
paradoxical CBF reduction in patients with chronic
unilateral ICA/MCA steno-occlusive disease is not always
associated with a reduction of CPP and misery perfusion,
but partly includes high CBF regions with normal CPP and
an excessive oxygen supply. The high CBF state found in
the present study has not been included in the previously-
established staging of chronic brain ischemia in patients
with steno-occlusive ICA/MCA disease. We consider
that the high CBF in these regions might be partly due to
vasodilatation of the contralateral carotid and large cerebral
arteries.
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ABSTRACT

Local cerebral perfusion pressure (CPP) is a primary
factor controlling cerebral circulation and previous
studies have indicated that the ratio of cerebral blood
flow (CBF) to cerebral blood volume (CBV) can be
used as an index of the local CPP. In this study,
we investigated whether the CBF/CBV ratio differs
among different brain structures under physiological
conditions, by means of *O positron emission
tomography. Nine healthy volunteers (5 men and 4
women; mean age, 47.0 + 1.2 years) were studied by
H,"°O bolus injection for CBF measurement and by
C'®0 inhalation for CBV measurement. The CBF/CBV
ratio maps were created by dividing the CBF images
by the CBV images after anatomical normalization.
Regions of interest were placed on the CBF/CBV
maps and comparing the regions. The mean CBF/
CBYV ratio was highest in the cerebellum (19.3 + 5.2/
min), followed by the putamen (18.2 = 3.9), pons
(16.4 £ 4.6), thalamus (14.5 + 3.3), cerebral cortices
(13.2 £ 2.4), and centrum semiovale (11.5 = 2.1).
The cerebellum and putamen showed significantly
higher CBF/CBYV ratios than the cerebral cortices and
centrum semiovale. We created maps of the CBF/
CBYV ratio in normal volunteers and demonstrated
higher CBF/CBV ratios in the cerebellum and
putamen than in the cerebral cortices and deep
cerebral white matter. The CBF/CBV may reflect the
local CPP and should be studied in hemodynamically

compromised patients and in patients with risk factors
for small-artery diseases of the brain.

Keywords: cerebral perfusion pressure; cerebral
blood flow; cerebral blood volume; H,"°0; C™0O

INTRODUCTION

Cerebral perfusion pressure (CPP) is one of the essential
factors in maintaining the cerebral circulation. Powers and
Derdeyn et al. proposed a staging method for cerebral
hemodynamic crises based on the CPP, cerebral blood flow
(CBF), cerebral blood volume (CBV), and oxygen extraction
fraction (OEF)"?. However, the regional CPP in the brain
could not be non-invasively measured in humans.

Based on clinical observations, the local CBF/
CBYV ratio can be used as an index of the local CPPP*,
Schumann et al. evaluated the CBF/CBYV ratio during global
CPP manipulation by varying the mean arterial blood pressure
(MABP) in anesthetized baboons®™ and demonstrated that
the CBF/CBYV ratio is significantly correlated with the MABP
in the range where the cerebral metabolic rate of oxygen
is maintained. As the CPP is defined as MABP minus
intracranial pressure, the cortical CBF/CBV ratio could be
an index of the local CPP in the brain.

In the present study, we created CBF/CBV ratio maps
in normal volunteers by means of 'O PET, and examined
the possible existence of differences in the CBF/CBV ratio
maps among different brain regions under physiological
conditions.
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PARTICIPANTS AND METHODS

Normal Volunteers

'*O PET studies were performed in nine normal volunteers
(4 men and 5 women; mean age + SD = 50.9 + 0.4 years).
The criteria for defining “normality” were as follows: (1) no
past history of neurological and psychiatric disorders, heart
failure, liver and renal dysfunction, respiratory diseases,
acute inflammatory disease, autoimmune diseases, or
cancer, (2) no smoking or alcohol habit, (3) no significant
abnormality on MR imaging or MR angiography of the
brain, and (4) no history of medication within the previous
3 months. This study was conducted with the approval of
the Ethics Committee of Osaka University Hospital. Written
informed consent was given by all participants.

PET Measurements

The PET images were obtained in the 3-D mode using a
SET-3000 GCT/X scanner (Shimadzu Corp., Kyoto, Japan),
the performance of which has been described®. Briefly,
the intrinsic spatial resolution was 3.5-mm full-width at half
maximum (FWHM) in-plane and 4.2-mm FWHM axially.
Transmission scanning with an external point source
(*"Cs) was performed for attenuation correction. The PET
images were reconstructed by a filtered-back projection
method after 3D Gaussian smoothing with a 6-mm FWHM.
Scatter events were corrected by the hybrid dual-energy
window method combined with a convolution-subtraction
method®. Participants were studied under room light and
minimal mechanical noise, with their eyes closed and ears
unplugged. The head of each participant was immobilized
by a belt to minimize any motion during the study and
between the CBV and CBF measurements.

A cannula was inserted into the radial artery for
measuring the arterial input function. For the CBV study,
the participants continuously inhaled C'°0 gas (3.0 GBg/
min) for 1 min. Static 4-min scanning was started 3 min
after the completion of C'°0O inhalation™. Arterial blood was
collected 3 times during the scanning period to measure
the whole-blood radioactivity. In the equation, the small-to-
large vessel hematocrit ratio was fixed at 0.85%.

The CBF study was performed more than 10 min after
completion of the C'®0O study to minimize any residual O
activity. For the CBF study, a bolus of 370 MBq H,"O was
injected intravenously, and simultaneously a 3-D list-mode

data acquisition over a period of 180 s was started®'®.
Continuous arterial blood sampling was performed using
a B-detector system to determine the whole-arterial
blood radioactivity. Delay and dispersion occurring in the
B-detector system were corrected by methods described
previously!. Quantitative measurement of the CBF and
CBYV by the 3-D mode PET scanner has been validated®.

Partial arterial O, pressure (Pa0,), partial arterial CO,
pressure (PaCO,), pH, hematocrit (Ht), and hemoglobin
concentration (Hb) were monitored continuously during the
study. The systemic blood pressure and heart rate were
also monitored during the PET study. MABP was calculated
as: [diastolic BP + (systolic BP — diastolic BP) / 3].

Data Analysis

The CBF images were transformed to the standard brain
size and shape of a built-in PET template, using SPM8
software (Wellcome Department of Imaging Neuroscience:
http://www.fil.ion.ucl.ac.uk/spm/). Parametric maps of
CBV were created using the same parameters as those
for CBF normalization. The resultant images had the
same anatomic format, with an isotropic voxel size of 2
mm. The CBF/CBV images were created by dividing the
normalized CBF images by the normalized CBV images
after smoothing (FWHM = 8 mm). PET/MRI fusion images
were created with a normalized template of T1-weighted
MRI using Osirix software (32-bit, version 3.8.1). Regions
of interest (ROIs) were drawn on the normalized CBF, CBV,
and CBF/CBV images. Circular ROIs were placed on 3
sequential cross-sections of the pons and thalamus (16 mm
in diameter), and elliptical ROIs (16 x 32 mm) were placed
on 3 sequential cross-sections in each of the cerebellum
(cerebellar hemisphere), putamen, centrum semiovale, and
cerebral cortices (frontal, temporal, occipital, and parietal).
All the ROIs were manually set apart from the superior and
inferior sagittal sinuses, straight sinus, transverse sinus,
sigmoid sinus, cavernous sinus, basilar venous plexus,
superior and inferior petrosal sinuses, and large cerebral
veins, such as great vein of Galen, internal cerebral
vein, and basal vein of Rosenthal. Regional differences
in the CBF/CBYV ratio were compared by the paired t
test. Probability values <0.05 determined by Bonferroni’s
correction for multiple comparisons were considered to
denote statistical significance.
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RESULTS

There were no significant differences in the physiological
parameters between the CBV and CBF measurement
periods (Table 1). The mean CBF, CBV and CBF/CBYV ratio
for each brain region are shown in Table 2. The cerebellum
showed the highest CBF/CBYV ratio, while the cerebral deep
white matter (centrum semiovale) showed the lowest ratio.
The mean CBF/CBV ratios in the cerebellum and putamen
were higher than those in the cerebral cortices or centrum
semiovale (P <0.006). The normalized sum images for

Table 1. Arterial blood gas parameters and blood pressure in
C"0 and H,"°0 studies

C'0 study H,"0 study P value
pH 7.403 £ 0.021 7.401 £ 0.015 0.66
Pa0, (mmHg) 85.6 + 8.3 83.2+8.8 0.16
PaCO, (mmHg) 39.8+50 40.0 + 4.1 0.71
MABP (mmHg) 950+ 11.5 93.4+99 017
Hb (g/dl) 125+ 1.6
Ht (%) 38.4+47

Mean + SD; paired t-test.

Table 2. CBF, CBV, and CBF/CBYV ratio for each brain region

CBF, CBV, and CBF/CBYV ratio, along with fusion images
of CBF/CBV and MRI T1-weighted images are shown in
Figure 1. Among the regions of the cerebral cortex, the
frontal cortex showed the highest CBF/CBV ratio, followed
by the temporal, parietal, and occipital cortex. The CBF/
CBYV ratio in the frontal cortex was higher than that in the
occipital cortex (P <0.006).

DISCUSSION

In the present study, we created anatomically normalized
CBF/CBV ratio maps in normal volunteers based on "°O
PET, and demonstrated that the CBF/CBV ratio was not
uniformly distributed in the brain. The cerebellum, putamen,
thalamus, and brainstem (pons) showed relatively higher
CBF/CBV ratios than the cerebral cortex and deep white
matter (centrum semiovale) under physiological conditions.

The CBF/CBYV ratios determined here are consistent
with the calculated values from previous O PET studies.
The regional distribution of the mean transit time (MTT;
inverse of the CBF/CBV ratio) in normal young volunteers
has been investigated in previous studies. Ibaraki et
al. studied the distribution of the MTT in seven healthy
volunteers (aged 20 to 21 years) based on ""O-PET
(H,"0 and C'0)"¥. Regional differences were observed,

CBF CBV CBF/CBV
(mL/100 mL/min) (mL/100 mL) (/min)
Cerebellum 443+7.2 2.52+0.40 19.3+5.2
(2.21 £0.35)* (22.0 £5.9)*
Putamen 46.3+5.7 2.62+0.41 18.2+3.9
(2.42 £0.38)* (19.7 £ 4.2)*
Pons 421+6.0 2.74 £ 0.69 16.4£4.6
Thalamus 452+6.9 3.12+£0.51 145+3.3°
Frontal cortex 38.6+6.6 2.70+0.32 14.4 £2.4°°
Temporal cortex 43.1+5.7 3.23+£0.22 13.3+2.5%
Parietal cortex 35.2+49 2.65+0.25 13.2+1.9°°
Occipital cortex 39.3+56 3.23+0.52 12.1 £2.4204
Centrum semiovale 213+27 1.78£0.22 11.5+2.1%>

*A small-to-large hematocrit ratio of 0.92 was used for the putamen and 0.97 for the cerebellum in the CBV calculation. P <0.05 versus ®cerebellum,

°putamen, °pons, ‘thalamus, and *frontal cortex (adjusted for multiple comparisons); mean # SD.
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Fig. 1. Average PET images of (A) CBF, (B) CBV, and (C) CBF/CBYV ratio with (D) PET/MRI fusion images of CBF/CBYV ratio.

the MTTs being shorter in the order thalamus, putamen,
cerebellum, cerebral cortex, and centrum semiovale.
Ito et al. (2003) reported that in young male volunteers
(19-27 years of age), the MTT was significantly shorter
in the cerebellum, thalamus, and putamen than in all the
neocortical regions, and significantly longer in the centrum
semiovale than in almost all other regions™. Our results
from middle-aged volunteers are consistent with the above
findings. The mean CBF/CBYV ratio in the temporal cortex
was 13.3 in the present study, 15.4 in the study reported
by Ibaraki et al. and 16.7 in the report by Ito et al.l'*".
The lower mean CBF/CBYV ratio in this study is considered
to result from an age-related decline in the CBF and no
change in the CBV!™.

In the CBV measurement by C'°O inhalation, the
regional CBV was estimated under the assumption of
a constant small-to-large vessel hematocrit ratio (0.85)

among brain structures®. If the hemodilution in the small
vessels were to differ among regions, correct estimation
of the regional CBV and CBF/CBYV ratio may be difficult.
Okazawa et al. measured the regional red blood cell
volume and plasma volume separately by means of C"°O
and ®*Cu-human serum albmin-dithiosemicarbazone
PET™. In their study, the small-to-large vessel hematocrit
ratios in the cortical gray matter, white matter, and basal
ganglia of normal volunteers were 0.85 + 0.07, 0.86 + 0.07
and 0.92 + 0.04, respectively. Yamauchi et al., by means of
a similar combined PET study, reported that the cerebellar
small-to-large hematocrit ratio was ~0.97"%. When we
applied a ratio of 0.92 for the putamen and 0.97 for the
cerebellum instead of 0.85 in the CBV calculation, the CBF/
CBYV ratio increased by 8% for the putamen and by 14% for
the cerebellum, further enhancing the regional differences
in the CBF/CBYV ratio between the cerebellum/basal ganglia
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and cerebral cortices/centrum semiovale. Cremer et al.
reported relatively constant tissue hematocrit values (%) in
rats: 31.01 £ 0.61 for the caudate/putamen, 28.66 + 0.66 for
the thalamus, 30.80 * 0.55 for the cerebellum, and 30.34 +
0.49 (auditory cortex) to 32.05 + 0.83 (visual cortex) for the
cerebral cortices!"”. Based on these reports, we considered
that the CBF/CBV ratios in the cerebellum and putamen
were higher than those in the cerebral cortex and centrum
semiovale.

Schumann et al. have demonstrated a linear
correlation between the cortical CBF/CBV ratio and the
MAP, and claimed that the cortical CBF/CBV ratio could
be used as an index of the cortical CPP®. However, it was
still unknown whether the CBF/CBYV ratios in the basal
ganglia and cerebellum respond to changes of the MABP
as found in the cortical regions. In their study, the CBF/CBV
ratio maps of baboons showed proportional changes in the
cerebral cortex and putamen/thalamus during hypotension
and hypertension. Based on these findings, we speculated
that the CBF/CBV ratio maps may reflect the local CPP
not only in the cerebral cortices, but in the whole brain. We
further speculate that the CPP in the cerebellum, putamen,
thalamus, and brainstem may be higher than that in the
cerebral cortices and deep white matter.

What are the clinical implications of the findings of
the present study? Brain regions showing high CBF/
CBYV ratios (putamen, thalamus, pons, and cerebellum)
are vulnerable to small-artery diseases. Kinoshita et
al. reported that in hypertensive stroke patients, brain
microbleeds were found by MRI in the lentiform nucleus
(47%), thalamus (42%), brainstem (34%), and cerebellum
(25%)""®. Lacunar infarction was associated with a similar
finding of microbleeds. Kato et al. reported a high incidence
of microbleeds in the subcortical white matter, thalamus,
basal ganglia, brainstem (predominantly in the pons), and
cerebellum!™. Further analysis of CBF/CBV ratio maps
and the local CPP values may reveal the probability of
microangiopathy and the mechanisms of formation of
microbleeds/lacunar infarcts in hypertensive patients. In
patients with steno-occlusive arterial diseases, the CBF/
CBYV ratio maps would reveal the extent and magnitude of
the CPP decline, as proposed by Gibbs et al., Sette et al.,
and Schumann et al.®®.

In the clinical setting, it is much easier to measure
the CBF and CBV by means of SPECT than by "°O PET.

Several SPECT tracers are available for CBF and for CBV
(*"Tc-human serum albumin) imaging. By combining CBF
measurements with CBV SPECT, CBF/CBYV ratio maps can
be prepared for each patient. In O PET studies, we can
obtain quantitative images with higher spatial resolution
than in SPECT. The CBF/CBYV ratio of a small region can
be accurately evaluated by >0 PET.

CONCLUSIONS

In this study we demonstrated, based on the CBF/CBV
ratio maps of healthy volunteers, the normal distribution of
the local CPP in the brain. The cerebellum and putamen,
which are common sites of hypertensive intracerebral
hemorrhage, showed higher CBF/CBYV ratios than the
cerebral cortices and deep white matter under normal
physiological conditions. CBF/CBV maps should be studied
in further detail in hemodynamically compromised patients
and in patients with risk factors for small-artery diseases of
the brain.
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The preoptic area (POA) is located in the most anterior
part of the hypothalamus and is bordered dorsally by the
anterior commissure and anteroventrally by the nucleus
of the diagonal band of Broca'. Accumulating evidence
from developmental neurobiology suggests, however, that
the POA may be a separate entity from hypothalamus,
and may actually be part of the basal telencephalon® .
Both the hypothalamus and POA are highly complex and
heterogeneous areas, containing multiple nuclei, each
of which has specific fundamental functions for survival.
Among these, the POA contains nuclei involved in the
regulation of blood osmolality and temperature (the median
preoptic nucleus), sleep (the ventrolateral preoptic and
suprachiasmatic nuclei), ovulation (gonadotropin-releasing
hormone neurons scattered mainly in the ventral part of the
POA), male sexual behavior (the medial preoptic nucleus),
and parental behavior (the central part of the medial POA,
cMPOA).

Parental behavior in mammals is typically a uniparental
maternal care system, while paternal and alloparental
behaviors (parental responses toward infants that are
not one’s biological offspring) are not common. However,
paternal and alloparental behaviors do occur in those
species where such behaviors have adaptive significance™ .

A critical role of the medial POA (MPOA) in maternal
behavior was initially suggested by Fisher®, and has been
established in a series of studies by Numan # in laboratory
rats. Then it was confirmed in other rodents, such as
hamsters®, California mice”, and laboratory mice"”, as
well as for paternal and alloparental behaviors!"®". The
MPOA is also involved in the parental behavior of sheep!”
and presumably most other mammals. Severing the lateral,
in particular the dorsolateral, connections of the MPOA

disrupts maternal behavior most strongly and specifically,
compared to cutting the anterior, posterior, or dorsal
connections""® ® These findings are consistent with the
fact that the major afferent and efferent connections of the
rat medial preoptic nucleus, the largest and central nucleus
of the MPOA, enter and leave laterally"".

While postpartum maternal behavior is similar in
laboratory rats and mice, alloparental behavior in virgin
animals differs quite impressively. Virgin female rats initially
avoid, and may even attack, young pups, and they require
several days of continuous pup exposure (sensitization)
before their behavior switches toward displaying parental

[18] In

responses!'®. Virgin male rats behave similarly
contrast, the majority of virgin female mice start retrieving
pups and showing other parental responses within 30 to
60 min after their first exposure to pups'®. In other words,
nulliparous female laboratory mice, unlike most female
mammals, do not require pregnancy hormones or extensive
pup sensitization to induce immediate maternal care. In
contrast to their female counterparts, virgin male laboratory
mice behave more like virgin female and male rats, and are
more avoidant or even infanticidal on their first exposure to
pups®’. Significantly, once these male mice become fathers
by mating and cohabitation with their pregnant mates, they
show extensive paternal care toward their offspring as well
as non-offspring pups®®". The underlying mechanism for
this behavioral switch induced by social experience with
the female mate is unknown, although it has been shown
that surgical removal of the vomeronasal organ abolishes
the infanticidal response and turns virgin male mice toward
parental responsiveness®. Interestingly, vomeronasal
organ removal also facilitates maternal behavior in virgin
female rats™, and decreases infanticide in male rats®.
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It appears that dual neural mechanisms regulating
behavioral responses toward infants exist in the brains of
most male and female rodents: typical virgin females and
males initially avoid pups, while postpartum females, and
males of certain species that have mated and cohabitated
with females, care for the young. In comparison to most
mammals, the spontaneous maternal behavior of virgin
female laboratory mice is atypical; indeed, feral female

I®" (see * ® for a broader analysis

virgin mice are infanticida
of these issues).

Recently, Wu and colleagues reported on the role
of galanin neurons in the MPOA for parental behavior
in both male and female mice®. They showed that (1)
virgin male mice lacking the Trpc2 gene, which encodes
a vomeronasal-organ-specific ion channel, show paternal
behavior rather than infanticide; (2) Galanin, a neuropeptide
widely expressed in the brain, spinal cord, and gut, is
co-expressed with c-Fos induced in MPOA neurons by
parental behavior (38.3% of MPOA c-Fos-positive neurons
co-express galanin, and 24.8% of MPOA galanin-positive
neurons co-express c-Fos in virgin females displaying
parental behavior), consistent with a previous publication
(47.7% and 29.6%, respectively, in the cMPOA)"™: (3)
ablation of the galanin neurons within the MPOA causes
impairments in parental behavior and male mating
behavior; and (4) optogenetic stimulation of MPOA galanin
neurons attenuates infanticide and inter-male aggression
in virgin males, and facilitates pup grooming (sniffing and
licking) as well as general locomotion at the expense of
crouching behavior. The strength of this study is the specific
manipulation of galanin neurons using a galanin-cre mouse
line in combination with sophisticated virus-vector-mediated
gene-transfer techniques. Such approaches will become
indispensable tools for elucidation of the neuronal circuits
of the mammalian parent-infant relationship.

The functional role of galanin is largely unknown,
however; it has been implicated in diverse biological
processes including lactation via prolactin secretion,
neural development, feeding, mood regulation, and
osmoregulation (see ® for review). Moreover, galanin
expression is widely distributed in the MPOA. As such, it
is reasonable to assume that the manipulation of MPOA
galanin neurons affects not only pup-directed behaviors
but also other behaviors and physiological functions.
More anatomically-specific targeting of experimental

manipulations within subregions of the MPOA in future
studies should provide more information on the neuronal
basis of pup-directed behaviors in relation to other
social behaviors, in particular the behavioral switch from
infanticide to paternal care in male mice that is induced by
social interactions with females. Perhaps one population of
MPOA neurons is involved in suppressing an avoidance/
infanticide circuit, while another population is involved in
stimulating a parental circuit® *”. Significantly, the facts
that Wu et al.? found that stimulation of MPOA galanin
neurons in virgin males reduces infanticide without
stimulating parental behaviors, while ablation of these
neurons in fathers and postpartum females suppresses
parental behavior without inducing infanticide, support the
view that there are two functionally distinct MPOA neuronal
populations. Obviously, much more research needs to be
done to determine, for example, which functional aspects of
parental behavior are regulated by MPOA galanin neurons,
and whether the critical MPOA-galanin neurons are local-
circuit neurons, output projection neurons, or both.
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ABSTRACT

Extrasynaptic GABA, receptors (GABA,Rs)-mediated
tonic inhibition is reported to involve in the patho-
genesis of epilepsy. In this study, we used cyclo-
thiazide (CTZ)-induced in vitro brain slice seizure
model to explore the effect of selective activation
of extrasynaptic GABA,Rs by 4,5,6,7-tetra-
hydroisoxazolo[5,4-c] pyridine-3-ol (THIP) on the
CTZ-induced epileptiform activity in hippocampal
neurons. Perfusion with CTZ dose-dependently
induced multiple epileptiform peaks of evoked
population spikes (PSs) in CA1 pyramidal neurons, and
treatment with THIP (5 ymol/L) significantly reduced
the multiple PS peaks induced by CTZ stimulation.
Western blot showed that the &-subunit of the GABA4R,
an extrasynaptic specific GABA,R subunit, was also
significantly down-regulated in the cell membrane 2
h after CTZ treatment. Our results suggest that the
CTZ-induced epileptiform activity in hippocampal CA1
neurons is suppressed by the activation of extrasynaptic
GABA,Rs, and further support the hypothesis that tonic
inhibition mediated by extrasynaptic GABA,Rs plays a
prominent role in seizure generation.

Keywords: GABA,Rs; tonic inhibition; epilepsy;
population spike; cyclothiazide; hippocampal CA1 neurons

INTRODUCTION

Epilepsy is a common neurological disorder, and various

factors such as brain trauma, infection, and genetic

M This disorder

factors contribute to its pathogenesis
entails abnormal behavior caused by sudden, overriding,
and synchronized electrical activity of certain neuronal
groups in the central nervous system. Although the exact
mechanisms that lead to this abnormal firing are not yet
fully understood, a functional imbalance of GABAergic
inhibition and glutamatergic excitation is considered to be
one of the fundamental etiologies.

Hitherto, many antiepileptic drugs have targeted
GABA, receptors (GABA,Rs)?**. Current studies show that
GABA,Rs are present in, but not confined to the synapse;
they are also abundant at extrasynaptic sites, although
these receptors contain different subunits'™ ®. Synaptic
GABA,Rs have relatively a low affinity for GABA, and are
principally activated by neurotransmitters released into
the perisynaptic space, mainly mediating fast synaptic
inhibition. Conversely, extrasynaptic GABA,Rs have a
high affinity for GABA and are persistently activated by low
concentrations, resulting from the extrasynaptic leakage
of the neurotransmitter, and mediate ‘tonic’ inhibition. The
O-subunit-containing GABA,R is the major extrasynaptic
form, particularly localized in the hippocampal area and the
cerebellum”™ ®. Extrasynaptic GABA,Rs are not sensitive
to most of the benzodiazepines; however, they are highly
sensitive to 4,5,6,7-tetra-hydroisoxazolo[5,4-c] pyridine-3-
ol (THIP)® %, The role of synaptic GABAR-mediated phasic
inhibition in epileptogenesis has been well investigated® ™,
yet recent research efforts have also revealed that
extrasynaptic GABA,R-mediated tonic inhibition plays
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an equivalent or even more critical role in the regulation
of epilepsy!® ™. Moreover, clinical studies have shown
that there is a significant down-regulation of 8-subunit-
containing GABA,Rs in brain samples from patients with
temporal lobe epilepsy™, and that mutation of the d-subunit
is one of the pathogenic mechanisms of epilepsy!®.
Our recent study demonstrated that enhancing tonic
inhibition by overexpressing either the a5- or the 8-subunit-
containing extrasynaptic GABA,Rs substantially inhibits the
formation of epileptiform activity in hippocampal cultures.
Furthermore, the injection of the selective extrasynaptic
GABA,R agonist THIP inhibits both epileptiform burst
activity in anesthetized rats and seizure behavior in freely-
moving rats!"> "%,

In this work, we further investigated whether &-subunit-
containing GABA,Rs were deficient during cyclothiazide
(CTZ)-induced epileptogenesis in hippocampal brain slices,
and whether activation of the extrasynaptic GABA,Rs could

reverse the CTZ-induced epileptiform activity.

MATERIALS AND METHODS

Experimental Animals and Hippocampal Slice Preparation
Brain slices were prepared from P21-28 male Sprague-
Dawley rats provided by the Shanghai Institutes for
Biological Sciences Experimental Animal Center. The rats
were housed in a regulated environment (22 + 1°C) with a
12 h light—dark cycle, and food and water were available
ad libitum. All experiments were carried out in accordance
with the local animal protection law, and approved by
the Experimental Animal Ethics Committee of Fudan
University.

Rats were anesthetized by intraperitoneal injection
of 1.25% pentobarbital sodium at 0.1 mL per 100 g body
weight. After full anesthesia, the rats were decapitated
and the brain was removed and cooled in iced artificial
cerebrospinal fluid (ACSF; in mmol/L: NaCl 124, KCI 3.3,
KH,PO, 1.2, NaHCO; 26, CaCl, 2.5, MgSO, 2.4, glucose
10) for 1 min, then the hippocampus was exposed on ice.
After that, the brain was fixed on a vibrating cryotome and
bathed in iced ACSF throughout the slicing process. The
thickness of the slices used in both field potential recording
and western blot was 350 uym. The slices were transferred
to ACSF at room temperature, and later to a 33°C water

bath for 30 min, in order to restore neuronal function before
they were allowed to recover in room temperature ACSF
for 1 h. At the end of this process, the slices were ready
for pharmacological treatment and electrophysiological
recording.

Evoked Population Spike Recording in Hippocampal
Slices

Freshly-prepared hippocampal slices were superfused with
normal ACSF using a Peri-star double-channel perfusion
system (World Precision Instruments, Sarasota, FL),
and the perfusate was continuously bubbled with 95%
O, and 5% CO,. The recording pipettes were pulled from
borosilicate glass on a P97 microelectrode puller (Sutter
Instruments, Novato, CA). The pipette was filled with normal
ACSF and the impedance was 4-8 MQ. Bipolar tungsten
electrodes were used for stimulation. The recording
electrodes were placed in the CA1 pyramidal layer, while
the tungsten electrodes were placed across the Schaffer
collaterals. The stimulation strength was set to evoke 60%
of the maximal response, and the frequency was set to one
per 30 s. The signal was amplified and filtered using the
NeuroLog system (Digitimer Ltd, Hartford, UK), and was
acquired using the CED1401 data acquisition system and
Spike 2 software (CED Electronics, Cambridge, UK). After
30 min of baseline recording, either DMSO (0.1%) or one
of the convulsants [(CTZ, kainic acid (KA), bicuculline (BIC),
or Mg*'-free solution (0-Mg®*)] was added to the ACSF,
and the recording was continued for another 2 h. In some
experiments, after 2 h recording with CTZ (200 pmol/L)
(Tocris, Northpoint, Bristol, UK), the perfusate was replaced
with either DMSO (0.1%) or THIP (5 umol/L) (Sigma Aldrich
Chemical Co., Poole, Dorset, UK) for another hour.

Whole-cell Patch-clamp Recording

Whole-cell recordings were performed in voltage-clamp
mode using a MultiClamp 700B amplifier (Molecular
Devise, Sunnyvale, CA). Patch pipettes were pulled from
borosilicate glass and fire-polished (2—6 MQ). Before the
pipettes were immersed in solution, positive pressure
was applied to prevent tip blockage. When approaching
target cells, the pressure was withdrawn to form a high-
impedance seal (>1 GQ) between the membrane and the
pipette. Meanwhile, the membrane potential was held
at around -70 mV to facilitate the seal. After the seal
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stabilized, appropriate negative pressure was applied to
break the cell for whole-cell recording. Data were acquired
using pClamp 10 software, sampled at 2—10 kHz, and
filtered at 1 kHz. Off-line analysis was done with Clampfit
10 software. Based on previous work, a large depolarization
resembling a paroxysmal depolarization shift was defined
as 210 mV depolarization, and 2300 ms duration. And an
epileptiform burst in a single neuron was defined by at least
five consecutive action potentials superimposed on a large
depolarization shift!"®.

Immunoblotting

Slices were dissected to preserve only the hippocampus
under a dissecting microscope on ice, and then quickly
homogenized in pre-cooled lysis buffer (#K268-50,
Biovision, Milpitas, CA). The plasma membrane protein
fraction was prepared from the homogenate following the
standard procedure using a membrane protein extraction
kit (#K268-50, Biovision). The membrane fraction was
dissolved in 0.5 % Triton X-100 in PBS, and incubated at
45°C with SDS sample buffer for 45 min for inactivation.
Membrane proteins were separated on SDS-PAGE,
electrophoretically transferred to polyvinylidene fluoride
membranes (Millipore, Billerica, MA), then incubated with
primary antibodies raised against the GABAL,R &-subunit
(#AB9752, 1:800; Millipore) or B-actin (#4967, 1:1 000;
Cell Signaling Technology, Danvers, MA) in 5% skimmed
milk-TBS-T (20 mmol/L Tris, pH 7.6, 137 mmol/L NaCl,
0.05% Tween 20) overnight at 4°C, followed by incubation
with peroxidase-conjugated Affinipure goat anti-rabbit
(#111-035-003, 1:20 000; Jackson, Noida, India) or rabbit
anti-goat (#305-035-003, 1:20 000; Jackson) secondary
antibody in TBS-T buffer. Bands were visualized using
an ECL detection system (Pierce, Rockford, IL). The
immunoreactivity of an individual band was measured by
Imagepro plus and normalized to 3-actin.

Data Analysis

Group data are expressed as mean + SEM. Across
different groups of data, statistically significant differences
between means were determined using one-way ANOVA
with Tukey’s HSD post hoc analysis. Comparison within a
group was carried out using a paired or unpaired t test. All
analyses were performed using the statistics software Stata
7. The significance level was set at P <0.05.

RESULTS

CTZ-induced Epileptiform Activity in CA1 Pyramidal
Neurons of Hippocampal Slices

Previous studies have shown that CTZ induces progressive
epileptiform activity including multiple evoked peaks
followed by spontaneous epileptiform spike activity,
and eventually highly-synchronized burst activity, in rat
hippocampal CA1 neurons® ', In this study, we first tried
to establish a hippocampal slice model of seizures induced
by CTZ. Under control condition, a single population spike
(PS), without any spontaneous activity, was evoked in
CA1 pyramidal neurons after stimulation of the Schaffer
collaterals (Fig. 1Aa). However, slices treated with CTZ (50
or 200 pmol/L, dissolved in 1% DMSO) dose-dependently
induced multiple epileptiform PS peaks in CA1 pyramidal
neurons, similar to those reported in anesthetized rats in
viva"® (Fig. 1Ab, Ac). The latency to the appearance of the
second PS peak in the 50 pymol/L CTZ group was 68.1 +
4.0 min (n = 9), which was significantly longer than that of
the 200 pmol/L CTZ group (18.3 £ 1.5 min, n = 6; P <0.001)
(Fig. 1B, Table 1). In addition, CTZ at 200 pmol/L induced
multiple PS peaks (3 or more) (Fig. 1Ac), while 50 pmol/L
CTZ failed to induce three or more peaks during our 2-h
recording paradigm (Fig. 1Ab). These results indicated that
CTZ induces concentration-dependent epileptiform activity
in hippocampal slices.

Comparison of the Latency to Evoke Epileptiform Multiple
PS Peaks among Different in vitro Epilepsy Models

Previous studies have reported that KA, BIC, and O-Mg2+
induce epileptiform activity in hippocampal slices, and all are
commonly used in the study of epilepsy"®*”. We performed
a study to compare these models with CTZ. Hippocampal
slices continuously superfused with ACSF containing KA
(0.5 pmol/L), BIC (2 pmol/L), or 0-Mg® all rapidly displayed
double or even multiple PS peaks (Fig. 2 C—E), while this
process was much slower with CTZ (50/200 ymol/L). The
CTZ model also induced relatively fewer peaks overall
compared with the other three models (Fig. 2A, B). The
latencies of the double peaks in these four models were:
CTZ (50 pmol/L), 68.1 £ 4.0 min, n = 9; CTZ (200 pmol/
L), 18.3 £ 1.5 min, n = 6; KA (0.5 ymol/L), 3.6 + 0.4 min,
n = 6; BIC (2 ymol/L), 2.5 + 0.2 min, n = 5; 0-Mg*, 7.4 +
0.9 min, n = 5 (Fig. 2F). These results showed that the
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Fig. 1. Progressive change of hippocampal CA1 evoked potentials induced by CTZ in a brain slice. A: CTZ-induced time- and

concentration-dependent progressive change of the evoked population spikes (PSs) in a hippocampal CA1 slice. Aa: PS was
not significantly changed when superfused with DMSO as control (n = 4); Ab—Ac: PS peak number gradually increased after
continuous superfusion with either 50 ymol/L (n = 9) (b) or 200 pmol/L (n = 6) (c) CTZ. B: Bar graph showing the latency to evoke
double and triple peaks at different CTZ concentrations. Additional peaks are indicated by the arrows; “e” indicates the stimulus

artifact.

Table 1. Summary of double or triple PS peak latency induced
by different concentrations of CTZ

Group Double Peaks (min) Triple Peaks (min)
DMSO >120 (n=4) >120 (n = 4)
CTZ (50 umol/L) 68.1+4.0 (n=9) >120 (n=9)

CTZ (200 pmol/L) 18.3 £1.5** (n = 6) 76.7+11.3 (n=6)

***P < 0.001 compared with the 50 pmol/L CTZ group.

onset of abnormal epileptiform PSs induced by CTZ was
significantly slower (P <0.001, Fig. 2F) than that seen with
the classical experimental convulsants. The slow onset of
action of CTZ is comparable to that reported in cultured
hippocampal neurons!®,

CTZ-induced Epileptiform Firing in Single Hippocampal
CA1 Neurons
A previous study showed that the additional PS peaks
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the enhanced electrical activity from different neuronal
layers”". Enhanced neuronal activity for epileptiform burst
firing!"®, which is at the core of epileptogenesis and network
spread®”?! has been reported in cultured hippocampal
neurons after treatment with CTZ. Therefore, we further
explored changes in the firing pattern at the level of single
hippocampal CA1 neurons in CTZ-treated hippocampal
slices using the patch-clamp technique. Spontaneous
action potentials were only occasionally recorded from
CA1 pyramidal neurons when the membrane potential was
current-clamped at =70 mV (Fig. 3, left). However, neuronal
activity was enhanced after the application of CTZ (50 ymol/L)
(Fig. 3, middle), which eventually induced epileptiform

25 min

WS Yt
o

35 min

Fig. 2. Comparison of the epileptiform evoked PS
activity induced by different convulsants
in hippocampal CA1 slices. Traces
showing the evoked PS progressively
changed in the CA1 pyramidal neuron
layer before (left) and during (middle and
right) treatment with different convulsants
[50 pmol/L CTZ (A), 200 pmol/L CTZ (B), 0.5
pmol/L KA (C), 2 pmol/L BIC (D), and 0-Mg**
ACSF (E)]. The extra peaks are indicated
by arrows; “e”
artifact. (F) Bar graph of the latencies of
the second evoked PS peak with different
convulsants. The number of animals used
in each group is indicated in the bar (***P
<0.001 compared with the 50 pmol/L CTZ
group, P <0.01, **P <0.001 compared
with the 200 pmol/L CTZ group).

indicates the stimulus

burst activity (Fig. 3, right), analogous to that reported
in cultured hippocampal neurons!®. The percentage of
neurons that displayed epileptiform burst firing in slices
treated with 50 uymol/L CTZ for 2 h was 55.6% (n = 9). The
above results point towards the possibility of a correlation
between epileptiform burst firing in single neurons and
synchronization in the neuronal network after CTZ
perfusion.

Incubation with CTZ Downregulates Neuronal Cell
Membrane Expression of Extrasynaptic GABA, Receptors
in Hippocampal Slices

Extrasynaptic GABA,Rs have been suggested to exert a

regulatory function during epileptogenesis and could be
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Fig. 3. CTZ-induced robust epileptiform burst activity in a CA1 pyramidal neuron in a rat hippocampal slice. Traces from current-clamp
recordings (membrane potential held at =70 mV) in a CA1 pyramidal neuron showing that CTZ (50 umol/L) transformed the firing
pattern from single action potentials (left), to grouped (middle), and finally burst-like activity (right) .

novel antiepileptic drug targets!™®. Hence, we went on to
examine the variation in expression of the & subunit, one of
the major extrasynaptic GABA,R subunits, on the neuronal
cell membrane after treatment of hippocampal slices with
CTZ. Freshly-prepared slices were incubated in ACSF
containing 50 ymol/L CTZ or 1%, DMSO (solvent control)
for 2 h, after which membrane protein was extracted for
western blot analysis. Two hours after treatment with CTZ
(50 umol/L), the relative level of the GABA,R & subunit
was markedly decreased to 55.0 + 4.3% (Fig. 4) of the
DMSO control level. This result demonstrated that the
extrasynaptic expression of GABA,Rs is reduced in CTZ-
induced epileptogenesis in hippocampal slices.

THIP Suppresses the Epileptiform PSs Induced by CTZ
in Hippocampal Slices

Our previous study showed that the sustained tonic
inhibition mediated by extrasynaptic GABA,Rs has a
significant effect on epileptiform activity!"”. Therefore, we
further tested whether enhancing tonic GABA inhibition
by THIP, an agonist specific for the GABA,R &-subunit,
could suppress the epileptiform activity in hippocampal
slices. Perfusion with 200 ymol/L CTZ induced multiple PS
peaks in all slices as shown above. After 2 h of continuous
superfusion, the induced multiple PS peaks had reached
a stable stage with an average of 2.3 + 0.2 (n = 9) extra
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&-subunit (~51 kd) I -
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B-actin (~46 kd) -
150 =
S
K]
>
L 100 =
=
1]
©
a EERE
2 504 T
fu n=4
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Fig. 4. CTZ treatment suppressed expression of the GABA,R
&-subunit in the hippocampal cell membrane. A: Western
blots showing the GABA,R &-subunit (upper) and B-actin
(lower) in DMSO- and CTZ-treated (2 h) hippocampal slices.
B: Bar diagrams showing the group data of the change of
the GABA,R &-subunit after CTZ treatment. The number of
animals in each group are indicated in the bar (***P <0.001
compared with the DMSO group).
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Fig. 5. Stimulation of extrasynaptic GABA, receptors with THIP suppressed CTZ-induced epileptiform population spike (PS) peaks in
hippocampal CA1 region. Aa: Line to show the protocol (arrow indicates the superfusate change from CTZ to either DMSO or

THIP). Ab—Ac: Raw traces showing the change in the extra number of PS peaks (arrows) after the superfusate was changed to
either DMSO (Ab) or THIP (Ac). B: Bar diagram showing that THIP (5 pmol/L, n = 6) suppressed the CTZ (200 umol/L, 2 h)-induced
multiple PS peaks compared with the DMSO control (n = 3) (P <0.001, two-way ANOVA). C: Graph showing the reduction ratio
of the extra PS peaks in the THIP (filled circles) and DMSO (unfilled circles) groups (*P <0.05, **P <0.01 compared with 2-h CTZ
control, paired t-test; *P <0.05, *P <0.01 compared with time-matched DMSO control, unpaired t-test).

peaks (excluding the first PS) (Fig. 5Ab, Ac). Then slices
were randomly washed with ACSF either containing 5
pumol/L THIP (n = 6) or 1% DMSO (n = 3) as solvent control
(Fig. 5Aa). The results showed that superfusion with THIP
suppressed the epileptiform extra PS peaks in a time-
dependent manner from an average of 2.2 £+ 0.3 t0 1.3 £+ 0.2
at 30 min (P <0.01) and 1.2 £ 0.2 at 60 min (P <0.05), while
those superfused with DMSO showed no significant effect
on the PS peaks (Fig. 5B). Further analyses showed that,
compared with the time-matched DMSO control group, the
extra number of peaks was reduced at 40 min (1.3 £ 0.2
versus 2.2 + 0.2, P <0.05), and at 60 min (1.2 + 0.2 versus
2.2 £ 0.3, P <0.05) after CTZ was washed out with THIP

(Fig. 5B). The reduction ratio of the extra PS peak number
in the THIP group was greater than that in the DMSO group
(P <0.001, Fig. 5C). These results showed that, although
0-GABA,Rs were down-regulated, the extrasynaptic
GABA,R agonist THIP was still capable of suppressing the
CTZ-induced epileptiform activity in hippocampal slices.

DISCUSSION

In this study, we established a novel brain-slice epilepsy
model that used the previously-characterized convulsant
CTZ"®. Using this model, our results demonstrated that
extrasynaptic GABA,Rs were downregulated by ~50%
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during early CTZ-induced epileptogenesis, and selective
stimulation of the remaining extrasynaptic GABA,Rs by
THIP was still capable of suppressing the epileptiform
activity established by CTZ.

Recently, several studies have shown that CTZ is a
potent convulsant capable of inducing epileptiform activity
both in vivo and in cultured hippocampal neurons!'® ' 2%,
as well as evoking seizure behavior in freely-moving
animals®. In the current study, we further extended this
epilepsy model to hippocampal slices. CTZ has long been
known as a blocker of AMPA receptor desensitization
and was also recently found to be a GABA,R inhibitor®®".
Although the previous in vitro studies on cultured
hippocampal neurons have shown that neurons treated with
CTZ have a long-lasting alteration in neuronal firing pattern,
including the induction of epileptiform burst activity!"®,
the change in network activity after CTZ treatment was
still not clear. The brain slice is a simple and convenient
method that has been widely used in anticonvulsant
drug development, and in experimental studies on the
neuroprotective roles of these drugs during epilepsy®*®”.
Thus, the brain-slice model is of special value in the study
of epilepsy. Using the hippocampal slice preparation,
we showed that not only were individual hippocampal
pyramidal neurons induced to generate epileptiform burst
firing but also, at the local network level, epileptiform activity
was triggered in the form of multiple evoked PS peaks.
We also demonstrated that CTZ is a potent convulsant in
hippocampal slices, and provided another useful in vitro
model for studying the mechanisms underlying seizures
along with the development of potential anticonvulsant
drugs. While the in vivo model requires injection of CTZ into
the cerebral ventricles due to its inability to cross the blood-
brain-barrier, the brain-slice model of epilepsy induced by
CTZ is not only easy to establish, but also retains relatively
intact neuronal networks. In addition, our previous in vitro
work has demonstrated that, unlike other convulsants (e.g.
kainate), CTZ does not appear to be neurotoxic!'®, and our
recent study on a CTZ-induced chronic rat seizure model
(data not shown) also indicated that intracerebroventricular
application of CTZ, which gives rise to recurrent seizure
behavior, has a mild effect on neuronal apoptosis. Thus,
the CTZ seizure model has special advantages in the study
of epilepsy.

Our previous studies both in anesthetized animals

and in cultured neurons indicated that the process of CTZ-
induced epilepsy is relatively moderate with a rather long
latency to the induction of the acute phases of seizure™.
We further characterized this property by comparing the
latency to the onset of epileptiform activity in hippocampal
slices with the commonly-used convulsants KA, BIC, and
0-Mg®*. We showed that the onset latency to evoke the
extra PS peaks in CA1 was significantly longer than any
of those convulsants, even after the CTZ concentration
had been increased to 200 ymol/L. This discrepancy in
latency provides a much longer window period, up to 1 h
in the 50 ymol/L CTZ group, as compared to only few
minutes with either KA, BIC, or O-MgZ+, to explore the initial
seizure induction mechanism. Thus, we have extended
the use of the novel convulsant CTZ to this model for
epilepsy research. Previous research on anesthetized rats
showed that CTZ-induced epilepsy in hippocampal CA1
neurons has a characteristic 3-stage pattern consisting of
multiple evoked PS peaks, followed by the appearance of
spontaneous high-amplitude spikes that later synchronize
to generate high-frequency bursting activity. In the current
study on hippocampal slices, we noted that CTZ induced
multiple evoked PS peaks, yet no spontaneous epileptiform
activity was observed, in contrast with the high-K* model in
hippocampal slices reported by Liu and colleagues®”. The
reason for this disparity may lie in the different experimental
conditions; the limited recording time (recording for 2 h after
CTZ treatment), and a lower recording temperature (room
temperature (25°C) rather than body temperature (~37°C)
in vivo). Researchers have pointed out that temperature
greatly influences the occurrence of spontaneous activity
in vitro in the brain slice. It has also been noted that the
probability of detecting burst-like activity is reduced at a
certain range of low temperatures® *. Thus, the limited
spontaneous epileptiform activity observed in our slice
recording is comprehensible. Future studies with longer
recording times and higher recording temperatures are
required for comparison. However, under our conditions,
the pattern of CTZ-induced multiple PS peaks in the
slice model was similar to that reported in field potential
recordings from anesthetized rats!"® '\, The evoked
PSs were composed of evoked action potentials from
multiple neurons, and are considered to be an important
electrophysiological index in the study of excitation/
inhibition relationships in the CNS. During the early phase
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of treatment with the CTZ convulsant, the PS peaks
changed remarkably over time; their amplitude and number
gradually increased. The PS peaks, which represent the
non-synchronized neuronal activity from different layers,
changed from a single peak under control conditions to
double or even multiple peaks, which parallel the onset of
e[21, 34, 35]. ThUS,

in this study, we used the PS peak number as a marker for

epilepsy and arrive at a seizure-prone stat

studying the epileptiform activity in hippocampal slices.
Epilepsy itself also has an impact on the inhibition
mediated by GABA,Rs; long-term epilepsy may alter the
expression of GABA,R subunits®. It is well known that a
functional deficit of synaptic GABAergic inhibition plays an
important role in the pathogenesis of epilepsy®*%. Recent
studies have also revealed the possible role of ‘tonic’
GABA inhibition in the modulation of epileptic seizures!'*.
Tonic inhibition has been reported in hippocampal dentate
gyrus (DG) granule cells®, CA1 pyramidal neurons™*,
and hippocampal interneurons®”; however, in these
three areas, the receptors mediating tonic inhibition are
of different composition. Most extrasynaptic GABA,Rs in
CA1 pyramidal neurons contain a5 and y subunits, while
in DG cells they mainly contain a4 and & subunits. In
interneurons, 5-GABA,Rs are the main mediator of tonic
inhibition® ** **!. Our western blot results showed that the
O-subunit-containing GABA,Rs on the cell membrane were
significantly down-regulated by up to 50% during CTZ
stimulation in hippocampal slices. This downregulation
may be due to activation of the BDNF-TrkB signaling
pathway, as our previous study showed that CTZ, as well
as other classic convulsants, induces epileptiform activity
via enhanced TrkB receptor-mediated BDNF function!” *°..
In addition, BDNF is a known modulator of the surface
expression of & subunits®®. This suggests that the function
of the extrasynaptic GABA,Rs was largely impaired and
is consistent with previous studies. In animal models
of temporal lobe epilepsy, there have been reports of a
significant reduction of GABA,R a5 and & subunit levels
in the hippocampal area!™ ' *I. Moreover, 5-subunit
mutations have been mapped in epilepsy patients!® “®,
Furthermore, increased &-subunit levels during the diestrus
stage of the ovarian cycle have been associated with
less seizure activity in KA-induced epilepsy models’.
All these pieces of evidence suggest that tonic inhibition,

mediated by extrasynaptic GABA,Rs, play an essential

role in the process of epileptogenesis. Indeed, our recent
study demonstrated that enhancing tonic inhibition by
increasing the expression of either a5- or &-subunit-
containing GABA,Rs effectively suppresses epileptiform
activity in cultured hippocampal neurons!™. In vivo studies
have further demonstrated that both seizure behavior and
epileptiform activity are attenuated by enhancing tonic
inhibition in hippocampal neurons'®. Based on previous
studies and our own research, we therefore hypothesize
that enhancing ‘tonic’ GABA inhibition inhibits epileptiform
activity, while reducing tonic inhibition increases the
susceptibility to epileptic seizures™ >,

THIP is a GABALR agonist that can interact with the
receptor at sites different from those usually occupied by
benzodiazepines, non-benzodiazepines, and barbiturates.
Our recent study showed that THIP at a relatively
low concentration selectively activates extrasynaptic
GABA,Rs™. In light of this finding, we used THIP to test
whether selective activation of the extrasynaptic GABA,Rs
could reverse the CTZ-induced epileptiform activity.
Indeed, we found that, despite the down-regulation of
the membrane &-subunit of GABA,Rs, THIP effectively
suppressed the CTZ-induced multiple PS peaks. One
simple explanation could be that THIP, by acting on
the remaining extrasynaptic GABA,Rs, enhances tonic
inhibition in the whole hippocampal neuronal network
and inhibits epileptiform activity. In addition, our previous
study disclosed a strong inhibitory effect of THIP on the
pronounced neuronal activity induced by both CTZ and
KA. This effect could be due to the increased neuronal
activity induced by the convulsants, releasing a substantial
amount of GABA®", which in turn acts concomitantly with
THIP to enhance tonic inhibition and suppress neuronal
activity. Furthermore, it is also possible that the tonic
current may be an outward rectifying current at depolarized
membrane potentials®, making the effect of THIP more
potent when neurons are hyperexcited. Thus, our findings
related to the inhibitory effect of THIP on epileptiform
activity in hippocampal slices further support views on the
significance of extrasynaptic GABA,Rs in epileptogenesis.

In conclusion, we developed a novel CTZ-induced
brain slice seizure model, and using this model, we
further demonstrated that the activation of extrasynaptic
GABA,Rs with THIP effectively suppressed the progress
of epileptogenesis. These results support the notion that
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extrasynaptic GABA,Rs may be valuable drug targets for

novel antiepileptic drug therapy.
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ABSTRACT

Orexin neurons within the lateral hypothalamus play
a crucial role in the promotion and maintenance of
arousal. Studies have strongly suggested that orexin
neurons are an important target in endogenous
adenosine-regulated sleep homeostasis. Orexin
A induces a robust increase in the firing activity of
orexin neurons, while adenosine has an inhibitory
effect. Whether the excitatory action of orexins
in the lateral hypothalamus actually promotes
wakefulness and reverses the sleep-producing
effect of adenosine in vivo is less clear. In this study,
electroencephalographic and electromyographic
recordings were used to investigate the effects of
orexin A and adenosine on sleep and wakefulness
in rats. We found that microinjection of orexin A into
the lateral hypothalamus increased wakefulness
with a concomitant reduction of sleep during the
first 3 h of post-injection recording, and this was
completely blocked by a selective antagonist for
orexin receptor 1, SB 334867. The enhancement of
wakefulness also occurred after application of the
excitatory neurotransmitter glutamate in the first 3 h
post-injection. However, in the presence of the NMDA
receptor antagonist APV, orexin A did not induce
any change of sleep and wakefulness in the first 3 h.
Further, exogenous application of adenosine into
the lateral hypothalamus induced a marked increase
of sleep in the first 3-h post-injection. No significant
change in sleep and wakefulness was detected
after adenosine application followed by orexin A
administration into the same brain area. These

findings suggest that the sleep-promoting action
of adenosine can be reversed by orexin A applied
to the lateral hypothalamus, perhaps by exciting
glutamatergic input to orexin neurons via the action
of orexin receptor 1.

Keywords: sleep; wakefulness; orexin; adenosine;
lateral hypothalamus

INTRODUCTION

The neuropeptides orexin A and orexin B, produced by
hypothalamic neurons, play a crucial role in the promotion
and maintenance of wakefulness!"™. This arousal-
promoting effect of orexins may be realized by excitatory
actions on multiple subcortical arousal systems and the
cerebral cortex®®. Two G protein-coupled receptors (orexin
receptor 1 and 2) are involved in maintaining a long,
consolidated awake period®™ ® . Loss of orexin neurons
impairs wakefulness'"", whereas their stimulation facilitates
wakefulness®™. Thus, modulation of orexin neurons is critical
in the regulation of sleep and wakefulness'*". In vitro
electrophysiological studies have demonstrated that orexin
A directly excites local glutamatergic neurons in the lateral
hypothalamus, inducing a substantial depolarization and a
robust increase in the firing of orexin neurons!® "®. Whether
the excitatory actions of orexins on orexin neurons in the
hypothalamus actually promote and maintain wakefulness
in vivo is still unknown.

In addition, abundant evidence has suggested that
orexin neurons are a potential target in the regulation of
sleep homeostasis by endogenous adenosine. In vivo,
local perfusion of an adenosine receptor agonist into the
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lateral hypothalamus elicits sleep”” "™, while microinjection
of adenosine receptor-specific antagonists in the same
area increases wakefulness!”"®. Our previous study with
patch clamp recordings in acute slices showed that under
sustained or strong excitatory transmission, endogenous
adenosine is released into the lateral hypothalamus
and reduces the excitatory glutamatergic input to orexin
neurons'"®. We therefore speculated that adenosine, a
product of cellular energy metabolism, accumulates in the
lateral hypothalamus during wakefulness and eventually
promotes sleep by exerting an inhibitory effect on orexin
neurons. Whether orexin A reverses the sleep-promoting
effect of adenosine in this brain area has been less
investigated.

The aim of the present study was to explore the
possible actions of exogenous orexin A applied to the
lateral hypothalamus on the sleep-wakefulness cycle
and the increase of sleep induced by adenosine using
electroencephalographic (EEG) and electromyographic
(EMG) recordings in vivo.

MATERIALS AND METHODS

Animals

A total of 51 adult male Sprague-Dawley rats weighing
250-300 g were housed in a temperature-controlled room
(22°C) and maintained on a 12-h light/12-h dark cycle with
food and water available ad libitum. The animal use and all
experimental protocols were approved by the Third Military
Medical University Animal Care Committee.

Reagents

Reagents unless specified otherwise were from Sigma
(St. Louis, MO). Orexin A, glutamate, adenosine, and D-2-
amino-5-phosphonovaleric acid (APV) were dissolved in
artificial cerebral spinal fluid (ACSF) containing (in mmol/
L): 126 NaCl, 5 KCI, 1.25 NaH,PO,, 2 MgSO,, 26 NaHCO,,
2 CaCl,, and 10 glucose, pH 7.3-7.4. SB 334867 (Tocris
Bioscience, Bristol, UK), 8-cyclopentyl-1,3-dipropylxanthine
(DPCPX) and 3,7-dimethyl-1-propargylxanthine (DMPX)
were dissolved in ACSF containing 10% dimethylsulfoxide
(DMSO).

Surgery
Under deep pentobarbital anesthesia (50 mg/kg, i.p.),

rats were implanted with cortical EEG and EMG recording

electrodes as described previously®?® *"

. Briefly, two
stainless-steel electrodes for EEG recording were
screwed through the skull onto the dura over the frontal
cortex (anterior: -3 mm; lateral: 3.5 mm) and the parietal
cortex (anterior: —4 mm; lateral: =3 mm)®. Two insulated
stainless-steel, Teflon-coated wires for monitoring EMG
signals were placed bilaterally into the trapezius muscles.
In addition, at the stereotaxic coordinates anterior, =3.3
mm; lateral, 1.5 mm; dorsoventral, 8.5 mm, a guide
cannula (O.D. 0.67 mm; RWD Life Technology Co., Ltd.,
Shenzhen, China) for unilateral microinjection was inserted
vertically from the skull surface and blocked with stylets.
The tip of this guide cannula was 2 mm above the lateral
hypothalamus. Each rat was allowed at least 7 days for
recovery from surgery, and was habituated individually to
the experimental conditions for 3—-4 days, where it was
connected to the EEG/EMG recording system by a flexible
cable.

Microinjection Procedure

All microinjections were unilateral and performed between
09:30 and 10:00 as described previously"™. Then the rats
were reconnected and recorded from 10:00. Behavioral
states were recorded continuously for 4 days, except during
microinjections. At the time of infusion, the rats were gently
restrained in a towel and an injection cannula was inserted
into the guide cannula for microinjection of a volume of
0.2 yL, at a rate of 0.1 pyL/min. A constant injection rate
was maintained using a syringe pump (CMA 402, CMA/
Microdialysis, Solna, Sweden). The injection cannula was
kept in place for 1-2 min to allow diffusion from the cannula
tip.

Procedure 1: Effect of orexin A administration on
spontaneous sleep and wakefulness Seven rats were
used in this experiment. The experimental protocol is
outlined in Table 1. On day 1, EEG and EMG signals
without any injection were recorded as baseline. On
the second day, either ACSF or orexin A (40 pmol) was
microinjected into the lateral hypothalamus!™®. After
recovery on day 3, these animals were given either ACSF
or 40 pmol orexin A (whichever had not been injected on
the second day) injected into the lateral hypothalamus on
day 4. One week after completion of this session, another
session using 10 pmol orexin A was initiated. Rats were
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Table 1. The protocol for the microinjection procedures

Procedure Batch Day 1 Day 2 Day 3 Day 4
Procedure 1  Batch 1 (n=4) — ACSF — Orexin A (40 pmol)
Batch 2 (n=3) — Orexin A (40) - ACSF
Batch 3 (n=4) — ACSF — Orexin A (10 pmol)
Batch 4 (n=3) —_ Orexin A (10) — ACSF
Procedure 2 Batch 1 (n=3) = DMSO+ACSF e SB334867+ACSF
Batch 2 (n = 3) — SB334867+ACSF — DMSO+ACSF
Batch 3 (n=3) — DMSO+orexin A (10) — SB334867+orexin A (10)
Batch 4 (n = 3) — SB334867+orexin A (10) — DMSO+orexin A (10)
Procedure 3 Batch1(n=23) ACSF Glutamate (40 ng) Glutamate (80 ng) ACSF
Batch 2 (n=3) Glutamate (80) ACSF Glutamate (40) ACSF
Procedure 4 Batch1(n=23) — ACSF+ACSF — APV (10 nmol)+ACSF
Batch 2 (n = 3) s APV (10)+ACSF — ACSF+ACSF
Batch 3 (n=3) - ACSF+orexin A (10) e APV (10)+orexin A (10)
Batch 4 (n = 3) - APV (10)+orexin A (10) - ACSF+orexin A (10)
Procedure 5 Batch 1 (n=3) ACSF Adenosine (1 nmol) Adenosine (10 nmol) ACSF
Batch 2 (n=4) Adenosine (10) ACSF Adenosine (1) ACSF
Batch3(n=7) ACSF Adenosine (20 nmol) ACSF Adenosine (20)
Procedure 6 Batch 1 (n=3) - Adenosine (10)+ACSF - Adenosine (10)+orexin A (10)
Batch 2 (n=4) — Adenosine (10)+orexin A (10) — Adenosine (10)+ACSF

—, no injection.

randomly assigned to receive ACSF or orexin A.
Procedure 2: Effect of orexin receptor 1 antagonist
application on spontaneous sleep and wakefulness
A total of twelve rats were used. On day 2, the rats (n =
6) randomly received unilateral microinjection of ACSF
containing 10% dimethylsulfoxide (DMSO) or SB 334867
(0.5 pg) followed by ACSF application at the same site
5-10 min later (Table 1). After one-day recovery, the
animals were microinjected with ACSF following DMSO
or SB 334857 (0.5 pg) (whichever was not applied on the
second day) on day 4. Another group of animals (n = 6)
received DMSO or SB 334867 (0.5 pg) (whichever was not
applied on the second day) followed by orexin A (10 pmol)
application on day 2 or 4 randomly.

Procedure 3: Effect of glutamate administration on
spontaneous sleep and wakefulness Two delivery

models and six rats were used in this experiment.
Three rats received ACSF on days 1 and 4, and were
microinjected with 40 ng glutamate on day 2 and 80 ng
glutamate on day 3. The other three rats were given 80 ng
and 40 ng glutamate on days 1 and 3, respectively.

Procedure 4: Effect of the glutamatergic receptor
antagonist APV on orexin A-induced alteration of
sleep and wakefulness Two groups of rats were used
in this experiment (n = 12). On day 2, six rats were
randomly microinjected with either ACSF or D-2-amino-
5-phosphonovaleric acid (APV) (10 nmol) followed by
injection of ACSF 5-10 min later. On day 4, these rats were
microinjected with ACSF following APV (10 nmol) or ACSF
(whichever was not applied on the second day). The other
six rats received 10 pmol orexin A following ACSF or APV
(10 nmol) microinjection on days 2 and 4 (Table 1).
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Procedure 5: Effect of adenosine on sleep and
wakefulness A total of seven rats were used in this
experiment. Three rats were randomly selected to be
microinjected with 1 nmol and 10 nmol adenosine on days
2 and 3, and the other four were given 10 nmol adenosine
on day 1 and 1 nmol adenosine on day 3. One week after
completion of the experiments, all seven animals received
microinjection of 20 nmol adenosine into the lateral
hypothalamus on days 2 and 4, and ACSF administration
on days 1 and 3 (Table 1).

Procedure 6: Effect of orexin A on adenosine-induced
changes of sleep and wakefulness Seven rats were
used in this experiment (Table 1). After basal recording
without any treatment on day 1, the rats received unilateral
microinjection of adenosine (10 nmol) followed by ACSF or
orexin A (10 pmol) 5-10 min later on day 2 or 4.

Acquisition and Analysis of Sleep-wakefulness Data
Amplified and filtered (EEG, 0.5-30 Hz; EMG, 20-200 Hz)
on a multichannel data acquisition and processing system
(Grass Model 15LT polygraph, model 15A54 amplifiers),
the cortical EEG and EMG signals were acquired and
digitized at a sampling rate of 128 Hz for on-line viewing
(data acquisition program SLEEPSIGN). Continuous data
files were saved on a PC for off-line analysis. EEG and
EMG recordings were scored by 10-s epochs for sleep-
wakefulness state as either wakefulness, non-rapid eye
movement (NREM), or rapid eye movement (REM) sleep
by SLEEPSIGN software, according to the methods
described previously?*?,

Histological Localization of Microinjection Site

After completion of the experiments, all rats were killed
under deep pentobarbital anesthesia and perfused with
cold heparinized 0.9% saline followed by perfusion of
4% paraformaldehyde. The brain was isolated, blocked,
and processed for orexin A immunohistochemistry®”, to
illustrate the locations of orexin neurons relative to the track
of the drug injector cannula.

Statistical Analysis

All data are presented as mean + SEM. Data analyses were
conducted with Statistical Product and Service Solutions
(SPSS) version 13 software. The time of wakefulness,
REM sleep, and NREM sleep after application of drugs was

normalized to the baseline without any treatment. Statistical
analysis was carried out using one-way repeated-measures
analysis of variance with the Kolmogorov-Smirnov test
for normal distribution followed by post-hoc multiple
comparisons with Newman-Keuls tests where appropriate.
P <0.05 was considered statistically significant.

RESULTS

Identification of the Site of Drug Delivery

Three continuous coronal schematics of rat brain
through lateral hypothalamus including orexin neurons
demonstrated that all microinjection sites were localized in
the perifornical lateral hypothalamus and adjoining areas
between AP -3.1 and —3.6 mm (Fig. 1A)?*?, consistent with
previous reports"”. Based on the location of microinjection
sites, the areas of perfused drugs were confirmed to
include the orexin neurons in the lateral hypothalamus.

Arousal-promoting Effect of Orexin A in the Lateral
Hypothalamus

Compared to the ACSF treatment, application of 40 pmol
orexin A markedly increased the time of wakefulness during
the first 3 h of recording post-injection (Newman-Keuls, P <
0.01), accompanied by reduced REM (Newman-Keuls test,
P <0.05) and NREM sleep (Newman-Keuls, P <0.01) (Fig.
1B). Similar changes were found for 10 pmol orexin A in the
time spent in wakefulness (Newman-Keuls test, P <0.01)
and sleep (Newman-Keuls test, REM: P <0.05; NREM:
P <0.01) during the first 3 h of post-injection recordings.
However, no significant difference was detected in the time
spent in wakefulness or sleep between 40 pmol and 10
pmol orexin A (Newman-Keuls test).

Orexin A Promotes Arousal through Activation of
Orexin Receptor 1

A preliminary study has demonstrated that a selective
antagonist for orexin receptor 1, SB 334867, reverses
the arousal-promoting action of orexin A in anesthetized
animals®. In this study, we further tested the effect of
SB 334867 on spontaneous sleep and wakefulness in
conscious rats. Orexin A (10 pmol) increased the time
spent in wakefulness and reduced REM and NREM
sleep correspondingly (Newman-Keuls test, P <0.01),
while pretreatment with SB 334867 (0.5 pg) blocked



Yanping Cun, et al.

Orexin A attenuates the sleep-promoting effect of adenosine in the lateral hypothalamus of rats 881

Interaural 5.70 mm

Bregma -3.14 mm Bregma -3.60 mm

= 10 pmol orexin A

# &%

#

B &
8 2507 —acsrF
®
_g 2004 EE40 pmol orexin A
E %
8 150{ s
S
o
E 1004
o
5]
& 501
m
:
z G

Wakefulness

*
REM

NREM

Fig. 1. Microinjection sites and the actions of orexin A on the sleep-wakefulness profile. A: Reconstruction of coronal sections through

the perifornical and lateral hypothalamus showing the outlines and locations of the microinjection probes used for the unilateral

delivery of drugs. Inset is a photomicrograph of a horizontal section showing the track of the microinjection probe localized in

the orexin neuronal field (yellow staining). 3V, third ventricle; f: fornix; LH: lateral hypothalamus; mt, mammillothalamic tract. B:
Normalized time spent in wakefulness, NREM, and REM sleep for the first 3 h after microinjection of ACSF, 40 pmol and 10 pmol
orexin A. One-way ANOVA, wakefulness: F, ;5 = 8.50, P <0.01; REM sleep: F 1, = 4.16, P <0.05; NREM sleep: F, 5 = 10.12, P <0.01.

*P <0.05, **P <0.01, Newman-Keuls test.

these effects (Newman-Keuls test, P >0.05). In addition,
compared to vehicle (DMSO) followed by ACSF injection,
administration of SB 334867 (0.5 pg) with ACSF into the
lateral hypothalamus had no effect on the three behavioral
states during the first 3-h session (Newman-Keuls test,
P >0.05) (Fig. 2).

Involvement of Glutamatergic Synaptic Transmission
in Orexin A-induced Promotion of Wakefulness

In vitro electrophysiological experiments have demonstrated
that the excitatory action of orexin A on orexin neurons
in the lateral hypothalamus is achieved by increasing the
excitatory glutamatergic synaptic input to these neurons!™ .
Thus, we further explored the role of the glutamatergic

system in the orexin A-induced arousal-promoting effect in
vivo. Compared to ACSF treatment, administration of 80 ng
but not 40 ng glutamate elevated the time in wakefulness in
the first 3 h post-injection (Newman-Keuls test, 80 ng:
P <0.05; 40 ng: P >0.05) (Fig. 3A). Concomitantly, compared
with the recordings of ACSF treatment in the same rats,
application of 80 ng but not 40 ng glutamate decreased the
time of NREM sleep (Newman-Keuls test, P <0.01). And a
significant difference between 80 ng and 40 ng glutamate
was detected in the time spent in wakefulness and NREM
sleep (Newman-Keuls test, P <0.05) but not in REM sleep.
Compared to the two administrations (at a 5-10 min
interval) of ACSF, administration of the NMDA receptor
antagonist APV (10 nmol) followed by ACSF significantly
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and wakefulness. Pooled data showing the normalized time
in behavioral states during the first 3 h after application of
0.5 pg SB 334867 and 10 pmol orexin A. One-way ANOVA,
wakefulness: F;,, = 19.88, P <0.01; REM sleep: F,, =
10.17, P <0.01; NREM sleep: F;,, = 26.79, P <0.01. **P <0.01,
Newman-Keuls test.

decreased the time in wakefulness in rats during the
first 3 h post-injection (Newman-Keuls test, P <0.01),
accompanied by increased time spent in REM and NREM
sleep (Newman-Keuls test, P <0.01) (Fig. 3B). In contrast,
compared to the two administrations of ACSF, application
of ACSF + orexin A (10 pmol) induced an elevation of
wakefulness accompanied by a significant reduction of
NREM sleep but not of REM sleep (Newman-Keuls test,
wakefulness and NREM sleep: P <0.01; REM sleep:
P >0.05). And the differences in the three behavioral
states were significant between APV (10 nmol) + ACSF
administration and ACSF + orexin A treatment (Newman-
Keuls test, P <0.01). In the presence of APV (10 nmol),
application of orexin A (10 pmol) partially blocked the
inhibitory action of APV on wakefulness by increasing the
time spent in wakefulness and decreasing REM and NREM
sleep (Newman-Keuls test, wakefulness and NREM sleep:
P <0.01; REM sleep: P <0.05 versus APV followed by
ACSF treatment), but there was no significant difference
between ACSF + ACSF administration and APV + orexin A
in the first 3 h post-injection (Newman-Keuls test, P >0.05).
And significant differences in the time in wakefulness, REM
and NREM sleep during the first 3 h-session were found
between ACSF and APV followed by orexin A (Newman-
Keuls test, P <0.01).
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Fig. 3. Effects of glutamate and NMDA receptor antagonist APV
on sleep and wakefulness. A: Normalized time spent in
wakefulness, NREM, and REM sleep for the first 3 h after
microinjection of ACSF, 40 ng or 80 ng glutamate. One-way
ANOVA, wakefulness: F 5 = 5.55, P <0.05; NREM sleep:
F215 = 7.98, P <0.01; REM sleep: one-way ANOVA, F, s =
3.39, P = 0.06. *P <0.05, **P <0.01, Newman-Keuls test. B:
Pooled data showing the normalized time in behavioral
states during the first 3 h after application of the NMDA
receptor antagonist APV (10 nmol) and orexin A (10 pmol).
One-way ANOVA, wakefulness: F;,, = 29.99, P <0.01; REM
sleep: F35 = 13.75, P <0.01; NREM sleep: F;,, = 31.10,
P <0.01. *P <0.05, **P <0.01, Newman-Keuls test.

Effect of Orexin A on Adenosine-induced Changes of
Sleep and Wakefulness

Recent behavioral experiments with adenosine antagonists
in vivo have suggested that orexin neurons are another
important target involved in the hypnotic action of
adenosine™® 7 '* 1 |n this study, we further explored the
role of exogenous adenosine in the regulation of sleep and
wakefulness in the lateral hypothalamus. Analysis of the
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EEG and EMG signals during the first 3 h post-injection
of drugs revealed that, compared to the ACSF treatment,
both 20 nmol and 10 nmol adenosine increased the time
in NREM sleep but not in REM sleep with a concomitant
reduction in the time in wakefulness (Newman-Keuls test, P <
0.01), whereas no evident changes in the three behavioral
states were observed after application of 1 nmol adenosine
(Newman-Keuls test, P >0.05) (Fig. 4A).
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g. 4. Effect of orexin A on sleep-promoting action of adenosine
injected into the lateral hypothalamus. A: Pooled data
showing the normalized time in behavioral states during
the first 3 h after application of adenosine and ACSF. One-
way ANOVA, wakefulness: F;,, = 14.76, P <0.01; NREM
sleep: Fp,, = 13.71, P <0.01; REM sleep: F,, = 1.47, P =
0.25. **P <0.01, Newman-Keuls test. B: Pooled data showing
the comparison of normalized time in behavioral states
during the first 3 h after application of 10 nmol adenosine
and 10 pmol orexin A. One-way ANOVA: wakefulness, F,
=18.82, P <0.01; REM sleep, F; =14.59, P <0.01; NREM
sleep, Fj1,)=9.17, P <0.01. **P <0.01, Newman-Keuls test.

Whether the excitatory effect of orexin A on these
orexin neurons could reverse the sleep propensity induced
by adenosine was little known. During the first 3 h post-
injection, compared to ACSF microinjection, adenosine
(10 nmol) administration induced an increase in REM and
NREM sleep with a concomitant reduction of wakefulness
(Newman-Keuls test, P <0.01). However, no significant
changes in behavioral state were found after application of
10 nmol adenosine followed by 10 pmol orexin A during the
first 3 h post-injection (Newman-Keuls test, P >0.05) (Fig.
4B).

DISCUSSION

The main finding of this study was that exogenous
application of orexin A into the lateral hypothalamus in vivo
exerted an arousal-promoting effect through activation of
orexin receptor 1. This excitatory action of orexin A may be
realized by increasing glutamatergic transmission in the
lateral hypothalamus. Furthermore, the excitatory effect of
orexin A reversed the sleep-promoting effect of exogenous
adenosine in the lateral hypothalamus.

The arousal-promoting action of the orexin system in
the central nervous system (CNS) by activation of multiple
subcortical arousal systems including the basal forebrain®®,
tuberomammillary nucleus® ?* and locus coeruleus®
has been well documented. In this study, we found that
enhancement of wakefulness in rats was induced by
microinjection of orexin A into the lateral hypothalamus
where these orexin neurons are located. This suggests
that orexins exert a strong excitatory effect in the lateral
hypothalamus, and this is mediated by orexin receptor
1, in that pretreatment with a selective orexin receptor
1 antagonist completely blocked the arousal-promoting
action of orexin A. In vitro electrophysiological studies have
demonstrated that the exogenous application of orexin
increases the firing rates of orexin neurons through the
activation of glutamatergic input to these neurons!™® .
Consistently in this study, the arousal-promoting effect was
not detected after blockade of glutamatergic transmission
to these neurons using an NMDA receptor antagonist,
strongly suggesting that the arousal-promoting action of
orexin A is realized by directly exciting glutamatergic input
to orexin neurons through the activation of orexin receptor 1.
Thus, these findings demonstrate that the positive feedback
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from excitatory glutamatergic input to orexin neurons may
function in keeping orexin neurons firing continuously
in wakefulness, which is essential for orexins to excite
subcortical systems to promote and maintain wakefulness.

3132 \we also

Consistent with the previous reports
found that administration of glutamate into the lateral
hypothalamus increased wakefulness in a dose-dependent
manner. It should be noted that application of the NMDA
receptor antagonist alone reduced wakefulness and
increased sleep, whereas no changes were found after
orexin receptor 1 antagonist administration alone. These
findings suggest that in vivo, endogenous orexins are
mainly released into other subcortical arousal systems
including the basal forebrain, tuberomammillary nucleus,
and locus coeruleus, where orexin could excite these
neurons directly and eventually promote wakefulness;
and the lateral hypothalamus, where orexin neurons are
located is not the major target in the arousal-promoting
action of these neuropeptides. We therefore speculated
that the activation of orexin neurons needs other excitatory
synaptic inputs in the CNS. Our data strongly support the
idea that the excitatory effects of glutamatergic synaptic
transmission on orexin neurons play a key role in exciting
these neurons to promote wakefulness in vivo. In addition,
the decreased time in wakefulness caused by the NMDA
receptor antagonist nearly recovered after application of
orexin A, indicating that besides NMDA receptors, AMPA
receptors may also contribute to the excitatory action of
glutamate on orexin neurons induced by orexin A. In fact,
a previous experiment with glutamate receptor antagonists
showed that microinjection of AMPA into the perifornical
lateral hypothalamus of rats increases the number of orexin
neurons immunoreactive for c-Fos®.

In addition to the key role in promoting wakefulness,
abundant evidence has demonstrated that orexin neurons
are a potential target in the sleep-producing effect of
endogenous adenosine, in which blockade of adenosine A1
receptors in the lateral hypothalamus induces a significant
increase in wakefulness with a concomitant reduction in
sleep!"” . Consistently, we found that the exogenous
application of adenosine into the lateral hypothalamus
enhanced sleep. These data confirmed the involvement
of orexin neurons in the regulation of sleep homeostasis
by endogenous adenosine. Moreover, a study by Liu et al.

revealed that the mechanism underlying this adenosine-
induced suppression may be through inhibition of excitatory
glutamatergic synaptic input to orexin neurons via
adenosine A1 receptors®”.

Furthermore, we found no significant difference in
sleep and wakefulness between control and orexin A
following adenosine injection, which suggests that this
sleep-promoting effect of exogenous adenosine can be
blocked by application of orexin A into the same area.
This suggests that the excitatory effect of orexin A on
orexin neurons in the lateral hypothalamus reverses
the sleep propensity induced by adenosine. Neuronal
activity in wakefulness is associated with increased
neuronal metabolism. As a product of cell metabolism and
is ubiquity in the CNS, adenosine accumulates during
wakefulness and progressively increases the propensity
to sleep®*!. Indeed, our previous studies have provided
evidence that under sustained or stronger synaptic
transmission in orexin neurons, endogenous adenosine is
generated and inhibits the excitability of orexin neurons via
inhibiting glutamatergic transmission in acute hypothalamic
slices!"®. Moreover, the previous study in vitro showed that
orexin excites the orexin neurons via local glutamatergic
transmission!"®. Thus, the indirect excitatory effect of
orexin might offset the inhibitory action of adenosine
on orexin neurons and consequently reverse the sleep-
promoting effect of adenosine. The modulation of orexin
neurons plays an important role in regulating sleep and
wakefulness, especially under prolonged wakefulness
in which sleep pressure is enhanced rapidly due to the
large release of endogenous adenosine™!. Caffeine, a
nonselective adenosine receptor antagonist, is a widely
used stimulant that effectively reverses the depressant
effects of increasing sleep propensity®, although the side-
effect of drug-dependence has restricted its therapeutic use
as an arousal-promoting agent®™. It is therefore necessary
to find other available drugs or measures to abolish the
increase of sleep propensity. Our findings of the reversal of
the sleep-promoting effect by orexin A provides a possibility
that orexins may be a potential candidate to reduce the
sleep propensity induced by adenosine, independent of the
blockade of adenosine receptors.

In conclusion, we speculate that pharmacological
manipulation of the orexin system including orexin neurons
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and orexins may open up a new avenue for the regulation

of sleep and wakefulness, especially under the condition of

sleep propensity induced by adenosine.
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