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The brain is a marvel of biological evolution, a highly
complex organ including hundreds of different types of
about 100 billion neurons. Understanding the structure and
function of the brain is one of the most challenging
scientific questions in the 21st century. Crucially, the
structure of neural circuits and the mechanisms of neuronal
information processing related to brain function are still
poorly understood [1]. A neural circuit is composed of a
large number of synaptically connected neurons of differ-
ent types and characteristics. It is the structural basis for the
execution of various functions, such as perception, emo-
tion, memory, and imagination, as well as other activities.
Revealing the structure of neural circuits is the basic
premise for understanding the mechanism of information
processing in the brain [2].

Traditional neural circuit-tracing methods, such as
electron microscopy and Golgi staining, along with dyes
and protein/peptide tracers, can depict the morphology of
neurons in one brain region and their projections to other
regions, as well as trans-synaptic labeling [3]. However,
there are some limitations to these tracers and methods,
such as extensive deposition, indirect signaling, uncertain
direction of spreading, and severe post-synaptic signal
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attenuation [4]. Neurotropic viruses are a class of viral
vectors that can infect neurons and propagate along the
neural connections (Fig. 1), such as pseudorabies virus
(PRV), herpes simplex virus type 1 (HSV), rabies virus
(RV), and vesicular stomatitis virus (VSV) [5]. In addition,
some recombinant non-trans-synaptic viral vectors can
efficiently label the fine morphology of neurons in vivo,
such as Semliki forest virus (SFV) [6], or act as a helper
virus to express exogenous genes, such as recombinant
adeno-associated virus (AAV) and lentivirus (LV). They
can also be used to dissect upstream projections, such as
canine adenovirus 2 (CAV2) (Table 1) [5].

Compared with the traditional tracers, the neurotropic
viruses have the following characteristics: (I) transmission
across synapses, (II) control of the anterograde or retro-
grade direction of trans-synaptic transmission, (III) repli-
cation after crossing synapses without any signal
attenuation, and (IV) compatibility with various genetic
markers [7]. These characteristics provide unique advan-
tages in the study of structural and functional neural
circuits. Nevertheless, there are some limitations or prob-
lems for the existing viral tracer systems: (I) tracer tools do
not work consistently for different animal models, espe-
cially there is a lack of efficient viral tracing tools for
primates, (II) the toxicity of existing tools limits their
application, such as the long-term functional analysis of
neural circuits, (III) low efficiency of expression for some
viruses complicates the experimental process, (IV) prepa-
ration processes need to be upgraded urgently for the
efficient production of high-quality viral vectors,
(V) sparse labeling virus systems suitable for local neural
circuits need improvement, (VI) the mechanisms by which
some viral particles infect neurons are not clear, so the
direction of spread across synapses is uncertain, leading to
unclear interpretation, and (VII) due to the lack of
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Fig. 1 Direction and numbers of steps of virus spread in neural circuit tracing.

Table 1 Advantages and disadvantages of recombinant viral vectors commonly used in neural circuit tracing [4, 7].

Type Virus tracer Advantages Disadvantages
Non-trans- Adeno-associated virus Various serotypes, low immunogenicity, low Vector capacity < 5 kb, higher
synaptic cytotoxicity, cell-type specific labeling avail- titer and high purity required in

Trans-synaptic
Anterograde,
monosynaptic

Retrograde,
monosynaptic

Anterograde,
multisynaptic

Retrograde,
multisynaptic

rAAV-retro
Canine adenovirus
Semliki forest virus

Rabies virus (glycoprotein
G-deleted)

Herpes simplex virus amplicon

Herpes simplex virus (TK-deleted)

Adeno-associated virus, serotype 1

Rabies virus, RVAG-EnvA

Pseudorabies virus (TK-deleted)

Herpes simplex virus 1, HSVI,
HI129

Vesicular stomatitis virus
Pseudorabies virus, PRV Bartha

Rabies virus, RV WT

able, structural and functional dissection

Retrograde tracer, efficient axon terminal
absorption

Wide range of hosts, retrograde tracer, efficient
axon terminal absorption

Non-specific rapid labeling

Retrograde tracer, efficient infection of axon
endings

Retrograde tracer, efficient axon ending absorp-
tion, capacity of < 150 kb, wide cellular
tropism, low probability of insertional
mutagenesis

Broad host range, anterograde trans-synaptic
spread, large capacity, more genetic elements
available

Clear direction of spread, low immunogenicity,
low cytotoxicity, downstream cell-type specific
labeling and structural and functional dissection
available

Clear direction of spread, high efficiency

Clear direction of spread, more genetic elements
available

Fast and bright labeling, large capacity, broad
host range

Fast and bright labeling
Clear direction of spread, large capacity, more
genetic elements available

Clear direction of spread

primates

Lower subcortical infection
Cytotoxicity

High cytotoxicity
High cytotoxicity

Low efficiency, low cytotoxicity

Low efficiency, high cytotoxicity,
axonal terminal uptake

Unclear trans-synaptic mecha-
nism, high titer required, low
trans-synaptic efficiency, small
capacity

High cytotoxicity, potential
leakage

Low trans-synaptic efficiency,
cytotoxicity

High cytotoxicity, axon terminal
absorption

High cytotoxicity

High cytotoxicity, low expression
efficiency, does not infect
primates

High cytotoxicity, high
pathogenicity
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comprehensive understanding of the pathogenicity of
various viral tracers in different types of neurons in the
same animal, the scope of their applicability is vague,
leading to inconsistent results (Table 1). Therefore, further
development and improvement of viral tracing tools, as
well as the establishment of appropriate instructions for
use, have become urgent.

In the present issue of Neuroscience Bulletin, Zhu and
collaborators [8] compared the efficiency of retrograde
gene transduction and neurotropism in three widely-used
retrograde virus tracers. They found that the SAD strain of
rabies virus [SAD-RV(AG)-N2C(G)], packaged with the
N2C glycoprotein from the CVS strain [9], has a retrograde
efficiency comparable to rAAV2-retro, but has a broader
tropism in different neural types and regions, especially in
subcortical regions. However, rAAV2-retro is more suit-
able for cortical neural circuit tracing [8]. On the other
hand, HSV1 strain H129, widely used as an anterograde
tracer, also efficiently infects upstream innervating neurons
through axon terminal uptake and displays a clear retro-
grade labeling phenotype, indicating that there are two
types of starter cell: locally infected neurons in the
injection site and retrogradely infected neurons [10].

The comparison of the infection mechanism, efficiency,
and neurotropism of different viral vectors provides
valuable information for the selection of appropriate viral
tools for individual research designs [3]. In neural circuit
tracing, the qualitative and quantitative analyses of labeled
images are also necessary for further analysis. Based on the
results [8, 10], different neurotropic viruses have different
labeling characteristics in the infected cerebral regions.
Results from a single tool might be incomplete and
inadequate, thus needing verification with multiple tech-
niques. Thus, there is often no ideal viral tool available for
tracing various neural circuits. The researcher must be
aware of the advantages and disadvantages of the selected
tools or methods to avoid inaccuracy or overgeneralization

of the results. At the same time, the results obtained using
different tools and methods must be comprehensively
compared and analyzed to avoid reaching overgeneralized
conclusions.
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Abstract Efficient viral vectors for mapping and manip-
ulating long-projection neuronal circuits are crucial in
structural and functional studies of the brain. The SAD
strain rabies virus with the glycoprotein gene deleted
pseudotyped with the N2C glycoprotein (SAD-RV(AG)-
N2C(G)) shows strong neuro-tropism in cell culture, but its
in vivo efficiency for retrograde gene transduction and
neuro-tropism have not been systematically characterized.
We compared these features in different mouse brain
regions for SAD-RV-N2C(G) and two other widely-used
retrograde tracers, SAD-RV(AG)-B19(G) and rAAV2-
retro. We found that SAD-RV(AG)-N2C(G) enhanced the
infection efficiency of long-projecting neurons by ~ 10
times but with very similar neuro-tropism, compared with
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SAD-RV(AG)-B19(G). On the other hand, SAD-RV(AG)-
N2C(G) had an infection efficiency comparable with
rAAV2-retro, but a more restricted diffusion range, and
broader tropism to different types and regions of long-
projecting neuronal populations. These results demonstrate
that SAD-RV(AG)-N2C(G) can serve as an effective
retrograde vector for studying neuronal circuits.

Keywords Viral vector - N2C glycoprotein - Neuronal
circuits - Retrograde tracing

Introduction

In the central nervous system, distinct brain regions work
together through particular circuit connections to process
different and complex information [1-7]. Neuronal circuits

are the keystone to brain functions and their anatomical and
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functional aberrations are closely associated with many
neurodegenerative diseases [8—11], such as Parkinson’s
disease [12, 13], Alzheimer’s disease [14] and Hunting-
ton’s disease [15]. Thus, it is critical to develop efficient
tools for anatomical mapping and the functional decoding
of neuronal circuit connections.

Retrograde tracers, owing to their unique properties of
entry at axon terminals and then being transported to the
cell bodies, are useful tools for targeting the long-
projecting neuronal circuit assemblies [16, 17]. Compared
with the classical chemical tracers [18-22], viral vectors
are able to deliver genetic elements to neuronal populations
with specific projection properties or molecular features,
and hence are superior in morphological visualization,
activity monitoring, and functional modulation in neuro-
science studies. Nowadays, viral tools are drawing close
attention from the field of neuroscience. The rabies virus
(RABV) [23-26], herpes simplex virus (HSV) [27-31],
canine adeno virus-2 (CAV-2) [32-34], retrograde adeno-
associated virus (rAAV2-retro) [35], and RABV glycopro-
tein-enveloped lentivirus (LV) [36—38] are among the most
commonly-used recent retrograde viral vectors. They seem
to have rather different infection efficacies and tropisms,
although this has not yet been thoroughly explored. RABV
and HSV have broader tropism for different types of
neurons [29, 39], and much higher cytotoxicity than CAV-
2 and rAAV2-retro. CAV-2 and rAAV2-retro are valuable
due to their low toxicity and outstanding retrograde gene
transduction efficiency, but are limited by the gene delivery
capacity and heterogeneous tropism in different neurons
[40, 41]. LV also has high retrograde gene transduction
efficiency, but may induce immune responses [42] or
tumorigenesis[43]. By far, RABV is reported to ensure
robust gene expression, possesses the most exclusive
neuro-tropism and the broadest range of host species
among the above viruses, but is limited by its cytotoxicity
and retrograde gene transduction efficiency. Recent studies
have successfully attenuated [44] and even eliminated [40]
the cytotoxicity. Moreover, RABV enveloped with the
N2C glycoprotein (N2C(G)) from the Challenge Virus
Strain displays increased neuro-tropism in cell culture [45]
and trans-synaptic efficiency in vivo [46]. These improve-
ments endow the RABV-N2C(G) with great potential in
both structural and functional studies of neuronal circuits.
However, since the cellular environment and receptors
involved may be different, the higher in vitro neuro-
tropism and in vivo trans-synaptic spread efficiency do not
mean higher retrograde infection efficiency. Thus, the
in vivo retrograde gene transduction -efficiency and
tropisms of the RABV enveloped by N2C(G) to long-
projecting neuronal circuits and comparison with the two
outstanding retrograde tracers (SAD strain RABV and
rAAV2-retro) are still unknown.

To address these questions, in this study, we first
enveloped the glycoprotein gene-deleted SAD-RABV with
N2C(G) (SAD-RV(AG)-N2C(G)) or the native glycopro-
tein (SAD-RV(AG)-B19(G)), and then compared the
in vivo retrograde infection properties of the SAD-
RV(AG)-N2C(G) with  those of SAD-RV(AG)-
B19(G) and rAAV2-retro.

Methods
Animals

All surgical and experimental procedures were conducted
in accordance with the guidelines of the Animal Care and
Use Committees (20170712015) at the Wuhan Institute of
Physics and Mathematics, Chinese Academy of Sciences.
Adult male C57BL/6 mice were purchased from Hunan
SJA Laboratory Animal Company. Glutamate decarboxy-
lase 67 (GADG67)-GFP transgenic mice [47] were gifts from
Professor Shumin Duan (Zhejiang University), and bred
with adult female C57BL/6 mice. All animals were fed
ad libitum with food and water. A dedicated room with a
12/12 h light/dark cycle was used to house the animals.

Virus Information

The viral vectors SAD-RV(AG)-B19(G)-EGFP, SAD-
RV(AG)-N2C(G)-EGFP, SAD-RV(AG)-N2C(G)-mCherry,
rAAV2-retro-EF1o-EYFP, and rAAV2-retro-EF1a-
mCherry were all packaged by BrainVTA Co., Ltd.
(Wuhan, China) and aliquots were stored at —80 °C.

Production of BHK-N2C(G) Cells

For the baby hamster kidney (BHK)-N2C(G) cell lines,
FUGW-H2B-GFP-P2A-N2C(G) was created by inserting
the N2C-glycoprotein gene (Addgene, #73476) with his-
tone GFP into the lentivirus expression vector FUGW
(Addgene, #14883), then transfection into lentiviral pack-
aging cells. After filtration, FUGW-H2B-GFP-P2A-
N2C(G) was used to infect BHK cells.

Packaging of the SAD-RV(AG)-N2C(G)-EGFP

The SAD-RV(AG)-B19(G)-EGFP was packaged using
standard methods as described in previous reports [48].
BHK-N2C(G) cells were used to stably express N2C(G) for
packaging SAD-RV(AG)-N2C(G)-EGFP. The SAD-
RV(AG)-B19(G)-EGFP was used to infect BHK-
N2C(G) cells for 48 h. Then, after collecting viral
supernatant, the BHK-N2C(G) cells were washed with
PBS, digested with pancreatin, and amplified. After 48 h,
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the viral supernatant of SAD-RV(AG)-N2C(G)-EGFP was
collected, filtered (0.45 pum) and stored at —80 °C. The
concentration procedure of SAD-RV(AG)-N2C(G)-EGFP
was as previously reported [48].

SAD-RV(AG)-N2C(G)-mCherry was obtained using the
same procedures as for SAD-RV(AG)-N2C(G)-EGFP.
HEK 293T cells were used to assay the titer of all rabies
viruses using limiting dilution analysis. Then the rabies
viruses were stored at —80 °C. The rAAV2-retro-EF1a-
EYFP and rAAV2-retro-EF1a-mCherry were titrated using
QPCR.

Stereotaxic Surgery

The animals were anesthetized with chloral hydrate
(400 mg/kg), and placed in a stereotaxic apparatus
(RWD, 68030, Shenzhen, China). The skull above the
targeted areas was thinned with a dental drill (STRONG,
Guangdong, China) and removed carefully with a curved
needle. A mixture of virus and Alexa Fluor 594 conju-
gated-cholera toxin B subunit (CTB594, Thermo Fisher
Scientific, C34777; final concentration, 0.02 mg/mL) was
injected into the target brain regions (ventral tegmental
area (VTA): A-P, —3.10 mm; M-L, +0.50 mm, D-V,
—4.50 mm, 200 nL; or dentate gyrus (DG): A-P,
—1.70 mm; M-L, —0.90 mm; D-V, —1.95 mm, 100 nL)
using an injector connected to a glass micropipette (WPI,
4878, Sarasota, FL), and driven by a syringe pump
(Stoelting, Quintessential Stereotaxic Injector, 53311,
Wood Dale, IL). After injection, the micropipette was left
in place for 10 min to minimize diffusion and then slowly
withdrawn.

Finally, after suturing and applying lidocaine hydrochlo-
ride to the wound, the animals were returned to the housing
room.

Slice Preparation and Confocal Imaging

Mice were anesthetized with an overdose of chloral hydrate
(600 mg/kg), and perfused transcardially with phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde
(PFA, Sigma, 158127MSDS, St. Louis, MO). The brain
was removed and post-fixed overnight in 4% PFA at 4 °C,
then coronal sections were cut at 40 um on a cryostat
microtome (Thermo Fisher, NX50, Waltham, MA).

Every sixth section was stained with 4’,6-diamidino-2-
phenylindole (DAPI), mounted in 70% glycerol, and
imaged under a confocal microscope (Leica, TCS SP8,
Buffalo Grove, IL) or a virtual microscopy slide-scanning
system (Olympus, VS 120, Tokyo, Japan).

@ Springer

Immunohistochemistry

The sections were washed with PBS (3 times, 5 min each),
then incubated in blocking solution (10% normal goat
serum and 0.3% Triton x-100 in PBS) for 1 h at 37 °C,
followed by the primary antibody rabbit anti-Ca**/calmod-
ulin-dependent protein kinase II (CaMKII, Abcam, ab5683,
1:500) and incubated for 72 h at 4 °C. Sections were
washed with PBS (3 times, 10 min each), incubated with
the secondary antibody goat anti-rabbit cy3 (Jackson
ImmunoResearch, 94600, 1:400) for 1 h at 37 °C, then
washed with PBS (3 times, 10 min each), stained with
DAPI, and mounted with 70% glycerol.

Data Analysis
Cell Counting

To count the labeled neurons in the whole brain using
SAD-RV(AG)-B19(G), SAD-RV(AG)-N2C(G), or
rAAV2-retro, images were segmented and delineated to
different brain regions with Photoshop based on the Allen
Brain Atlas (http://www.brain-map.org/). The labeled
neurons were quantified with ImageJ (National Institutes of
Health, Bethesda, MD), but those around the injection sites
were not counted.

To count CaMKII and EYFP/GFP co-labeled cells,
1024 x 1024 pixel (1183 pm x 1183 um) images within
the target regions were randomly selected, while to count
GAD 67 or GAD 67-GFP co-labeled cells, the images were
segmented and assigned to different brain regions with
Photoshop based on the Allen Brain Atlas. The co-labeled
neurons were quantified with Imagel.

Analysis of Viral Diffusion Range

To analyze the diffusion ranges of rAAV2-retro and SAD-
RV(AG)-N2C(G), we selected samples from around the
VTA injection site containing a large enough (2235 um x
2235 wm) area (referred to as cholera toxin B subunit
signals). Since viral diffusion is concentric, the diffusion
range was defined as an irregular circle centered on the
CTB signals and containing concentric EYFP/GFP+ soma
distributions. Only the EYFP/GFP+ signals within the
circle were assessed. The circular range was equidistantly
segmented into 57.5-um stripes centered on the CTB
signals along the lateral-medial and dorsal-ventral axes
using MatLab R (2014a). The EYFP/GFP+ signals within
each square were counted and calculated separately.
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Statistical Analyses

To illustrate the input intensity from different brain
regions, only those >1% were included in Fig. 3D and
Fig. S2. For statistical analysis of the input intensity for the
whole brain, all regions were included. For diffusion area
analysis, the percentage of signal in each square was
calculated, fitted to a Gaussian curve, and the Wy, (peak
width at half-height) was analyzed using MatLab R
(2014a).

Informations on the sections included in each statistical
analysis are listed below. About 36 sections from each
mouse were included in Figs. 1D, 2B, 3D-E, and S2A-B;
~33 in Fig. 4E and F; 5 in Fig. 5B; 4 in Fig. SH-K; 11 in
Fig. S4C and D; and one slice closest to the injection site in
Fig. 2C and D.

Independent sample -tests, one-way ANOVA followed
by the LSD multiple comparison test, a two-sided non-
parametric test (Mann-Whitney U-test) and Spearman rank

Fig. 1 The retrograde gene transduction efficiency of SAD-RV(AG)-
N2C(G)-EGFP is higher than that of SAD-RV(AG)-B19(G)-EGFP.
A Schematics of the virion structures of SAD-RV(AG)-B19(G)-EGFP
(upper panel) and SAD-RV(AG)-N2C(G)-EGFP (lower panel).
B Schematic of the in vivo tracing study. A low dose of CTB594
was co-injected with either a low titer of SAD-RV(AG)-B19(G)-
EGFP (5 x 107 infectious units (IFU)/mL), a high titer of SAD-
RV(AG)-B19(G)-EGFP (5 x 10® IFU/mL), or SAD-RV(AG)-
N2C(G)-EGFP (5 x 107 IFU/mL) into the VTA of C57 mice.
C Many regions upstream of the VTA, such as the habenular nucleus

correlation analysis were used to determine statistical
differences using SPSS (22.0, International Business
Machines Corporation, New York, NY). Statistical signif-
icance was set at ***P <(0.001, **P <0.01 and
*P < 0.05. All values are presented as the mean + SEM.
Graphs were drawn using Sigma Plot (version 10.0, Systat
Software Inc, San Jose, CA).

Results

SAD-RV(AG)-N2C(G) Showed a Higher Retrograde
Gene Transduction Efficiency but a Similar Labeled
Pattern Compared with SAD-RV(AG)-B19(G)

First, we packaged SAD-RV(AG)-N2C(G)-EGFP and
SAD-RV(AG)-B19(G)-EGFP (Fig. 1A). To compare their
retrograde infection efficiencies in vivo, the two pseudo-
typed viruses were mixed with Alexa Fluor 594

(left panels) and the midbrain raphe nuclei (RAmb, right panels),
were retrogradely labeled by SAD-RV(AG)-N2C(G)-EGFP (lower
panels) or SAD-RV(AG)-B19(G)-EGFP with different titers (upper
and middle panels). D Numbers of neurons in the whole brain
retrogradely infected by a low (5 x 10" IFU/mL) or a high
(5 x 108 IFU/mL) titer of SAD-RV(AG)-B19(G)-EGFP, or SAD-
RV(AG)-N2C(G)-EGFP (5 x 107 IFU/mL). Scale bars, 200 wm;
n =4 mice/group; *P < 0.05, **P < 0.01, ***P < 0.001. n.s., no
significant difference; one-way ANOVA followed by the LSD
multiple comparison test. The nuclei were stained blue by DAPIL.
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Fig. 2 Retrograde gene transduction efficiency and diffusion range of
SAD-RV(AG)-N2C(G) and rAAV2-retro. A Representative image of
the injection site of rAAV2-retro-EF1a-EYFP in the VTA. CTB594
was co-injected to delineate the injection site. SNc: Substantia nigra,
compact part; SNr: Substantia nigra, reticular part; VTA: Ventral
tegmental area. B Numbers of neurons in the whole brain retrogradely
infected by SAD-RV(AG)-N2C(G)-EGFP (5 x 10 IFU/mL) and
rAAV2-retro-EF1a-EYFP (10I3 IFU/mL). C, D The lateral-medial
(C) and dorsal-ventral (D) diffusion patterns of rAAV2-retro-EF1a-
EYFP (blue dots and line) and SAD-RV(AG)-N2C(G)-EGFP (red

conjugated-cholera toxin B subunit (CTB594, red fluores-
cent signal to mark the injection sites), and injected into the
VTA of different mice (Fig. 1B, Table 1). The sections
were checked carefully to guarantee that the injection sites
were restricted to the VTA (Fig. SI). Otherwise, the
samples were excluded. In most of the GFP-labeled regions
[midbrain raphe nuclei and the habenular nucleus
(Fig. 1C)], SAD-RV(AG)-N2C(G)-EGFP clearly infected
more neurons than SAD-RV(AG)-B19(G)-EGFP, even
when the titer of the latter was ten times higher. The
whole-brain GFP-positive neuron numbers were also
consistent with this result (Fig. 1D, P =5.72 x 10~ for
viruses at the same titer, P = 0.0059 for viruses with
tenfold different titers).

The retrograde gene transduction efficiency of the SAD
strain RABV was increased by pseudotyping with N2C(G),
however, whether the retrograde tropism for neurons in
different brain regions was also altered remained unclear.
To answer this, GFP-positive neurons within each
upstream region were counted and normalized by dividing
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dots and line) around the injection sites. The signal percentages
distributed along the lateral-medial and dorsal-ventral axes of all
animals were fitted to Gaussian curves. Wy, peak width at half-
height. E, F Statistical analysis of the lateral-medial (E) and dorsal-
ventral (F) diffusion of rAAV2-retro-EF1a-EYFP and SAD-RV(AG)-
N2C(G)-EGFP. The W,,, of each animal (n =4 mice/virus) was
compared between the two viral groups. *P < 0.05, **P < 0.01,
**#%¥P < 0.001. n.s., no significant difference, r-test. Scale bar,
200 pm.

the total number of retrogradely-labeled neurons in each
animal. We found that none of the analyzed regions
showed significant differences in input percentage between
the SAD-RV(AG)-N2C(G)-EGFP and SAD-RV(AG)-
B19(G)-EGFP groups (Fig. S2A). The percentages of
retrogradely-labeled neurons in different regions in the
two groups were strongly correlated (Fig. S2B).

These results demonstrated that the RABV with the
glycoprotein gene deleted and enveloped with N2C(G) has
improved retrograde gene transduction efficiency without
affecting the retrograde tropism bias.

SAD-RV(AG)-N2C(G) Showed Higher Retrograde
Gene Transduction Efficiency and More Restricted
Diffusion Range than rAAV2-retro

rAAV2-retro is an outstanding retrograde viral vector mainly
due to its high efficiency, and has been broadly used in
various functional studies of neuronal circuits [35, 49]. In
order to compare the retrograde efficiency of rAAV2-retro
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«Fig. 3 Retrograde infection tropism biases of SAD-RV(AG)-
N2C(G) and rAAV2-retro injected into the VTA. A-C Representative
images showing the different retrograde labeling patterns with
rAAV2-retro-EF1a-EYFP  (upper panels) and SAD-RV(AG)-
N2C(G)-EGFP (lower panels) in the cortex (A), striatum (B), and
LHA (C). D Analysis of the input proportions of different nuclei
labeled with SAD-RV(AG)-N2C(G)-EGFP and rAAV2-retro-EFlo-
EYFP. In most nuclei, the input proportions of the neurons labeled
with the two viruses were dramatically different. E Input proportions
of intact brain areas pooled from the discrete nuclei in D. Compared
with SAD-RV(AG)-N2C(G)-EGFP, rAAV2-retro-EF10-EYFP pref-
erentially infected the isocortex, but rarely infected the striatum,
amygdala, pallidum. and hypothalamus. #n =4 mice/group;
*P < 0.05, ¥*P < 0.01, ***P < 0.001. Mann-Whitney U-test. Scale
bars, 200 pm. ACB: Nucleus accumbens; ACA: Anterior cingulate
area; Al: Agranular insular area; AUD: Auditory areas; BST: Bed
nuclei of the stria terminalis; CBN: Cerebellar nuclei; CP: Caudop-
utamen; CS: Superior central nucleus raphe; GU: Gustatory areas;
Habenular: Habenular nucleus; HPF: hippocampal formation; ILA:
Infralimbic area; LHA: Lateral hypothalamic area; LPO: Lateral
preoptic area; MPO: Medial preoptic area; MO: Somatomotor areas;
MRN: Midbrain reticular nucleus; MSC: Medial septal complex;
ORB: Orbital area; OT: Olfactory tubercle; PAG: Periaqueductal
gray; PB: Parabrachial nucleus; PL: Prelimbic area; PH: Posterior
hypothalamic nucleus; PPN: Pedunculopontine nucleus; PRNc:
Pontine reticular nucleus, caudal part; PRNr: Pontine reticular
nucleus; PRT: Pretectal region; RAmb: Midbrain raphe nuclei; RR:
Midbrain reticular nucleus, retrorubral area; RSP: Retrosplenial area;
SCm: Superior colliculus, motor related; SI: Substantia innominate;
SNc: Substantia nigra, compact part; SNr: Substantia nigra, reticular
part; SS: Somatosensory areas; ZI: Zona incerta.

and SAD-RV(AG)-N2C(G), rAAV2-retro-EF1a-EYFP was
mixed with CTB594 and injected into the VTA (Fig. 2A,
Table 1). We found that, compared to the rAAV2-retro-
EF1a-EYFP at a titer of 10'? viral genomes (vg)/mL, SAD-
RV(AG)-N2C(G)-EYFP at 5 x 107 IFU/mL retrogradely
infected more neurons (12,891 + 1,080 for rAAV2-retro-
EF1a-EYFP, 18,173 + 2,232 for SAD-RV(AG)-N2C(G)-
EGFP), P = 0.014; Fig. 2B).

Given that the two viruses were titered using different
methods based on their individual properties, and that the
number of retrogradely-labeled neurons was positively
correlated with the titer, it was difficult to directly compare
their retrograde efficiency using different titer units.
However, the increased titer could consequently increase
the diffusion. Therefore, we further calculated the diffusion
patterns of EYFP/GFP+ neuronal somata near the VTA.
The rates of virus-labeled neurons were binned every
57.5 ym along the lateral-medial and dorsal-ventral axes
and fitted to Gaussian curves. The Wy, was calculated to
estimate the diffusion range of the two viruses. We found
that, compared with the rAAV2-retro-EF1a-EYFP (1013
vg/mL), the Wy, of SAD-RV(AG)-N2C(G)-EGFP
(5 x 10" IFU/mL) was much smaller along the lateral-
medial axis (Fig. 2C, E), but showed no significant
difference along the dorsal-ventral axis (Fig. 2D, F).
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Together, these results suggest that SAD-RV(AG)-
N2C(G)-EGFP has a much higher retrograde gene trans-
duction efficiency and a more limited diffusion range than
rAAV2-retro-EF1a-EYFP.

SAD-RV(AG)-N2C(G) and rAAV2-retro Exhibited
Different Retrograde Infection Tropism in Different
Brain Regions

Certain projection neurons have been reported to be
refractory to rAAV2-retro infection [35, 40], so we then
compared the retrograde infection tropisms of rAAV2-retro
and SAD-RV(AG)-N2C(G).

To achieve this, we first analyzed the distribution
patterns and proportions of EYFP/GFP+ neurons in
different brain regions of rAAV2-retro-EF1o-EYFP- and
SAD-RV(AG)-N2C(G)-EGFP-injected samples. We found
that, compared with the SAD-RV(AG)-N2C(G)-EGFP,
rAAV2-retro-EF10-EYFP preferentially labeled neurons
in the somatomotor, somatosensory, gustatory, auditor,
anterior cingulate, prelimbic, infralimbic, orbital, and
agranular insular areas (Fig. 3A, D). Whereas, in many
of the other regions, such as the caudoputamen (CP),
nucleus accumbens (ACB), substantia innominata, bed
nuclei of the stria terminalis, lateral hypothalamic area
(LHA), lateral preoptic area, substantia nigra, pars reticu-
lata, motor-related superior colliculus, and superior central
raphe nucleus, the rAAV2-retro-EF1a-EYFP showed a
modest infection efficiency (Fig. 3B-D). It should be noted
that, in the CP and ACB, which are greatly enriched with
GABAergic neurons and directly connected to the VTA
[50-52], very few cell bodies were labeled by rAAV2-
retro-EF1o-EYFP. In the periaqueductal gray (PAG),
midbrain reticular nucleus, midbrain raphe nuclei and a
few other regions, there was no significant difference in the
neuronal labeling rate between the two kinds of virus
(Fig. 3D).

We further pooled the EYFP/GFP+ neuron signals of
every individual brain region into several intact brain
areas (Fig. 3E) according to the Allen Brain Atlas (http://
www.brain-map.org/). The data showed that in the iso-
cortex, the retrograde neuronal labeling rate of rAAV2-
retro-EF1o-EYFP was ~ 7-fold higher than that of SAD-
RV(AG)-N2C(G)-EGFP. On the contrary, SAD-RV(AG)-
N2C(G)-EGFP had a higher percentage of labeled neurons
in many non-cortical areas, including the striatum,
amygdala, pallidum, and hypothalamus. There was no
significant difference in the neuronal labeling rate
between the two viruses in the olfactory area, hip-
pocampal formation/septum, claustrum/endopiriform,
thalamus/epithalamus, midbrain, hindbrain, and cerebel-
lum (Fig. 3E, Table 2).
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Fig. 4 Different retrograde labeling patterns of SAD-RV(AG)-
N2C(G)-EGFP and rAAV2-retro-EF10-EYFP injected into the hip-
pocampus. A Coronal sections near the injection sites (indicated by
the red signals of CTB594) in the DG by the two viruses (upper
panels, rAAV2-retro-EF10-EYFP; lower panels, SAD-RV(AG)-
N2C(G)-EGFP). B-D: Representative images reveal that the retro-
grade labeling patterns with SAD-RV(AG)-N2C(G)-EGFP and
rAAV2-retro-EF1a-EYFP are quite different in many regions, such
as the hippocampus (B), MBO (C), and MSC (D). E Numbers of

To exclude the influence of individual variation and
directly compare the retrograde infection tropisms,
rAAV2-retro-EF1o-EYFP and SAD-RV(AG)-N2C(G)-
mCherry were injected separately into the bilateral VTA
in the same animal (Fig. S3A and B; Table 1). The
differences in the labeling patterns of the two viruses were
still observed in these mice (Fig. S3C), consistent with the
above results (Fig. 3A-D).

Since the retrograde gene transduction efficiency or
tropism biases in different brain regions may differ with the
injection site, the two viruses were additionally injected
into the dentate gyrus (DG), another region that receives a

neurons retrogradely infected with SAD-RV(AG)-N2C(G)-EGFP and
rAAV2-retro-EF1a-EYFP in the whole brain. F Proportions of input
from different areas. n = 3 mice for rAAV2-retro-EF1o-EYFP; n = 4
mice for SAD-RV(AG)-N2C(G)-EGFP. *P < 0.05, **P < 0.01,
*#kP < (0.001, t-test. Scale bars, 50 um for insets in B, 200 um for
A-D. CS: Superior central nucleus raphe; DG: Dentate gyrus; HIP:
Hippocampal region; MBO: Mammillary body; MSC: Medial septal
complex.

considerable amount of input from cortical areas (Fig. 4A,
Table 1). The images near the injection site showed that
the fluorescent signal of rAAV2-retro-EF1a-EYFP was
much denser and diffused more widely than SAD-RV(AG)-
N2C(G)-EGFP (Fig. 4A). Quantitative analysis of the
whole-brain GFP/EYFP+ neurons excluding the DG
region revealed that SAD-RV(AG)-N2C(G)-EGFP at a
titer of 5 x 107 IFU/mL had a retrograde gene transduc-
tion efficiency comparable to rAAV2-retro-EF1a-EYFP at
10" vg/mL (Fig. 4E, 707 + 70 for rAAV2-retro-EFla-
EYFP; 625 + 241 for SAD-RV(AG)-N2C(G)-EGFP,
P =0.40). We further analyzed the retrogradely-labeled
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patterns of the two viruses. Since the hippocampus is a
macroscopically defined cortical structure [53, 54], the
hippocampus and the cortical areas were collectively
referred to as an intact brain area, the hippocampal region
(HIP) & Cortex. We found that rAAV2-retro-EF1a-EYFP
labeled a greater proportion of projection neurons in the
HIP & Cortex (Fig. 4B and F, 9291% =+ 0.74% for
rAAV2-retro-EF1o-EYFP; 59.15% + 5.28% for SAD-
RV(AG)-N2C(G)-EGFP; P = 0.0015) than SAD-RV(AG)-
N2C(G)-EGFP. However, in the mammillary body
(3.39% £ 0.89%, 9.75% + 1.81%; P =0.023) (Fig. 4C
and F) and medial septal complex (MSC, 0.39% =+ 0.29%,
23.13% =+ 3.54%; P = 0.0015) (Fig. 4D and F), the neu-
ronal labeling rate of rAAV2-retro-EF1a-EYFP was ~3-
and ~60-folds lower, respectively, despite substantial
reports that the DG is densely connected to the MSC
[55, 56].

The DG has also been reported to receive abundant
contralateral hippocampal inputs [57, 58]. To investigate
the retrograde infection tropism in more detail, we further
compared the labeling patterns of the two viruses in the
contralateral hippocampus. The proportion of EYFP/GFP+
neurons in each contralateral subregion was normalized to
all contralateral hippocampal inputs. We found that the
retrograde labeling patterns in the contralateral subregions
were significantly different. The rAAV2-retro-EFla-
EYFP-labeled neurons were highly enriched in the con-
tralateral DG (99.35% =+ 0.41% for rAAV2-retro-EF1a-
EYFP and 27.02% + 6.81% for SAD-RV(AG)-N2C(G)-
EGFP; P =0.00014), especially in the dorsal DG
(Fig. S4A and C), but only sparsely distributed in CA3,
CA2, and CA1l. However, neurons labeled with SAD-
RV(AG)-N2C(G)-EGFP were mainly found in the con-
tralateral CA3 (0.33% =+ 0.20% for rAAV2-retro-EF1a-
EYFP and 60.51% + 5.83% for SAD-RV(AG)-N2C(G)-
EGFP; P = 0.00016), while also scattered throughout the
DG, CA2, and CALl (Fig. S4A and C). Since the contralat-
eral DG neurons labeled with rAAV2-retro-EF1a-EYFP
were predominant in the posterior ventral rather than the
anterior dorsal part, we then analyzed the rostral-caudal
distribution of the contralateral hippocampal EYFP/GFP+
neurons. We found that the rAAV2-retro-EFla-EYFP
mainly infected the caudal but not the rostral hippocampus.
On the contrary, the SAD-RV(AG)-N2C(G)-EGFP mainly
targeted neurons in the rostral hippocampus, which was
close to the injection site, while also slightly labeled every
part of the contralateral hippocampus along the rostral-
caudal axis (Fig. S4B and D).

We also established that after the virus was injected into
the VTA or the DG, neurons in several regions (ACB for
the VTA and MSC, and contralateral CA1, CA2 and CA3
for the DG) were resistant to retrograde infection with
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rAAV2-retro-EF1o-EYFP, while the SAD-RV(AG)-
N2C(G)-EGFP was able to infect all of these regions.
These results suggest that the retrograde infection biases in
rAAV2-retro-EF1o-EYFP and SAD-RV(AG)-N2C(G)-
EGFP are quite different. The rAAV2-retro-EF1a-EYFP
prefers to infect cortical more than subcortical neurons,
while SAD-RV(AG)-N2C(G)-EGFP showed a less biased
retrograde infection tropism for neurons in different
regions.

SAD-RV(AG)-N2C(G) and rAAV2-retro Exhibited
Different Efficiencies in Retrogradely Labeling
Long-Projection Inhibitory Neurons

rAAV2-retro-EF1a-EYFP exhibited highly biased labeling
patterns among different regions; that is, there was a strong
preference for retrograde labeling in the long-projection
cortical and hippocampal neurons, which mainly consist of
excitatory subtypes [59-61], and a markedly lower ten-
dency to label regions where GABAergic neurons are
dominant. Therefore, we speculated as to whether the
different retrograde infection patterns of rAAV2-retro-
EF1o-EYFP and SAD-RV(AG)-N2C(G)-EGFP were due
to their tropisms toward different neuronal subtypes. To
test this hypothesis, VT A-injected cortical samples were
selected and immnohistochemically stained for Ca®'/-
calmodulin-dependent protein kinase II (CaMKII), a
marker for excitatory neurons in the cortex [62, 63]
(Fig. 5A). The results showed that the neurons retrogradely
labeled by both rAAV2-retro-EF1o-EYFP and SAD-
RV(AG)-N2C(G)-EGFP were highly co-labeled with
CaMKII, showing no significant difference, although the
rAAV2-retro-EF1a-EYFP group exhibited a slightly ten-
dency to higher co-labeling (Fig. 5B). Thus, we further
investigated the retrograde infection properties of the two
viruses for long-projection inhibitory neurons.

To achieve this, rAAV2-retro-EF1a-mCherry and SAD-
RV(AG)-N2C(G)-mCherry were separately injected into
the VTA of GAD67-GFP mice (Table 1). We found that
neither of the viruses labeled inhibitory neurons in the
cortex (Fig. 5C). In the ACB, which was refractory to
infection, rAAV2-retro showed that about half of the SAD-
RV(AG)-N2C(G)-mCherry-labeled neurons were inhibi-
tory (Fig. 5D and H). In the zona incerta, LHA, and PAG,
SAD-RV(AG)-N2C(G)-mCherry labeled a significantly
higher proportion of GAD67-GFP neurons than rAAV2-
retro-EF1a-EYFP (Fig. SE-G, and I-K).

These results indicate that rAAV2-retro is less efficient
in retrogradely infecting long-projection inhibitory neurons
than SAD-RV(AG)-N2C(G), which may contribute to the
different retrograde infection patterns of the two viruses.
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«4Fig. 5 rAAV2-retro and SAD-RV(AG)-N2C(G) exhibited different
efficiencies in retrograde labeling of long-projection inhibitory
neurons. A Representative cortical images displaying the co-local-
ization (merged, left) of virus-labeled neurons (green, middle), and
immunofluorescent CaMKII staining (red, right). B The CaMKII-
positive rates of EYFP/GFP+ labeled neurons with SAD-RV(AG)-
N2C(G)-EGFP and rAAV2-retro-EF1a-EYFP in cortical regions. n.s.,
no significant difference, Mann-Whitney U-test. C—G Representative
images showing the co-localization of GAD67-GFP (green, GAD
67-GFP mice) and neurons labeled with rAAV2-retro-EF1o-mCherry
(red, upper panels) and SAD-RV(AG)-N2C(G)-mCherry (red, lower
panels) in cortex (C), ACB (D), ZI (E), LHA (F), and PAG (G). H-
K Analysis of co-labeling rates of GAD67-GFP with virus-labeled
(red) neurons. SAD-RV(AG)-N2C(G)-mCherry labeled more
GAD67-GFP-positive neurons than rAAV2-retro-EF1a-mCherry in
the ACB (H), ZI (I), LHA (J), and PAG (K). n = 3 mice for rAAV2-
retro-EFlo-mCherry; n =4 mice for SAD-RV(AG)-N2C(G)-
mCherry. *P < 0.05, **P < 0.01, ***P < 0.001, t-test; scale bars,
200 pm. ACA: Anterior cingulate area; ACB: Nucleus accumbens;
MO: Somatomotor areas; LHA: Lateral hypothalamic area; ZI: Zona
incerta; PAG: Periaqueductal gray.

Discussion

RABV has been widely used to target long-projecting
neuronal networks by either the trans-monosynaptic spread
or direct retrograde infection at the terminals. When used
as a retrograde tracer, RABV is largely limited by its low
efficiency. Here, we found that the N2C glycoprotein
derived from the RABV CVS strain was able to increase
the in vivo retrograde gene transduction efficiency of the
SAD strain more than tenfold. Furthermore, the pseudo-
typed virus SAD-RV(AG)-N2C(G) showed a comparable
retrograde efficiency, but a more localized diffusion range
and a broader tropism to different types and regions of
long-projecting neuronal populations than rAAV2-retro.

Table 1 Experimental parameters for retrograde tracing.

SAD-RV(AG)-N2C(G) is Highly Efficient for Retro-
grade Tracing

It has been reported that CVS-RV(AG)-N2C(G) possesses
higher neuronal invasiveness [64] and greater retrograde
trans-synaptic spread [46] than the vaccine strain SAD-
RV(AG)-B19(G). When pseudotyped with N2C(G), SAD-
RV(AG)-N2C(G) also exhibits greater neuro-tropism in
cell culture than SAD-RV(AG)-B19(G) [45]. However, a
recent study [65] found that complementing SAD-RV(AG)
with N2C(G) showed less or similar retrograde trans-
synaptic efficiency than with B19(G). Besides, the mech-
anisms of retrograde trans-synaptic spread and retrograde
infection at axon terminals could be different. Thus,
comparison of the retrograde gene transduction efficiency
between SAD-RV(AG)-B19(G) and SAD-RV(AG)-
N2C(G) still remained obscure. We addressed this conun-
drum in the present work and found that, after injecting
virus into the VTA, the in vivo retrograde gene transduc-
tion efficiency of SAD-RV(AG)-N2C(G) was much higher
than that of SAD-RV(AG)-B19(G) (Fig. 1D). Our results
are consistent with findings reported in earlier studies.
Other than the enhanced neuronal invasiveness, the retro-
grade labeling patterns in SAD-RV(AG)-N2C(G) and
SAD-RV(AG)-B19(G) were not significantly different
(Fig. S2). A possible explanation for the similar labeling
patterns is that N2C(G) might infect long-projecting
neurons via the same receptors but with a much higher
affinity than B19(G).

rAAV2-retro is also an outstanding viral tool to
efficiently target long-projecting neurons. In this study,
we found that the retrograde gene transduction efficiency
of SAD-RV(AG)-N2C(G) was no less than that of rAAV2-
retro (Fig. 2B and 4E), but had a more restricted diffusion

Animal Number Nucleus Virus Dose (IFU/mL or Volume Injection Perfusion
viral genomes/mL) (L) (Day) (Day)
C57BL/6 4 VTA SAD-RV(AG)-B19(G)-EGFP 5 x 107 0.2 Dayl Day7
C57BL/6 4 VTA SAD-RV(AG)-B19(G)-EGFP 5 x 10° 0.2 Dayl Day7
C57BL/6 4 VTA SAD-RV(AG)-N2C(G)-EGFP 5 x 107 0.2 Dayl Day7
C57BL/6 4 VTA rAAV2-retro-Ef1a-EYFP 1 x 10" 0.2 Day]1 Day21
C57BL/6 4 VTA(Right) rAAV2-retro-Ef1a-EYFP 1 x 10" 0.2 Day1 Day21
VTA(Left) SAD-RV(AG)-N2C(G)-mCherry 1.1 x 108 0.2 Day14
C57BL/6 4 DG SAD-RV(AG)-N2C(G)-EGFP 5 x 107 0.1 Dayl Day7
C57BL/6 3 DG rAAV2-retro-Ef1a-EYFP 1 x 10" 0.1 Dayl Day21
GAD67-GFP 4 VTA SAD-RV(AG)-N2C(G)-mCherry 1.1 x 108 0.2 Dayl Day7
GAD67-GFP 3 VTA rAAV2-retro-Efl o-mCherry 1.68 x 10 0.2 Dayl Day21
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Table 2 Retrograde neuronal labeling rate in brain regions.

Brain regions

Values (Mean + SEM) P

rAAV2-retro-EF1a-EYFP

SAD-RV(AG)-N2C(G)-EGFP

Isocortex 50.72% + 4.85%
Striatum 0.08% =+ 0.05%
Amygdala 0.62% =+ 0.05%
Pallidum 1.30% + 0.27%
Hypothalamus 7.27% + 1.87%

1.90% =+ 0.33%
0.64% + 0.19%
0.04% + 0.05%

Olfactory area
Hippocampal formation (HPF)/septum

Claustrum/endopiriform

Thalamus/epithalamus 1.81% + 0.48%
Midbrain 27.00% £ 4.07%
Hindbrain 8.34% =+ 0.59%
Cerebellum 0.28% =+ 0.08%

7.42% + 1.47% 0.029
7.76% £ 1.37% 0.029
1.44% + 0.38% 0.029
7.57% + 0.86% 0.029
21.14% £ 1.56% 0.029
0.69% =+ 0.38% 0.057
0.37% + 0.16% 0.34
0.20% + 0.07% 0.11
4.44% £ 1.25% 0.11
35.50% + 3.26% 0.20
12.43% + 1.79% 0.057
1.03% =+ 0.34% 0.057

range (Fig 2C, E and 4A). This may be due to the different
virion sizes [6, 26, 66, 67]. Although the number of
retrogradely-labeled neurons further increased with the
titer of rAAV2-retro, this could lead to a larger range of
viral diffusion, which subsequently raises the risk of non-
specific infection of neurons upstream from the regions
adjacent to the injection site. With retrograde efficiency
comparable to rAAV2-retro, the more localized diffusion
range of SAD-RV(AG)-N2C(G) could make it more
suitable to target the neuronal inputs to small nuclei.

The recently-developed receptor complementation strat-
egy for CAV-2 has also extensively improved its retrograde
transport efficiency and overcome the limitation of biased
tropism [34]. However, this strategy needs an additional
viral injection prior to the CAV-2-Cre, which complicates
animal surgery, and makes it hard to access difficult-to-
inject areas or target a large volume or even whole-brain
upstream tissues. SAD-RV(AG)-N2C(G), with its intrinsic
high efficiency and broad tropism, should be able to
overcome these limitations. However, further studies
analyzing the efficiency of CAV-2 and SAD-RV(AG)-
N2C(G) in different neuronal circuits will also be valuable
in guiding the applications of these viral tools.

The Retrograde Neuronal Tropism Biases
of rAAV2-retro and SAD-RV(AG)-N2C(G) are
Different

In the present study, we showed that AAV2-retro and
SAD-RV(AG)-N2C(G), when injected either into the VTA
or DG, displayed different retrograde labeling patterns.
Some regions, especially the striatum and basal forebrain,
were largely resistant to retrograde infection by rAAV2-

retro, but susceptible to SAD-RV(AG)-N2C(G) (Fig. 3B
and 4D), showing that SAD-RV(AG)-N2C(G) has a
broader retrograde tropism for long-projecting neurons.
Our experimental data on the selectivity of SAD-
RV(AG)-N2C(G) and rAAV2-retro for the two most
dominant neuron types, CaMKII+ and GAD67+4-, showed
that few neurons labeled with rAAV2-retro were long-
projecting GABAergic, while a significant percentage of
the SAD-RV(AG)-N2C(G)-labeled neurons (from 17 to 50
in subcortical regions) were long-projecting GABAergic
neurons (Fig. SD-K). However, it should be noted that
most of the long-projecting neurons in the cortex are
excitatory [59, 60, 68] (Fig. 5A, B). Therefore, the distinct
retrograde infection preference of the two viruses over
excitatory and inhibitory long-projection neurons generated
different input patterns for a given region. The VTA
receives extensive subcortical neuronal innervation
[69, 70], while the major inputs to the DG are from
cortical and hippocampal subregions [57, 58]. In the
present study, we found that rAAV2-retro with the EFla
promoter was much more efficient in labeling long-
projecting cortical and hippocampal excitatory neurons.
This is partially consistent with previous reports that
compared the properties of SAD-RV(AG)-B19(G) and
rAAV2-retro with the CMV promoter [44]. However, we
still cannot exclude the possibility that the observed
differences in retrograde tropism between RABV (viral
endogenous promoter) and rAAV2-retro (EFla promoter)
could be affected by the different promoters used here.
Indeed, the input patterns of the VTA and the DG
revealed by the two viruses are rather different (Fig. 3D,
E4F, S4C, D). The significantly different neuronal
tropisms shown by these results suggest that when tracing
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data are interpreted, the viral tools should be considered
carefully. In fact, RABV may also exhibit tropism biases in
some cases [71]. Thus, the best selection of viral tools
depends on the specific circuit being studied, and the
combined use of multiple viral tracers should get us closer
to the actual facts.

Although we demonstrated that SAD-RV(AG)-
N2C(G) has high efficiency and broad tropism for retro-
grade labeling of neuronal circuits, further work is still
required to overcome the viral cytotoxicity for achieving
long-term functional studies or transgenic expression.
Fortunately, recently-developed strategies which delete
certain genes [40] or introduce a self-inactivating vector
[44] of SAD-RV(AG) have successfully overcome this
limitation. One might argue that CVS-RV(AG)-N2C(G) is
less toxic than SAD-RV(AG)-N2C(G) and hence is supe-
rior. However, since the virus production is much easier for
SAD-RV(AG) than for CVS-RV(AG), and the most potent
designs [40, 44] to reduce the toxicity of RABV to date are
based on the SAD-RV(AG) vector, our introduction of
SAD-RV(AG)-N2C(G) and our ongoing research to inte-
grate these systems could provide more easily accessible
and promising retrograde tools for the community.

In summary, we have provided experimental evidence
for a powerful viral tool, N2C(G)-enveloped SAD-
RV(AG)-N2C(G), which has high retrograde gene trans-
duction efficiency and broad neuro-tropism to target the
inputs to neuronal circuits. The comparison of the infection
efficiency and neuro-tropism of SAD-RV(AG)-
N2C(G) and rAAV2-retro provides valuable information
for the selection of these viruses for individual research
designs.
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Abstract Emotional contagion, a primary form of empa-
thy, is present in rodents. Among emotional contagion
behaviors, social transmission of fear is the most studied.
Here, we modified a paradigm used in previous studies to
more robustly assess the social transmission of fear in rats
that experienced foot-shock. We used resting-state func-
tional magnetic resonance imaging to show that foot-shock
experience enhances the regional connectivity of the
anterior cingulate cortex (ACC). We found that lesioning
the ACC specifically attenuated the vicarious freezing
behavior of foot-shock-experienced observer rats. Further-
more, ablation of projections from the ACC to the
mediodorsal thalamus (MDL) bilaterally delayed the
vicarious freezing responses, and activation of these
projections decreased the vicarious freezing responses.
Overall, our results demonstrate that, in rats, the ACC
modulates vicarious freezing behavior via a projection to
the MDL and provide clues to understanding the mecha-
nisms underlying empathic behavior in humans.
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Introduction

Empathy refers to the capability of a subject to stand in
another individual’s situation and experience the feelings
of the latter [1]. It is a sophisticated psychological process
vital for individuals to live in society. In addition,
abnormalities in this ability are closely associated with
mental diseases, such as autism spectrum disorder [2, 3]
and schizophrenia [4-6]. Thus, defining the neuronal
mechanisms underlying empathy could enable understand-
ing and lead to cures for psychiatric disorders. Currently,
these mechanisms in humans remain unknown, in part due
to limited research methods.

Initially, researchers defined empathy as unique to
humans and apes [7, 8]. Now, increasing evidence has
shown that empathy is evolutionarily conserved from
rodents to humans [1, 9]. Although advanced empathic
behaviors such as perspective-taking have not been defined
in rodents, many studies support the idea that rodents
exhibit emotional contagion [10, 11], a primary form of
empathic behavior. In the hierarchy of empathic behaviors,
emotional contagion refers to an individual’s ability to
unconsciously mimic the emotional state of a conspecific
[7] and is thought to be a fundamental component of
advanced empathy [12, 13]. Examples of emotional
contagion include the contagion of a baby’s cry [14] and
the social transmission of fear [15, 16]. Thus, understand-
ing the mechanisms of emotional contagion in simpler
animals could shed light on the neuronal basis of advanced
empathy in humans.

To date, behavioral studies have revealed a variety of
primary empathy behaviors in rodents, such as social
buffering [17], social analgesia [18], and social transmis-
sion of fear. Among these, the last has been most studied in
rodents, mainly using the paradigm of observational fear
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established by Shin and colleagues [11]. Observational fear
tasks evaluate the social transmission of fear by detecting
the vicarious behavior of an observer (OS) when a
demonstrator (DS) suffers distress (such as foot-shock, a
mild electric shock administered to the feet of rats), but
some studies have reported that since the OS must observe
the foot-shock response of the DS in real time, the resulting
vicarious behavior likely includes a startle-induced com-
ponent [19]. However, in another paradigm reported by
Kim er al. [20], the OS performs a vicarious response
simply by observing the emotional state of the DS, without
a startle-induced component. Thus, in the present study, we
used Kim’s behavioral paradigm to further explore the
potential mechanisms.

The neuronal substrates underlying the social transmis-
sion of fear remain largely unknown. Previous studies have
shown that the anterior cingulate cortex (ACC) modulates
vicarious freezing behavior in a paradigm of observational
fear [15], since current-injection stimulation or lesion of
the ACC respectively increased or decreased vicarious
freezing. Shin’s lab also found that optogenetic activation
or inhibition of somatostatin-positive neurons in the ACC
respectively decreased or increased observational fear [21].
Several studies have also reported that the neuropeptide
oxytocin modulates empathy-related behaviors in humans
[22-24] as well as social behavior-like observational fear
in rodents [25]. In particular, intranasal administration of
oxytocin increases ACC neuronal activity and vicarious
freezing behavior in mice [25]. Since the ACC appears to
be closely associated with vicarious freezing behavior, and
the capacity for empathy is strongly associated with
personal experience, especially unpleasant experience, in
humans [26], it is important to determine whether foot-
shock experience enhances vicarious freezing behavior by
increasing ACC activity. If so, this would be conducive to
further understanding the potential neuronal mechanism
underlying unpleasant-experience-induced empathy
disorder.

Among the structures downstream of the ACC, the
lateral part of the mediodorsal thalamus (MDL) has been
reported to participate in observational fear learning [15].
In addition, since the ACC is close to and partially overlaps
with the medial prefrontal cortex (mPFC), and disconnec-
tion of the mPFC from the MD is associated with
dysfunction of working memory [27-29], reduced cogni-
tive flexibility [30-32], and especially schizophrenia
[33-36] (which is accompanied by abnormal empathy
[4-6]), it is of great interest to explore the function of the
neuronal projection between the ACC and the MD in the
process of vicarious freezing behavior.

We therefore set out to determine which brain region
was activated after footshock-experience and its role in
footshock-experienced vicarious freezing behavior. We
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also want to explore function of ACC and the projection
from ACC to MDL in vicarious freezing behavior.

Experimental Procedures
Animals

We used a total of 346 wild-type male Sprague—Dawley
rats weighing 300 g-450 g each. Among them, 164 were
used for behavioral tests, 15 for fMRI scanning, 60 for the
chemical lesion study, 2 for neuronal circuit-tracing, 41 for
the caspase3 apoptosis study, 2 for patch-clamp recording,
and 62 for optogenetic manipulation. All rats were reared
in pairs in exhaust-ventilated cages under a 12 h/12 h
light/dark cycle. Water and food were supplied ad libitum.
The use of animals bred for and manipulated in this study
was approved by the Animal Care and Use Committee of
the Institute of Neuroscience, Chinese Academy of
Sciences, and experiments were performed in accordance
with the guidelines of the Ministry of Science and
Technology of the People’s Republic of China for the
Care and Use of Laboratory Animals.

Establishment of the Paradigm
Social Transmission of Fear Under Kim’s Paradigm

Under Kim’s paradigm, rats paired in the same cage served
as respective DS and OS. On day 1, the DS underwent 10
trials of classical fear conditioning training in a closed
electrical shock box: in each trial, a conditioned stimulus
(sound cue, 5 kHz) was presented persistently for 20 s,
accompanied in the last second by an unconditioned foot
shock (1 s, 2 mA). Both stimuli ended simultaneously. The
intertrial interval was 1 min and the session ended 2 min
after the last foot shock. OSs were divided into naive and
foot-shock-experienced groups. The latter underwent the
following foot-shock paradigm before the test day. After
3 min of adaption to the shock cage, one foot shock was
delivered (1 s, 2 mA), followed by another 3 min later. By
contrast, naive OSs did not experience a foot shock prior to
the test day. On day 2, DSs and OSs were placed in a new
open box, and after 1 min, the conditioned stimulus (5 kHz
tone) was presented persistently for 7 min to test the
responses of DSs and OSs.

Fear conditioning learning was established in a stain-
less-steel shock box measuring 27 x 28 x 30 cm’. The
floor consisted of 18 stainless-steel tubes (outer diameter,
5 mm) and the ceiling was a transparent acrylic plate. The
open box used to test the social transmission of fear was
35 x 36 x 40 cm® and made of white acrylic plates. The
sound cue was played using a full-frequency-range
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loudspeaker (FR89EX; Fountek Electronics Co., Ltd,
Jiaxing, China), and an electric shock was delivered by a
constant current stimulator (Anilab Software and Instru-
ments Co., Ltd, Ningbo, China). Both the sound cue and
foot shock stimuli were controlled by Anilab software.

Social Transmission of Fear Under an Optimized
Paradigm

In our modified paradigm, DSs underwent fear-condition-
ing training on days 1 and 2 (10 trials on each day), while
OSs received foot shocks twice on day 2 only, and the
social transmission of fear was tested on day 3. Other
conditions were the same as in Kim’s paradigm. All the
behavioral tests of social transmission shown in Figs. 3, 4
and 5 used this modified paradigm.

Pharmacological Lesioning

In the lesion studies, general anesthesia was maintained by
pentobarbital sodium (80 mg/kg, i.p.). Atropine sulfate
(0.05 mg/kg, i.p.) was administered to inhibit mucus
secretion, which hinders breathing. Glass electrodes for
ibotenic acid (IBO) injection (5 mg/mL, Sigma, St. Louis,
MO) were pulled on a P97 system (Sutter Instrument Co.,
Novato, USA). The Pico III system (Parker Hannifin,
Mayfield Heights, OH) was used to pump IBO (1 pL)
bilaterally into the ACC (AP, +1.35 mm; ML, 0.60 mm,;
DV, 2.4 mm). After suturing, gentamycin (5 mg/kg, i.p.)
was administered for one week to minimize infection. After
1 week of recovery, the social transmission of fear was
tested using our optimized paradigm. The retrieval test
occurred on the second day after fear conditioning training
in the same box used for the social transmission of fear.
The experimental settings and procedures were the same as
in the social transmission of fear test on day 3.

Caspase 3 Ablation

For virus injection, the procedures followed the same
sequence as for stereotactic injection in the pharmacolog-
ical experiment. After 3 weeks of virus expression, the
social transmission of fear was tested using our optimized
paradigm.

Optogenetic Activation

For virus injection, the procedures followed the same
sequence as for the stereotactic injection in the pharmaco-
logical experiment. Before implantation of the optical
fibers into the MDL (AP, — 2.55 mm; ML, 1.00 mm; DV,
4.50 mm), three bone screws were fixed to the rat’s skull
and acrylic dental cement was used to stabilize the fibers.

Gentamycin was administered as above. Three weeks after
virus injection, the rats underwent behavioral tests. The
social transmission of fear test was the same as before.
Blue light was delivered to the MDL of the virus-injected
rats throughout the test period. The lasers used to deliver
blue light (473 nm, BL473T3-050FC) were from Shanghai
Laser & Optics Century Co., Ltd. The power intensity was
set to 5 mW at the tips of the fibers and confirmed using a
Fiber Optic Power Meter (Thorlabs, Inc., Newton, NJ). The
frequency of laser stimulation (controlled by Anilab
software) in the behavioral tests was set to 20 Hz with a
25-ms pulse-width.

To establish fear conditioning and for the fear memory
retrieval test, the procedure was the same as in the
pharmacological experiment. Locomotion was recorded.
The frequency, duration, and intensity of the blue light
stimuli were the same as above. An optical fiber commu-
tator was used to prevent twisting of the cable.

Open Field Test

For virus injection and implantation of the optical fibers,
the procedures were the same as for stereotactic injection in
the pharmacological experiment and social transmission of
fear with optogenetic activation part.

In the open field test, rats were placed in a box
measuring 54 x 40 x 38 cm>. On day 1, locomotion was
recorded for 30 min using the Cineplex (Plexon Inc., Hong
Kong, China) system in the absence of laser stimulation
with the fiber cable attached. However, on day 2 the light
pulses and locomotion were recorded. The light frequency,
duration, and intensity were set the same as the parameters
in optogenetic activation part.

Video Tracking and Analysis

Rats were marked with different colors, and their locomo-
tion was tracked as above and saved in text files. Freezing
behavior was defined as when an animal did not move
(except for spontaneous respiration) for at least 2 s.
Huddling time was defined as the period when two rats
were within huddling distance. Statistics relevant to
freezing and huddling times and locomotor velocity were
processed in MATLAB (MathWorks, Natick, MA).

Resting-State Functional Magnetic Resonance
Scanning (rs-fMRI) and Image Processing

Ten male Sprague-Dawley rats in the footshock-experi-
enced group and 5 in the control group were anesthetized
with isoflurane (5% for induction, 0.5% for maintenance)
and paralyzed with dexmedetomidine (0.03 mg/kg bolus,
0.015 mg/kg per hour continuous subcutaneous infusion).
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Respiration rate, rectal temperature, O, saturation, and
heart rate were maintained within the following ranges:
40-60 breaths/min, 36 °C-37 °C, 98%-100%, and
200-300 beats/min. MRI data were acquired using a
small-animal 9.4T MR system (Bruker BioSpec 94/30,
Ettlingen, Germany) equipped with a 2 x 2 phased array
surface receiver coil. T2 RARE anatomical images were
acquired with a repetition time/echo time = 3735 ms/
33 ms, field of view = 30 x 30 mm?, matrix size = 256
x 256, slice thickness 0.6 mm, number of slices 35, and
number of averages 1. Gradient-echo echo-planar imaging
(GE-EPI) data were acquired with a repetition time/echo
time/flip angle = 1000 ms/13 ms/55°, 600 repetitions,
matrix dimensions = 80 x 67, in-plane voxel dimensions
of 375 x 373 um?, and slice thickness 0.6 mm.
Functional images were processed using scripts custom-
written in MatLab and SPM12 (http://www fil.ion.ucl.ac.
uk/spm/). The preprocessing included the following main
steps. (1) EPI images were converted from Bruker format
to NIFTI format (nominal voxel size enlarged 10 times to
facilitate image processing in SPM). (2) Realignment: the
first 5 volumes were discarded to minimize relaxation-
related signal changes and then realigned for motion cor-
rection. (3) Spatial normalization: the realigned EPI images
were co-registered to the rat’s own T2 anatomical images,
which were normalized to a rat brain template [37]. (4) The
normalized images were band-pass filtered (0.001 Hz—
0.1 Hz) and the whole brain signal and the six motion
parameters were regressed. (5) Regional homogeneity
(ReHo) calculation: Kendall’s coefficient was calculated to
determine the degree of regional synchronization, includ-
ing the 27 pixels of the fMRI time courses [38]. Individual
ReHo maps were generated voxel-wise for all groups. (6)
Smoothing: spatial smoothing was applied with a 0.8-mm
full-width at half-maximum Gaussian kernel.

Virus

Recombinant adeno-associated virus (AAV) vectors of
serotype 9 were packaged by Shanghai Taitool Bioscience
Co. Ltd. Viral titers were 1.32 x 10" particles/mL for
AAV-hSyn-hChR2-EGFP-ER2-WPRE-PolyA, 1.61 x 10"
particles/mL for AAV-hSyn-eGFP-3Flag-WPRE-SV40pA,
1.16 x 10" particles/mL for AAV-hSyn-FLEX-tdTomato-
WPRE-bGHpA, 2.03 x 10" particles/mL for AAV-CAG-
DIO-taCasp3-TEVp, 1.60 x 10"  particles/mL, and
1.82 x 10" particles/mL for AAV-CMV_bGI-Cre-EGFP.
The viruses were injected in a volume of 1 pL on each side.

Perfusion and Histology

After the rats were deeply anesthetized (as above), they
were perfused transcardially with phosphate-buffered
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saline (PBS) until the liver began to turn yellow, and then
the PBS was replaced by 4% formaldehyde. After the tail
became stiff, the brain was removed and post-fixed in 4%
formaldehyde for 12 h, followed by incubation in 30%
sucrose. When the brain sank, 50 um coronal sections were
cut on a freezing microtome.

For histology, we performed 4',6-diamidino-2-phenylin-
dole (DAPI, Sigma) staining. Sections were washed 3 times
in PBS for 5 min and then incubated for 5 min with DAPIL
After two 5-min PBS washes, sections were mounted with
75% glycerin. Images were acquired using an Olympus
VS120 High Throughput fluorescent imaging system
(Shinjuku, Tokyo, Japan) with a 10 x air objective.

Statistics

Two-way repeated measures analysis of variance
(ANOVA) was used to analyze the differences in ReHo
values between two groups, and the interaction effects
(time and condition) F map calculated in SPM12 was used
to analyze the differences in ReHo values between two
groups. Multiple comparison correction was done using the
AlphaSim function (corrected P < 0.05) in REST software
[39]. Student’s r-test was used to further analyze the
interaction type in brain areas showing significant interac-
tion effects.

Results
Behavioral Paradigm

To define the neuronal mechanisms underlying the social
transmission of fear in rats, the overall experimental design
is shown in Fig. 1. We first applied a paradigm based on
that of Kim et al. [20] (Fig. 2A). Cage-mates were
randomly divided into DS and OS groups. On day 1, the
DS underwent classical fear conditioning training, in which
a foot-shock (unconditioned stimulus) was associated with

Fig. 1 Experimental design. Schematic of the experimental design of
the present study.
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a sound cue (conditioned stimulus). OS rats either expe-
rienced foot-shock twice (2 mA, 1s, as the experience
group (EP)) or were left untreated (naive, NA). The
behavioral responses of OSs were tested on day 2, when
both DSs and OSs were placed together in pairs and
continuously exposed to the conditioned stimulus in a new

Fig. 2 Behavioral paradigm modification. A Schematic of the
paradigm adapted from Kim et al. [20]. Different colored boxes
represent different experimental contexts. B, C Percentage of
huddling (B) and freezing (C) times of OSs in the indicated groups.
D Correlation of freezing times between fear conditioned DSs and
foot-shock-experienced OS cage-mates (n = 22, P < 0.001, Student’s
t-test). E Schematic showing our modified paradigm. F Percentage
freezing time of DSs in the EP group in Kim’s (1 session) and our
modified paradigm (2 sessions) on the test day (n = 12, P < 0.05,

context. To confirm that the behavioral response of OSs
was indeed caused by DSs, the control group (Ctrl) was set
to test the behavioral response of EP OSs to the naive DSs.
Compared with the NA and Ctrl groups, the huddling time
of DSs and OSs of the EP group was significantly increased
(Fig. 2B; n =12 pairs/group, P < 0.05 EP vs NA, and

non-parametric rank-sum test). G Percentage freezing time of OSs in
the EP group in Kim’s (1 session) and our modified paradigm (2
sessions) on the test day (n = 12, P = 0.089, non-parametric rank-
sum test). H Percentage freezing time of OSs in the EP, NA, and Ctrl
groups (n = 12, P < 0.0001 for EP vs NA and P < 0.001 for EP vs
Ctrl). Data are shown as the mean + SEM; asterisks represent the
level of significance: *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not
significant, non-parametric rank-sum test.
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P <0.01 EP vs Cul, non-parametric rank-sum  test),
indicating that foot-shock experience by the OS enhanced
the social transmission of fear. However, unlike the
findings of Kim er al. [20], we found that under our
experimental conditions, the level of vicarious freezing of
OSs tended to increase relative to the Ctrl group (Fig. 2C),
but this apparent increase was not statistically significant
(n = 12 pairs/group, P = 0.13, non-parametric rank-sum
test). To find the reason for the inconsistency between our
and Kim’s results, we performed correlation analysis of
total freezing time between fear-conditioned DSs and their
foot-shock-experienced OS cage-mates in the test period.
The results revealed a positive correlation between the
freezing time of DSs and OSs (Fig. 2D; n =22, r = 0.77,
P < 0.001, Student’s #-test). This indicated that the low
vicarious freezing level of OSs was probably due to the low
freezing level of DSs. As expected, only 5 out of 12 DSs in
the EP group exhibited obvious freezing behavior
(> 100 s) in the test period on day 2 under the conditions
of Kim’s paradigm. These results suggested that unsta-
ble performance by DSs may explain why we did not find
significant vicarious freezing responses in OSs.

To achieve more robust vicarious freezing behavior, we
modified the paradigm by increasing the number of
sessions of fear conditioning training of DSs to two and
then moving the OS foot-shock experience to day 2
(Fig. 2E vs Fig. 2A). Using this paradigm, we found that
the freezing level of DSs in the EP group in the test period
was significantly greater than that under Kim’s paradigm
(Fig. 2F; n =12 pairs for each of the 1-session and
2-sessions groups, P < 0.05, non-parametric rank-sum
test), and 10 out of 12 DSs in our modified paradigm
exhibited obvious freezing behavior (> 100 s). In our
modified paradigm, the level of vicarious freezing behavior
of OSs in the EP group showed a tendency to increase
compared with that under Kim’s paradigm (Fig. 2G;
n =12 pairs for each of the 1-session and 2-sessions
groups, P = 0.089, non-parametric rank-sum test). Further-
more, under the modified paradigm, the level of vicarious
freezing in OSs in the EP group was significantly higher
than those in the NA and Ctrl groups (Fig. 2H; n =12
pairs/group, P < 0.0001 for EP vs NA and P < 0.001 for
EP vs Ctrl, non-parametric rank-sum test). These results
support the conclusion that our optimized paradigm is more
stable for studies of the potential neuronal mechanisms of
experience-dependent vicarious freezing behavior.

Foot-Shock Experience Elevates Basic ACC Activity
We next asked whether foot-shock experience modulates
the activity of a specific brain region. To do so, we

performed rs-fMRI and computed which brain region
exhibited significant changes after foot-shock experience.
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The control and foot-shock-experienced groups underwent
fMRI scanning on days 1 and 2, although the latter
underwent foot-shock on the night of day 1 (Fig. 3A). We
used the ReHo algorithm, as it reflects intra-regional
synchronization [40, 41], to compute regional connectivity.
To identify regions whose regional connectivity changed
significantly after foot-shock experience, we used two-way
ANOVA to analyze interaction effects in the results
acquired from ReHo. This analysis revealed the ACC to
be the region showing the strongest interaction effect
among all scanned brain regions in thresholded maps
(Fig. 3B) (n = 10 for the foot-shock experienced group,
n =135 for the naive group; P < 0.05, Student’s ¢-test).
Further simple effect analysis confirmed that foot-shock
experience enhanced the intra-regional connectivity of the
ACC (Fig. 3C, D; P <0.05, n =10 for the foot-shock
experienced group, n = 5 for the NA group, non-parametric
rank-sum test). Since altered ReHo is linked with altered
neuronal activity [42], these results suggested that the
increased social transmission of fear seen in OSs in the EP
group may be associated with enhanced neuronal activity
in the ACC.

Effects of ACC Lesions on Freezing and Huddling
Behavior

To confirm ACC involvement in the social transmission of
fear, we asked whether decreasing ACC activity reverses
the behavioral phenotypes induced by foot-shock-experi-
ence. So, we lesioned the ACC by bilateral delivery of IBO
and found a significant decrease in vicarious freezing levels
(Fig. 4A, B; n = 12 pairs/group, P < 0.01, non-parametric
rank-sum test), consistent with previous studies [15].
Interestingly, unlike the impaired freezing behavior seen
following ACC lesioning, the huddling behavior between
DSs and OSs was unaffected (Fig. 4C; n = 12 pairs/group,
P = 0.10, non-parametric rank-sum test). To exclude the
possibility that ACC lesioning decreased the expression of
fear, we evaluated freezing levels in the classical fear
conditioning retrieval period and found no significant
difference in primary fear responses between lesioned and
control groups (Fig. 4D; n = 6/group, P = 0.4848, non-
parametric rank-sum test). These results indicated that
ACC activity specifically affects vicarious freezing but not
huddling behaviors during the social transmission of fear.

Ablating the ACC-to-MDL Projection Delays
the Onset of Vicarious Behavior

Since the ACC contributes to experience-dependent vicar-
ious freezing, we asked which ACC projections specifically
modulate this behavior. To identify regions connected to
the ACC, we injected neuron-labeling AAV-hSyn-EGFP
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Fig. 3 Foot-shock experience
is associated with enhanced
regional connectivity in the
ACC. A Schema of fMRI
experimental design. B Thresh-
olded maps of interaction
effects based on a two-way
repeated measures ANOVA.
Yellow voxels indicate region
with significant interaction
effects (corrected P < 0.05).

C The ACC was selected for
simple effect analysis; purple
voxels indicate the selected
regions. D Simple effect analy-
sis of the ReHo values in foot-
shock-experienced and naive
rats on days 1 and 2. Data are
presented as the mean = SEM;
*P < 0.05, non-parametric
rank-sum test.

Fig. 4 ACC lesioning impairs
vicarious freezing but not hud-
dling behaviors following foot-
shock experience. A Effects of
IBO. Blue represent the nuclei
stained with DAPI. Cgl, 2,
cingulate cortex 1 and 2. B,

C Percentage freezing (B) and
huddling (C) times of OS rats in
IBO- and saline-treated groups.
D Percentage freezing times of
OS rats in IBO- or saline-treated
groups in the retrieval period
after fear conditioning. Data are
presented as the mean + SEM;
**P < 0.01, non-parametric
rank-sum test, n.s., not
significant.

virus into the ACC and observed that the MDL received
dense fiber terminal input from the ACC (Fig. 5A). We
also injected cholera toxin B into the MDL to retrogradely
trace projections and observed dense labeling of ACC cell
bodies (Fig. 5B). These results, which are consistent with
those of others [15], showed that the MDL receives ACC

input. However, the function of these projections remained
unclear.

We next investigated the function of the ACC-to-MDL
projection using an ablation strategy. We first performed
control experiments by injecting retroAAV-Cre into the
MDL and AAV-FLEX-tdTomato into the ACC (Fig. 5C),
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Fig. 5 Ablating ACC neurons projecting to the MDL delays the
onset of vicarious behaviors. A Left panel, AAV-hSyn-EGFP
injection target in the ACC; right panel, labeled projection terminals
in the MDL. B Left panel, Cholera toxin B injection target in the
MDL; right panel, ACC cell bodies. Cgl, 2, cingulate cortex 1 and 2.
C Diagram of virus-injection strategy used to label MDL-projecting
ACC neurons. AAV-hSyn-FLEX-tdTomato-WPRE-bGHpA was
injected into the right ACC and AAV-CMV_bGI-Cre-EGFP into
the right MDL. D ACC neurons projecting to the MDL labeled by the
strategy shown in A. E Diagram of virus-injection strategy used to
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ablate  MDL-projecting ACC neurons. AAV-CAG-DIO-taCasp3-
TEVp was injected into the ACC on both sides and AAV-
CMV_bGI-Cre-EGFP into the MDL on both sides. F Examples of
eGFP-labeled neurons in the ACC of control (left) and caspase3
(right) groups. G Percentage freezing time in the first 2 min of the test
in caspase-3-expressing and control groups. H Huddling behavior
latency in caspase-3-expressing and control groups. Data are pre-
sented as the mean + SEM; *P < 0.05, **P < 0.01, non-parametric
rank-sum test.
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and found that MDL-projecting ACC neurons were effec-
tively labeled by this strategy (Fig. SD). These results
demonstrated that our strategy effectively targeted the
ACC-to-MDL projection. We then bilaterally injected a
retrograde-labeling ~ virus  (retroAAV-CMV_bGlI-Cre-
eGFP), which carries Cre recombinase, into the MDL
and then injected a Cre-dependent anterograde-labeling
virus (AAV-CAG-DIO-taCasp3-TEVp), which carries the
double-floxed inverted open reading frame (as a substitute
for FLEX) and caspase-3 (to induce apoptotic ablation),
into the ACC on both sides (Fig. 5E). As the example
shows, retroAAV-Cre + AAV-DIO-taCasp3 decreased the
number of retro-AAV-Cre-labeled GFP™ neurons in the
ACC (Fig. 5F).

Behavioral tests showed that, for the time of freezing
and huddling behaviors throughout the test period, rats in
the experimental and control groups performed comparably
(data not shown). However, further analysis revealed that
ablation of ACC neurons projecting to the MDL decreased
the vicarious freezing behavior in OSs in the first 2 min of
behavioral testing (Fig. 5G; n =8 pairs for the Casp3
group, n = 12 pairs for the control group, P < 0.01, non-
parametric rank-sum test) and increased the latency of
huddling onset (Fig. SH; n = 8 pairs for the Casp3 group,
n = 12 pairs for the control group, P < 0.05, non-paramet-
ric rank-sum test). These results demonstrated that ablating
the ACC projection to the MDL delays the onset of
vicarious behavior.

Activation of the ACC-to-MDL Projection
Decreases Vicarious Freezing Behavior

To further assess the role of the ACC-to-MDL projection in
the social transmission of fear, we injected AAV virus
carrying channelrhodopsin (ChR2) into the right ACC and
implanted an optical fiber into the right MDL (Fig. 6A, B).
As a control, we injected AAV virus carrying EGFP into
the right ACC and implanted an optical fiber into the right
MDL (Fig. 6C). To confirm the activation of neurons
expressing ChR2 by light, we delivered blue light pulses at
two frequencies (1 or 5 Hz) to a brain slice expressing
ChR2 and found that ChR2-expressing neurons effectively
followed the light pulse stimuli (Fig. 6D), while slices
from a control group expressing AAV-EGFP in the ACC
did not.

We then asked whether activation of the ACC-MDL
projection alters the social transmission of fear. Following
application of a continuous train of blue light pulses
(473 nm, 20 Hz, 5 mW) to axon terminals in the MDL in
the test period, we observed a significant decrease in
vicarious freezing behavior in OSs (Fig. 6E). However, the
huddling time of DSs and OSs in the EP group was
unaffected (Fig. 6F; n =8 pairs for the ChR2 group,

n = 11 pairs for the control group, P < 0.01, non-paramet-
ric rank-sum test). To exclude the possibility that these
outcomes were due to impaired expression of fear, we
measured fear-expression time in the retrieval period after
fear conditioning of ChR2- or EGFP-expressing rats and
found that the values were comparable (Fig. 6G; n = 6 for
each EGFP- and ChR2-delivered group, non-parametric
rank-sum test). We also asked whether the decreased
vicarious freezing was due to enhanced locomotion by
monitoring the average locomotor velocity in open field
tests. This analysis showed that activation of the ACC-
MDL projection did not alter the movement of OSs in the
EP group (Fig. 6H; n =6 for each EGFP- and ChR2-
delivered group, non-parametric rank-sum test). We con-
cluded that activation of the ACC-to-MDL projection
specifically decreases vicarious freezing behavior.

Discussion

In this study, we focused on foot-shock-experienced
vicarious freezing behavior and defined the neuronal
substrates underlying this behavior. As in humans, expe-
rience can modulate the social transmission of fear in
rodents (Fig. 2B, C) [43]. Using a paradigm modified from
a study by Kim et al. [20], we found that an elevated fear
state in the DS significantly enhanced the OS fear state,
especially vicarious freezing behavior. Using rs-fMRI
analysis, we found that ACC regional connectivity was
significantly enhanced after foot-shock experience
(Fig. 3D). ACC lesioning decreased the vicarious freezing
behavior in foot-shock-experienced OSs (Fig. 4B). Given
that a previous study reported that an altered ReHo is
linked to altered spontaneous neuronal activity [42], and
that Zhuo [44] showed that the plasticity of ACC neurons is
altered by pain experience in rats and mice, we propose
that foot-shock experience alters neuronal plasticity of the
ACC, in turn modulating vicarious social behavior. Recent
studies have identified a projection from the ACC to the
MDL [15, 45], but its function remained unclear. Interest-
ingly, we found that ablation of this projection delayed and
its activation decreased vicarious freezing behavior
(Figs. 5G, H, and 6E), demonstrating that the ACC
modulates vicarious freezing behavior through this
projection.

The social transmission of fear, defined as the transfer of
fear emotion between individuals, is a primary form of
empathy behavior and has been demonstrated in rodents
[11]. This ability has been proposed to assist species to
cooperatively achieve a common goal [1]. Previous studies
have suggested that the transfer of fear is modulated by
factors as varied as gender, age, familiarity, experience,
and genetic background [10, 11, 25, 46]. In laboratory-bred
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Fig. 6 Activation of the ACC-to-MDL projection decreases vicarious
freezing behavior. A Diagram showing optogenetic manipulation.
B Tracing of projection from the ACC to the MDL. Left panel, AAV-
hSyn-EGFP virus injection target in the ACC. Cgl, 2, cingulate
cortex 1 and 2; right panel, projection terminals and optical fiber
position in the MDL. C Left panel, AAV-hSyn-hChR2-EGFP virus
injection target in the ACC; right panel, projection terminals and
optical fiber position in the MDL. Nuclei stained with DAPI. D Light
pulse-induced response of ChR2-expressing (upper and middle, 10

rodents, the lack of predators or challenging environments
may be associated with lower levels of empathy in
response to the distress of conspecifics. For example, when
we applied the paradigm of Kim er al. [20], we observed
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mW, 1 Hz and 5 Hz, respectively) and EGFP-expressing (lower, 10
mW, 1 Hz) ACC neurons in brain slice. E, F Freezing (E) and
huddling (F) times of OSs in AAV-hSyn-EGFP (blue) or AAV-hSyn-
ChR2 (red) groups. G Percentage freezing time of OSs in AAV-hSyn-
EGFP- and AAV-hSyn-ChR2-injected groups in the retrieval period
after fear conditioning. H Locomotor velocity of OSs in AAV-hSyn-
EGFP (blue) and AAV-hSyn-ChR2 (red) groups, before and after
light stimulation. Data are presented as the mean + SEM;
**P < 0.01, non-parametric rank-sum test, n.s., not significant.

unstable performance of OSs (Fig. 2C), possibly due to
different breeding or experimental environments. We then
determined that this outcome was likely due to the low
expression of fear by DSs in the retrieval period, as only 5
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of 12 DSs exhibited a freezing response. Thus, we added an
extra fear conditioning training session for DSs and
allowed OSs to experience foot-shock before the test
session. These modifications resulted in more robust
vicarious freezing behavior by OSs (Fig. 2H) and allowed
us to evaluate the social transmission of fear. Our modified
paradigm can serve as a useful tool for future studies of the
mechanisms underlying emotion contagion.

Observational fear studies [11] have reported that naive
OS mice show vicarious freezing behavior in response to
behavior by DSs. However, we did not observe such
behavior by OS rats in the NA group. Similarly, in some
mouse studies, naive OSs display significant observational
fear [11], while in others, investigators have searched for
but not found these behaviors [19]. Such differences may
be due to variable breeding or test environments. Activa-
tion or inactivation of the ACC or of somatostatin-positive
neurons found in that region [21] bidirectionally modulates
the vicarious freezing behavior of OSs. Pain experience can
change ACC neuronal plasticity [44], and using ReHo
analysis we also found that ACC regional connectivity
significantly increased after foot-shock experience
(Fig. 3D). These findings suggest overall that vicarious
freezing behavior is likely modified by the baseline ACC
activity. Moreover, we found that lesioning of the ACC
decreased vicarious freezing behavior due to foot-shock
experience (Fig. 4B). However, the mechanisms underly-
ing these outcomes need to be examined in greater detail at
the neuronal and circuit levels.

Previous studies have shown that the MD participates in
the processes of observational fear learning [15] and fear
memory retrieval [47]. In addition, the functional connec-
tion between the mPFC (which is close to the ACC and
overlaps with the dorsal ACC) and the MD is vital for
working memory [27], cognitive flexibility [29, 30, 32],
attentional control [48], goal-directed behavior [49], and
schizophrenia [34, 35]. Recent studies of neuronal circuit-
tracing have reported a projection from the ACC to the
MDL in mice [45]. Here, we confirmed the existence of
this projection in rats and investigated its function.
Ablation of ACC neurons projecting to the MDL delayed
the onset of vicarious behaviors (Fig. 5G, H). Moreover,
activation of ACC projections to the MDL during the test
period (Fig. 6E) specifically decreased the vicarious freez-
ing behavior of OSs but not huddling (Fig. 6F) or
conditioned fear (Fig. 6G). Based on the results that the
mPFC-to-MD circuit is crucial for cognitive flexibility
[29, 30, 32], and the MD is involved in fear memory
retrieval [47], we propose that ACC neurons projecting to
the MDL detect the emotional states of conspecifics and
fire in a specific pattern to retrieve the foot-shock-
experience-induced fear memory of OSs in the context of
DS freezing. Using the Yerkes—Dodson law [50] as

reference, in which both hypo- and hyperarousal states in
animals can compromise the normal behavioral response,
the degree of activation of ACC neurons projecting to the
MDL may have an inverted-U influence [51] on vicarious
freezing performance. An inverted-U influence in regard to
working memory has been reported in another study [52].
In addition, a previous study [53] also found that either
activation or inhibition of a specific cell type in the mPFC
has an inhibitory effect on performance in a working
memory task. Thus, in our experiment, both ablation and
over-activation of MDL-projecting ACC neurons probably
perturbed the appropriate reaction of downstream neurons
in the physiological state, and then resulted in an impair-
ment of vicarious freezing behavior.

Recent studies have reported that the brain oxytocin
system modulates empathy in humans and rodents
[25, 54, 55], and specifically, intranasal oxytocin admin-
istration enhances observational fear in mice [25]. Inter-
estingly, the oxytocin receptor is expressed in what are
likely to be interneurons of the ACC [56, 57]. Future
studies are needed to address whether neurons expressing
oxytocin receptors and ACC projection neurons function
together to modulate vicarious behavior.

Limitations

In the present study, we used rs-fMRI to screen the brain
regions that are correlated with experience-dependent
vicarious freezing behavior. We performed rs-fMRI
screening on anesthetized rats, and behavioral assays on
freely-moving rats. We found that foot-shock not only
increased the regional connectivity of the ACC, but also
the performance of vicarious freezing. However, we did
not provide sufficient evidence to support a causal relation
between the changes in the regional connectivity of the
ACC and the increased vicarious freezing behavior. In
terms of the pharmacological lesion, caspase3 ablation, and
optogenetic manipulation experiments, we just tested
limited behavioral tasks. In addition, the ACC is a
sophisticated brain region associated with various func-
tions. Thus, we cannot exclude the possibility that other
behaviors could have been affected by these manipulations.

Conclusions

In summary, we modified a previous paradigm of social
transmission of fear and found that foot-shock experience
enhanced vicarious behavior and was associated with
enhanced regional connectivity of the ACC. Activation or
ablation of the ACC-to-MDL projection specifically
decreased the vicarious freezing behavior, suggesting that
these neurons fire in a specific pattern to modulate these
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behaviors. Our findings provide a mechanistic understand-
ing of foot-shock-experienced vicarious freezing behavior
and new clues for future studies of the mechanisms
underlying more advanced empathy behaviors.
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Abstract Ganglion cells (RGCs) are the sole output
neurons of the retinal circuity. Here, we investigated
whether and how dopamine D2 receptors modulate the
excitability of dissociated rat RGCs. Application of the
selective D2 receptor agonist quinpirole inhibited outward
K* currents, which were mainly mediated by glyben-
clamide- and 4-aminopyridine-sensitive channels, but not
the tetraethylammonium-sensitive channel. In addition,
quinpirole selectively enhanced Nav1.6 voltage-gated Na™
currents. The intracellular cAMP/protein kinase A,
Ca”*/calmodulin-dependent protein kinase II, and mito-
gen-activated protein kinase/extracellular signal-regulated
kinase signaling pathways were responsible for the effects
of quinpirole on K* and Na* currents, while phospholipase
C/protein kinase C signaling was not involved. Under
current-clamp conditions, the number of action potentials
evoked by positive current injection was increased by
quinpirole. Our results suggest that D2 receptor activation
increases RGC excitability by suppressing outward K*
currents and enhancing Nav1.6 currents, which may affect
retinal visual information processing.
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Introduction

By activating distinct G-protein-coupled receptors, dopa-
mine (DA) has been demonstrated to be involved in diverse
functions in the central nervous system [1-6]. Five DA
receptor (DAR) subtypes (D1-D5) have been identified
according to their biochemical and pharmacological char-
acteristics. On the basis of their effects on adenylate
cyclase activity, DARs are further classified into D1
(subtypes D1 and D5) and D2 receptors (subtypes D2,
D3, and D4). Activation of DI receptors positively
regulates adenylate cyclase activity by coupling with the
G, protein, while activation of D2 receptors negatively
regulates adenylate cyclase activity through the G;, protein
[3, 7, 8].

DA, released mainly from dopaminergic amacrine cells
in retina, plays an important role in modulating retinal
neuronal functions [9-12]. As the sole output neurons of
the retina, ganglion cells (RGCs) integrate retinal visual
signals. Therefore, changes in the excitability of RGCs
may modulate visual information processing in the retina.
It has been reported that DA might change RGC spiking by
regulating retinal neuronal circuits [13-16]. In addition,
DA might also modulate RGC activity directly. For
example, DA inhibits the discharges of dissociated RGCs
by modulating voltage-dependent Na™ channels [17-20].
RGCs express DARs [18, 21, 22], while also expressing
various voltage-gated ion channels [23-27]. There is
evidence that stimulation of D1 receptors reduces outward
K* current amplitudes in rat RGC preparations and
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hyperpolarization-activated cation currents in retinal slices
[28, 29]. Our recent study showed that temporal summation
of excitatory postsynaptic potentials in rat RGCs is
enhanced by DI receptor activation, mainly by affecting
inward-rectifier K™ (Kir) currents [30]. These studies
indicate that RGC excitability is influenced by D1 receptor
stimulation. Moreover, activation of D2 receptors modu-
lates neuronal excitability and synaptic integration in
different brain regions, thereby participating in the regu-
lation of reward-related behaviors, working memory, and
locomotion [2]. D2 receptor-induced modulation of neu-
ronal excitability is largely a result of changes in the
functions of voltage-gated ion channels [31-35]. In the
present study, we investigated the effects of D2 receptors
on RGC excitability and the underlying mechanisms by
whole-cell patch-clamp recording in acutely-dissociated rat
RGCs.

Materials and Methods
Animals

All experimental procedures were performed in compli-
ance with the National Institutes of Health guidelines for
the Care and Use of Laboratory Animals. The experimental
protocol was approved by the Animal Care Committee of
the Institutes of Brain Science, Fudan University. Male
Sprague-Dawley rats (70 g-100 g, 4 weeks—5 weeks old)
were purchased from the SLAC Laboratory Animal Co.,
Ltd (Shanghai, China). Animals were housed on a 12-h
light/dark cycle. To the best of our ability, we minimized
the number of animals used in this study, and ameliorated
their suffering.

Retrograde Labeling of RGCs

RGCs were retrogradely labeled following the procedures
previously described in detail [29, 37]. RGCs were labeled
with 1% cholera toxin B subunit (CTB; List Biological
Laboratories, Campbell, CA) or 4% rhodamine-B-isothio-
cyanate (RITC; List Biological Laboratories).

Preparation of Isolated RGCs

Isolated RGCs were obtained by digesting retinal tissue
with papain and mechanically dissociated as previously
described [29, 38].

Immunohistochemistry and Immunocytochemistry

Immunohistochemistry was performed in vertical retinal
slices and immunocytochemistry in isolated RGCs,

following the  procedures described  previously
[29, 36, 39]. The primary antibodies used were anti-
dopamine D2 receptor antibody (1:200 dilution; AB1558,
Chemicon International Inc., Temecula, CA) and poly-
clonal goat anti-CTB (1:4000, List Biological Laborato-
ries). Images were captured using a Leica SP2 confocal
laser-scanning microscope (Nussloch, Germany).

Whole-Cell Patch-Clamp Recordings

Standard whole-cell patch-clamp techniques were applied
to record membrane currents and potentials in RITC-
labeled RGCs using a patch amplifier (Axopatch700B;
Molecular Devices, Novato, CA) with a Digidata 1440A
data acquisition board and pClamp 10.2 software
[37, 38, 40]. The sampling rate was set at 10 kHz, and
signals were filtered at 1 kHz. The recording pipettes (3
MQ-6 MQ) were filled with internal solutions. The bath
solution used for K* current recordings consisted of (in
mmol/L) NaCl 140, KC1 5, CaCl, 2, MgCl, 1, HEPES 10,
and glucose 20, with 0.5 pmol/L tetrodotoxin (TTX) and
100 pmol/L CdCl, (pH 7.4 with NaOH, 300 mOsm/L-310
mOsm/L with sucrose); the pipette solution contained (in
mmol/L) KCI 140, NaCl 9, MgCl, 1, EGTA 0.2, ATP-Mg
2, GTP-Na 0.25, and HEPES 10 (pH 7.2 with KOH, 290
mOsm/L-300 mOsm/L with sucrose). To record Na*
currents, the bath solution contained (in mmol/L) NaCl
130, CaCl, 2, MgCl, 1, HEPES 10, tetraethylammonium
(TEA)-CI 15, 4-aminopyridine (4-AP) 10, and glucose 10
(pH 7.4 with NaOH, 300 mOsm/L-310 mOsm/L with
sucrose); the pipette solution contained (in mmol/L) CsCl
130, NaCl 10, HEPES 5, EGTA 8, TEA-CI 10, ATP-Mg 2,
and GTP-Na 1 (pH 7.2 adjusted with CsOH, 290 mOsm/L—
300 mOsm/L with sucrose). To record evoked action
potentials, the bath solution consisted of (in mmol/L) NaCl
135, KCl 3, CaCl, 2, MgCl, 1, HEPES 10, glucose 11, and
sucrose 10 (pH 7.4 with NaOH, 300 mOsm/L-310 mOsm/
L with sucrose), while the pipettes were filled with an
internal solution containing (in mmol/L) potassium D-glu-
conate 120, EGTA 1, HEPES 10, ATP-Mg 4, GTP-Na 0.3,
phosphocreatine 10, CaCl, 0.1, and MgCl, 1 (pH 7.2 with
KOH, 280 mOsm/L-290 mOsm/L with sucrose). All
experiments were performed at room temperature (22
°C-25 °C).

Reagents and Drug Application

Quinpirole, sulpiride, 4-AP, TEA, Rp-cAMP, bisindolyl-
maleimide IV (Bis IV), KN-62, ICA121431, 4-diamino-
2,3-dicyano-1,4-bis[2-aminophenylthio]butadiene

(U0126), 4,9-anhydrotetrodotoxin (AHTTX), phrixotoxin-
3, and TTX were from Tocris (Tocris Bioscience,
Ellisville, MO), while others were from Sigma (Sigma-
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Fig. 1 Suppression of outward K' currents by activating D2p
receptors in rat RGCs. A Representative outward K* currents
recorded from an RGC, showing that extracellular application of
quinpirole (10 pmol/L), a selective D2 receptor agonist, significantly
suppressed the current amplitudes. The cell was held at —70 mV and
the currents were evoked by a series of voltage pulses (from —70 mV
to +30 mV in increments of 10 mV). B, C I-V curves showing that
quinpirole voltage-dependently suppressed average peak (B) and
steady-state (C) current amplitudes (n = 12). P < 0.01, P < 0.001
vs control. D Time course of quinpirole-induced suppression of K™
currents at +30 mV. Note that the current amplitudes were almost
unchanged during a period of 8 min without quinpirole (Control),
while quinpirole significantly reduced the current amplitudes. E,
F Concentration-dependent suppression of peak (E) and steady-state
(F) current amplitudes by quinpirole (n = 7-11 for each quinpirole
concentration). G Sample current traces showing that sulpiride (10
pmol/L), a selective D2 receptor antagonist, blocked the quinpirole-
induced suppression of K* currents recorded in a rat RGC. Bar
chart summarizing the changes of K™ current amplitudes at +30 mV
under different conditions (n = 11). All data are normalized to control
and presented as the mean £ SEM.

Aldrich, Inc., St. Louis, MO). The drug-containing solution
was delivered by a stepper motor-based rapid solution
exchanger (RSC-160, Bio-Logic, Claix, France) [29, 38].

Data Analysis

Data were analyzed using Clampfit 10.2 (Molecular
Devices, Foster City, CA), SigmaPlot 10.0 (version 10.0,
Systat Software Inc., San Jose, CA), and Igor 4.0 software
(WaveMetrics, Lake Oswego, OR). A Boltzmann function
was used to fit the activation and inactivation curves. Data
are shown as the mean + SEM. Statistical analysis was
performed by either one-way ANOVA with Bonferroni’s
post-hoc test (multiple comparisons) or the paired ¢ test. A
P value < 0.05 was considered significant.

Results

Activation of D2 Receptors Selectively Suppresses
Glybenclamide- and 4-AP-Sensitive Outward K*
Currents

It has been shown that D2 receptors are expressed in cells
of the retinal ganglion cell layer [22] and D2 receptor
agonists and antagonists modulate the responses of rat
RGCs [19, 41], suggesting that D2 receptors are expressed
in rat RGCs. We first detected the expression of D2
receptors on isolated RGCs labelled retrogradely with CTB
using double immunofluorescent labeling (Fig. S1A). We
further confirmed the expression of D2 receptors on RGCs
in retinal vertical slices in which labeled D2 receptors co-
localized with RGCs retrogradely labeled by CTB
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(Fig. S1B). To avoid possible non-specific binding of the
D2 receptor antibody, we did negative control experiment
by replacing the D2 receptor antibody with phosphate-
buffered saline. This experiment demonstrated the speci-
ficity of the D2 receptor antibody used in the present study
(Fig. S1B). These results confirmed that D2 receptors are
indeed expressed in rat retinal RGCs.

Outward K™ currents in rat RGCs were recorded and the
effects of D2 receptor activation on these currents were
examined. The protocol for inducing the K* currents is
shown in Fig. 1A. RGCs were held at —70 mV and stepped
to 430 mV in increments of 10 mV. Bath application of
quinpirole (10 pmol/L), a selective D2 receptor agonist,
markedly reduced the K™ current amplitudes (Fig. 1A).
The current-voltage curves showed that quinpirole inhib-
ited the KV currents in a voltage-dependent manner
(Fig. 1B, C). The time course of changes in K* current
amplitudes at +30 mV with or without quinpirole clearly
showed that stable recordings could be obtained in the
control group (Fig. 1D). Extracellular application of quin-
pirole (10 pmol/L) progressively reduced the current
amplitudes and washout with normal solution brought the
currents to the control level. Moreover, the suppressive
effect of quinpirole on the K currents was dose-dependent
(Fig. 1E, F). To confirm the quinpirole effect was through
activating D2 receptors, sulpiride (10 pmol/L), a selective
D2 receptor antagonist, was first applied to RGCs, which
did not change the K currents (100.4% =+ 1.4% of control,
n =11, P =0.803); then, co-application of quinpirole failed
to suppress the K™ currents (101.4% = 3.2% of control, n =
11, P = 0.684) (Fig. 1G). These results indicated that the
effect of quinpirole is indeed through activating D2
receptors.

RGCs are known to express various K* channels,
including large-conductance Ca®'-activated K channels
(BKc,) that are sensitive to TEA, delayed rectifying K+
channels that are blocked by 4-AP, and ATP-sensitive Kt
channels (Kap) that are sensitive to glybenclamide (Gb)
[24, 26, 29]. We then set out to identify which K™ channels
were modulated by activating D2 receptors. Fig. 2A shows
that the outward K* currents recorded from RGCs pre-
treated with 4-AP (5 mmol/L) and TEA (10 mmol/L) were
still clearly reduced by perfusion with quinpirole. At 430
mV, the average current amplitude was reduced to 68.8%
4 5.2% of control (n = 8, P = 0.002; Fig. 2B). Similarly,
when TEA- and Gb-sensitive currents were blocked by pre-
treatment with TEA (10 mmol/L) and Gb (10 pmol/L), the
quinpirole-induced suppression of K* currents still
occurred (80.2% =+ 3.8% of control, n = 10, P = 0.002)
(Fig. 2C, D). In contrast, after blockade of Gb- and 4-AP-
sensitive K currents, the remaining currents were not
influenced by quinpirole application (97.6% =+ 1.3% of
control, n =9, P = 0.099; Fig. 2E, F), suggesting that D2
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Fig. 2 Quinpirole selectively suppresses Gb- and 4-AP-sensitive K™
current components. A Representative current traces recorded from an
RGC, showing that extracellular application of 10 pmol/L quinpirole
still suppressed the current amplitude after the 4-AP- and TEA-
sensitive current components were blocked. B Bar chart summarizing
the changes of K current amplitudes at 430 mV (n = 8, **P < 0.01
vs control). C Representative current recordings from an RGC,
showing that extracellular application of quinpirole (10 pmol/L)
significantly reduced the current amplitude in the presence of Gb (10
pmol/L) and TEA (10 mmol/L). D Bar chart summarizing the changes
of K™ current amplitudes at 430 mV under different conditions (n =
10, **P < 0.01 vs control). E Sample current traces from an RGC
showing that quinpirole (10 umol/L) did not further reduce the current
amplitude after the Gb- and 4-AP-sensitive components were
blocked. F Bar chart summarizing the changes of K* current
amplitudes at +30 mV (n = 9).

receptors selectively modulate the Gb- and 4-AP-sensitive
K* channels.

cAMP/PKA, CaMKII, and MAPK/ERK Signaling
Pathways are Involved in D2 Receptor-Mediated
Effects

We then further investigated the possible signaling path-
ways involved in the D2 receptor-mediated effect on K+
currents. There is evidence showing that D2 receptors are
linked to many intracellular signaling pathways
[32, 42, 43]. We first examined the possible involvement
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Fig. 3 Signaling pathways involved in the quinpirole-induced sup-
pression of outward K* channels. A Representative current traces
recorded from an RGC, showing that quinpirole did not change the
outward K* current amplitude when the cell was perfused with Rp-
cAMP (2 pmol/L). B Bar chart summarizing the changes in K"
current amplitudes at +30 mV under different conditions (n = 13). C,
D Sample current traces showing that the CaMKII signaling inhibitor
KN-62 (10 pmol/L) blocked the quinpirole-induced suppression of
outward K™ currents (C), and summary data are shown in (D) (n =
11). E Sample current traces showing that U0126 (10 pmol/L), a
MAPK/ERK signaling inhibitor, blocked the quinpirole-induced
suppression of outward K* currents. F Bar chart summarizing the
changes of outward K* current amplitudes at +30 mV (n = 12).
G Representative current traces recorded from an RGC, showing that
the PKC inhibitor Bis IV (10 umol/L) failed to block the quinpirole-
induced suppression of outward K* currents. H Summary bar graphs
for the effect of Bis IV on the quinpirole-induced suppression of
outward K currents (n = 14, **P <0.01 vs control).

of the forskolin-stimulated cAMP/protein kinase A (PKA)
signaling pathway. Perfusion with Rp-cAMP (2 umol/L), a
cAMP/PKA pathway inhibitor [29, 38], for at least 3 min
did not change the K* current amplitude recorded from
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RGCs (100.7% =+ 4.6% of control, n = 13, P = 0.926;
Fig. 3A), and the current remained unchanged when
quinpirole was added (107.3% =+ 6.7% of control, n =
13, P = 0.403; Fig. 3B). Similarly, when RGCs were
intracellularly dialyzed with KN-62 (10 pmol/L), a Ca**/-
calmodulin-dependent protein kinase II (CaMKII) pathway
blocker, or U0126 (10 pmol/L), a specific inhibitor of the
mitogen-activated protein kinase (MAPK)/extracellular
signal-regulated kinase (ERK) pathway, through the
recording pipette [38], extracellular perfusion with quin-
pirole no longer suppressed outward K* currents (94.5% +
3.1% of control for KN-62, n = 11, P = 0.247; 96.8% =+
2.1% of control for U0126, n = 12, P = 0.06; Fig. 3C-F).
Although activation of D2 receptors may also be coupled to
the phospholipase C (PLC)/protein kinase C (PKC) path-
way, experiments involving this pathway presented differ-
ent results. After blocking PKC by intracellular dialysis
with the PKC inhibitor Bis IV (10 umol/L) [29, 38], the K+
currents recorded from RGCs were still reduced by
quinpirole (68.9% =+ 5.7% of control, n = 14, P = 0.004;
Fig. 3G, H).

Activation of D2 Receptors Selectively Increases
Nav1.6 Channel Currents

RGCs express voltage-gated Na™ channels [27, 44, 45], so
we further investigated whether activation of D2 receptors
modulates Na™ currents in acutely isolated rat RGCs. Na™
currents were induced by 50-ms depolarizing voltage
pulses from a holding potential of —70 mV to 430 mV
in steps of 10 mV. Bath application of quinpirole
remarkably enhanced the current amplitudes (Fig. 4A, B).
The current-voltage curves showed that quinpirole voltage-
dependently enhanced the current amplitudes (Fig. 4C).
For example, the current amplitude at —20 mV was
significantly increased to 130.2% = 5.2% of control by
quinpirole (n = 12, P < 0.001). The time course of
quinpirole-induced changes in Na¥ current amplitudes at
—20 mV showed that they remained unchanged during 8
min of recording; extracellular application of quinpirole
(10 pmol/L) significantly enhanced the current amplitudes;
and the currents returned to the control level after washout
(Fig. 4D). The quinpirole effect on Na® currents was
through activating D2 receptors. In the presence of
sulpiride, addition of quinpirole failed to change the Na™
current amplitude (104.5% =+ 2.6% of control, n = 6, P =
0.129; Fig. 4E, F).

We also studied changes in the activation and inactiva-
tion curves of Na® channels. The steady-state activation
curve of Na™ channels was not significantly shifted after
quinpirole application; the V}, value obtained from Boltz-
mann function fitting was —31.4 mV £ 0.98 mV (n = 10),
which was comparable to that of control (—29.2 mV =+
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0.89 mV) (n = 10, P = 0.521; Fig. 5A). The inactivation
curves also fitted a Boltzmann function. The cells were first
given a 200-ms pre-pulse from a holding potential of —70
mV to different potentials, and then depolarized to —10
mV. The inactivation curves of the channels before and
after quinpirole application were almost same (V}, values:
—47.1 £ 0.57 mV in control; —48.3 £ 0.63 mV in
quinpirole group, n = 12, P = 0.881; Fig. 5B, C).

«Fig. 4 D2 receptor activation-induced enhancement of Na* channel

currents in rat RGCs. A Representative Na* currents recorded from
an RGC showing that extracellular application of quinpirole (10
umol/L) significantly increased the current amplitudes. The cell was
held at —70 mV and the currents were induced by a series of
depolarizing voltage pulses from —70 mV to +30 mV at steps of 10
mV. B Expanded peak current traces before and after quinpirole
application as in A. C I-V curves showing that quinpirole voltage-
dependently enhanced Na™ currents (n=12; P< 0.05, P <0.01 vs
control). D Time course of quinpirole-induced enhancement of Na™
currents at —20 mV. Note that the current amplitudes were almost
unchanged during a period of 8 min without quinpirole (Control),
while quinpirole significantly increased the current amplitudes.
E Sample current traces showing that the quinpirole-induced increase
in Na®™ currents was blocked by sulpiride (10 pumol/L). F Bar
chart summarizing the changes of Na* current amplitudes at —20 mV
under different conditions (n = 6).
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Fig. 5 Activation of D2 receptors has no effect on activation and
inactivation curves of Na' currents. A Activation curves of Na®
currents before and after quinpirole (10 pmol/L) application. Nor-
malized points are fitted with a Boltzmann function (n = 12).
B Representative Na™ currents in an RGC evoked when the cells were
first hyperpolarized to different potentials from a holding potential of
—70 mV and then depolarized to —10 mV before and after application
of quinpirole (10 pmol/L). C Inactivation curves of Na® currents
before and after application of quinpirole. Normalized points are fitted
with a Boltzmann function (n = 12).

There are two components in Na™' channel currents,
TTX-sensitive and TTX-resistant, both of which are
expressed in sensory neurons of the mammalian nervous
system [23]. Perfusion with 500 nmol/L. TTX almost
completely inhibited Nat currents in isolated RGCs
(Fig. 6A), suggesting that only TTX-sensitive Na* chan-
nels are expressed in rat RGCs. Several Nat channel
subunits, including Navl.l, Navl.2, and Navl.6, are
expressed in RGCs [25, 27]. Our results showed that bath
application of 10 nmol/L phrixotoxin-3 (Ph3), a Navl.2
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blocker, reduced the Na™ current amplitude to 96.5% +
0.7% of control (n =6, P =0.007), and addition of 1 pmol/
L ICA121431 (ICA), a Navl.l blocker, reduced the
currents to 78.0% + 2.9% of control (n = 6, P = 0.005),
and further to 13.6% =+ 2.4% of control (n = 6, P = 0.002)
when 100 nmol/L. 4,9-anhydrotetrodotoxin (AHTTX), a
Navl.6 blocker [46, 47], was added (Fig. 6B, C). These
results demonstrated that Nav1.6 is the dominant Na™
channel in rat RGCs although other subunits are also
expressed.

We further determined which subunit(s) of the Na®
channels are modulated by activation of D2 receptors. In
the presence of ICA and Ph3, bath application of quinpirole
still enhanced the Na™ currents (125.6% =+ 4.3% of control,
n = 10, P < 0.001) (Fig. 6D, E). The increase was
comparable to that of quinpirole in the absence of ICA and
Ph3 (130.2% =+ 5.2% of control, P = 0.351; Fig. SA-C). In
contrast, bath application of quinpirole had no effect on the
currents when the cells were pretreated with AHTTX
(102.5% = 5.4% of control, n = 11, P = 0.567; Fig. 6F, G),
suggesting that activation of D2 receptors selectively
enhances Na® currents mediated by the Nav1l.6 subunit
in rat RGCs.

Involvement of Signaling Pathways in the
Quinpirole-Induced Enhancement of Na* Currents

The intracellular signaling pathways mediating the effect
of D2 receptor activation on Navl.6 currents were similar
to those on outward K currents. Quinpirole failed to
enhance the current amplitude when the cells were pre-
treated with Rp-cAMP (110.1% = 5.7% of control, n = 9,
P = 0.121; Fig. 7A, B). Moreover, when the CaMKII and
MAPK/ERK pathways were blocked by intracellular
dialysis with KN-62 or U0126 through the recording
pipette, quinpirole perfusion had no significant effect on
the current amplitudes (106.6% =+ 4.9% of control for KN-
62,n=12, P =0.25; 102.4% =+ 2.5% of control for U0126,
n =11, P =0.447; Fig. 7C-F). In addition, when PKC was
inhibited by Bis IV, quinpirole continued to enhance the
currents (117.8% =+ 3.1% of control, n = 10, P < 0.01;
Fig. 7G, H).

D2 Receptor Activation Increases the Number
of Evoked Action Potentials in RGCs

DA may modulate voltage-gated ion channels, thereby
influencing the excitability of RGCs [17, 18, 28, 30]. The
above results showed that activation of D2 receptors
suppressed outward K™ current and enhanced Na* current.
We then tested whether D2 receptor activation changes
RGC excitability by recording the numbers of action
potentials induced by current injection before (control) and
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Fig. 6 Activation of D2 receptors selectively enhances Navl.6
voltage-gated Na™ currents. A Representative current recordings
from an RGC, showing that TTX (500 nmol/L) completely and
reversibly suppressed Na' currents. B Representative Na® currents
recorded from an RGC, showing the effects of successive addition of
the Navl.2 blocker phrixotoxin-3 (Ph3, 10 nmol/L), the Navl.l
blocker ICA121431 (ICA, 1 pmol/L), and the Navl.6 blocker 4,9-
anhydrotetrodotoxin (4,9-AHTTX, 100 nmol/L). C Bar chart summa-
rizing the changes in Na® current amplitudes at —20 mV under
different conditions (n = 6/group, **P < 0.01 vs control). D Sample
current traces showing that extracellular application of quinpirole (10
pumol/L) still enhanced current amplitudes after blocking the Navl1.1
and Navl.2 channels. E Bar chart summarizing the changes in the
Na™ current amplitudes at —20 mV (n = 10, ***P < 0.001 vs control).
F Sample current traces showing that extracellular application of
quinpirole (10 pmol/L) failed to change Na™ currents after blocking
the Nav1.6 channels. G Bar chart summarizing the changes in the
Na™ current amplitudes at —20 mV (n = 11).
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after perfusion of quinpirole (Fig. 8A). The numbers of
action potentials increased with increasing positive current
injection (Fig. 8B). On average, the firing frequency
gradually increased from 0 Hz to 10.5 Hz £+ 1.5 Hz with
0 pA to +100 pA current injections in controls (n = 15).
After quinpirole application, the firing frequency at 0 pA
current injection was 2.0 Hz £ 1.5 Hz (n = 15, P = 0.178),
and 6.5 Hz £+ 1.5 Hz to 15.5 Hz + 1.7 Hz at 10 pA to 100
PA current injection (rn = 15, P <0.05 for all; Fig. 8B).

«Fig. 7 Signaling pathways involved in the quinpirole-induced
enhancement of Na* channels. A Sample current traces showing that
Rp-cAMP (2 pmol/L) blocked the quinpirole-induced enhancement of
Na* currents. B Bar chart summarizing the changes in Na* current
amplitudes at —20 mV under different conditions (n = 9). C,
D Sample current traces showing that extracellular application of
quinpirole (10 pmol/L) failed to change Na* currents when the cell
was pre-treated with 10 pmol/L KN-62 (C), and summary data are
shown in (D) (n = 10). E, F Sample current traces showing that
U0126 (10 pmol/L) blocked the quinpirole-induced enhancement of
Na™ currents (E), and cumulative data are shown in (F) (n = 11).
G Sample current traces showing that extracellular application of
quinpirole (10 pmol/L) enhanced Na™ currents when the cell was pre-
treated by 10 pmol/L Bis IV. H Bar chart summarizing the changes of
the Nat current amplitudes at —20 mV under different conditions
(n =10, **P < 0.01 vs control).

Discussion

Modulation of K* Channels in RGCs by D2
Receptors

Although previous studies have shown that specific stain-
ing for D2 receptors is observed in cells of the ganglion cell
layer in rat retinas [22], and that pharmacological interfer-
ence with D2 receptors modulates the responses of RGCs
[19, 41], our present work clearly showed that D2 receptors
are indeed expressed in rat RGCs, as evidenced by double
immunofluorescent labeling in RGCs retrogradely labeled
with CTB (Fig. S1).

In the present study we found that one of the major
effects of D2 receptor stimulation in rat RGCs is to
significantly suppress the Gb-sensitive Karp and the
transient outward K* channels (KA) and delayed rectifying
K* channels [48, 49], but not the TEA-sensitive BKc,
channel (Fig. 2). Consistently, previous studies have shown
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Fig. 8 Activation of D2 receptors increases the numbers of action
potential evoked by current injection in RGCs. A Representative
recordings from an RGC, showing that extracellular application of
quinpirole (10 pmol/L) increased the numbers of action potentials
evoked by a series of 400-ms current injections from —40 pA to +100
PA in increments of 10 pA. B Plot of average firing frequency of
evoked action potentials versus different injected currents (n = 15,
*P < 0.05, **P < 0.01, ***P < 0.001 vs control).
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that activation of the D4 subtype of D2-class receptors
reversibly inhibits K currents in the neurohypophysial
nerve terminals of rats [50]. In addition, D2 receptor
activation reduces small-conductance Ca®*-activated K"
channel currents in subthalamic nucleus neurons [34]. In
contrast to the data presented here, extensive evidence has
shown that activation of D2 receptors increases the activity
of several K* channels in neurons of different brain regions
[51-54]. For example, D2 receptor-modulated changes in
the excitability of nucleus accumbens neurons are dynam-
ically regulated and integrated by K,, Kir, and leak Kt
currents [52]. In B5 neurons of the buccal ganglion in the
freshwater pond snail Helisoma trivolvis, DA increases
4-AP- and TEA-sensitive K™ currents through D2 recep-
tors, resulting in a strong hyperpolarization of membrane
potential [54]. Activation of D2 receptors increases the
activity of slowly inactivating K* channels and enhances
the action potential discharge in neurons of the ventrobasal
thalamus [51], and decreases the spontaneous firing of rat
substantia nigra pars compacta (SNc¢) dopaminergic neu-
rons by directly activating G protein-dependent inward
rectifying K* channels [53].

It is of interest that modulation of Katp due to D2
receptor stimulation revealed a contradictory situation.
Rather than a reduction in Katp currents in rat RGCs
(Fig. 2), an increase in Katp currents has been reported in
isolated rat striatal neurons and in primary rat lactotrophs
[55, 56]. The absence of an effect on Katp has also been
reported in neurons of the rat SNc. DA acting on D2
receptors activates K+ currents and this is not mediated by
Katp [57]. In addition, it is noteworthy that the outward
current components inhibited by D4 receptor activation are
Ka and BKc, channels in the neurohypophysial nerve
terminals of rats [50]. A possible explanation is that the
distinct K channel subtypes may be affected by different
subtypes of D2 receptor. Which subtype(s) of D2 receptors
are expressed in rat RGCs remains to be explored.

It should be noted that activation of both D1 and D2
receptors suppresses similar subtypes of outward K*
channel in rat RGCs [29] (and this study). We speculate
that outward K™ currents in rat RGCs are modulated by a
variety of signaling pathways coupled to distinct G protein
subunits (see below).

D2 Receptor-Mediated Modulation of Na* Currents
in RGCs

Voltage-gated Na™ channels ignite neuronal action poten-
tials. Nine distinct Nat channels (Navl.1-Nav1.9) have
been identified, among which Navl.1-Navl.3 are
expressed in neurons and play roles in electrogenesis
[58-61]. Although the Navl.l, Navl.2, and Navl.6 Na™
channel proteins have been identified in RGCs by
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immunohistochemistry [25, 27, 45], our data demonstrated
that these Na™ channel subtypes indeed functionally exist
in rat RGCs, and that the Navl.6 channel predominates
(Fig. 6). Furthermore, TTX completely blocked these Na™
currents, which is consistent with all these Nat channels
being TTX-sensitive.

An important finding in this study was that activation of
D2 receptors enhanced Nat currents in rat RGCs. We
further demonstrated that Nav1.6 channels were selectively
modulated by D2 receptors. Although previous studies
have demonstrated that DA acting on D2 receptors
modulates Na®  channels in  various neurons
[32, 33, 36, 62, 63], the present work is the first to show
the selective modulation of Navl.6 channels due to D2
receptor stimulation. In agreement with our findings,
quinpirole induces a robust increase of TTX-sensitive
Na™ influx in primary cultures of striatal neurons, and the
effect is abolished by sulpiride, suggestive of involvement
of D2 receptors [31]. Enhancement of Na™ currents by D2
receptor stimulation has also been reported in freshly-
dissociated rat nucleus accumbens neurons [32] and in
neurons of layer V entorhinal cortex in slice preparations
[63]. However, it should be emphasized that a reduction in
Na™ current amplitudes by D2 receptors has been reported
in cochlear spiral ganglion neurons [36], and in striatal
cholinergic interneurons [33]. One possibility for this
inconformity is that D2 receptors are coupled to different
subunits of G proteins in different neurons. For example,
this is Gy, in nucleus accumbens neurons [32], but Gg, in
striatal cholinergic interneuron [33]. On the other hand,
Na™ channels are composed of o and B subunits [60, 61]. It
has been reported that Nav1.6 and B1 or B2 are clustered in
RGCs [64, 65]. Whether activation of D2 receptors
modulates either o or B subunit in different cells remains
to be addressed.

Since D2 receptor activation did not significantly shift
the activation and inactivation curves, the enhancement of
Na® currents due to D2 receptor stimulation may be
mediated through changing the Na™ channel conductance,
but not through changing the activation and inactivation
probability. In other words, D2 receptor stimulation did not
change the activation and inactivation gates of the
channels.

Mechanisms Underlying D2 Receptor-Mediated
Effects on K* and Na®™ Channels in RGCs

It has been reported that activation of D2 receptors may be
coupled to several signaling pathways [32, 42, 43, 66]. The
data presented in this study demonstrated that similar
signaling pathways (cAMP/PKA, CaMKII, and MAPK/
ERK) mediated the modulation of outward K™ currents and
Na™ currents in rat RGCs. Since D2 receptors negatively
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modulate the activity of adenylate cyclase, application of
quinpirole should suppress cAMP/PKA signaling activity,
then affect the outward K™ and Na™ currents. Consistently,
the enhancement of Na® currents or modulation of K*
channels in nucleus accumbens neurons due to D2 receptor
stimulation results from suppressing tonic activity of
cAMP/PKA signaling via the activation of Gy, proteins;
blockade of PKA activity mimics the D2 receptor-mediated
effects [32, 52]. It has also been reported that Ca%*t influx
through N-methyl-D-aspartate (NMDA) receptors is mod-
ulated by PKA; this process is inhibited by D2 receptors,
thus reducing corticostriatal glutamate release. These
results further demonstrate the suppression of tonic activity
of cAMP/PKA signaling by D2 receptors [67].

Activation of D2 receptors may modulate the activity of
CaMKII and MAPK/ERK signaling in cell lines and
neurons [42, 43, 66, 68]. In this study, we found that the
CaMKII and MAPK/ERK pathways were indeed involved
in the quinpirole effects on K™ and Na™ channels because
quinpirole no longer changed the current amplitudes when
these two signaling pathways were blocked. How CaMKII
and MAPK/ERK modulate outward K™ and Na* currents
remains to be explored.

Regulation of PLC/PKC is another classical signaling
pathway due to D2 receptor stimulation [33, 69]. However,
our results clearly showed that the PLC/PKC pathway did
not participate in the quinpirole-induced modulation of K*
and Na™* currents (Figs. 3 and 7). In agreement with our
data, the effects of D2 receptor activation in the rat striatum
are not mediated by the PLC/PKC pathway since quin-
pirole does not affect the basal level of PLC or the levels of
phosphoinositols (inositol monophosphate, inositol biphos-
phate, and inositol triphosphate), which are well charac-
terized consequence of PLC stimulation [70]. On the other
hand, the PLC/PKC pathway has been demonstrated to be
involved in the effects of D2 receptor activation. For
example, D2 receptor agonists reduce L-type Ca®* currents
and excitability in striatal medium spiny neurons through
the PLCPB1/IPs/calcineurin pathway [69]. Inhibition of Na™
channels by D2 receptors in striatal cholinergic interneu-
rons is mediated by PLC/PKC signaling [33]. The reason
for this inconformity may be that D2 receptors are linked to
different subunits of G proteins in different cells. In striatal
cholinergic interneurons, Gg, signaling that activates the
PLC/PKC cascade mediates the D2 receptor-induced
inhibition of Na™ currents [33], whereas the enhancement
of Na™ currents in the present study was not mediated by
this signaling.

Modulation of RGC Excitability by D2 Receptors

RGC excitability can be modulated by two elements,
synaptic inputs and the intrinsic properties of the ion

channels. K* channels play a critical role in setting up the
membrane potential [71], while neuronal voltage-gated
Na® channels ignite action potentials and determine the
firing frequency of the cells. D2 receptor-induced inhibi-
tion of outward K" currents and enhancement of Na™
currents would increase RGC excitability. In line with this,
quinpirole indeed increased the numbers of action potential
discharges evoked by current injection (Fig. 8). It is
noteworthy that both increases and decreases of cell
excitability due to D2 receptor activation have been
reported. Activation of D2 receptors causes increased
firing in thalamocortical relay neurons [51], and enhances
hippocampal-accumbens neuron excitability [72]. In con-
trast, stimulation of D2 receptors decreases evoked firing in
medium spiny neurons of the nucleus accumbens [52], and
decreases the spontaneous firing activity in rat SNc neurons
[53] and in the striatal cholinergic interneurons of mice
[33]. We speculate that different subunits of G protein
mediate these effects as noted above.

Increasing evidence shows that the modulatory effect of
D2 receptors on cell excitability is mediated by increasing
or inhibiting Kir currents [51-53]. However, we previously
showed that Kir channels are mainly expressed in RGC
dendrites [73]. In this study, we could not record Kir
channels since most of the RGC dendrites were lost during
cell dissociation. Whether D2 receptor activation also
affects Kir channels in RGCs remains to be further
explored.

Since both D1 and D2 receptors are extensively
expressed in retinal cells, in the intact retina, intrinsic
DA may regulate the activity of RGCs through two
pathways. First, DA acts on the D1/D2 receptors expressed
in bipolar and amacrine cells to regulate the balance of
inhibitory and excitatory inputs to RGCs, thus affecting
RGC activity [13-16]. Second, DA activates D1/D2
receptors expressed in RGCs, directly influencing RGC
excitability. It is of interest that both increased and reduced
RGC excitability induced by DA have been reported,
although the effects of DA are all mediated by activating
D1 receptors [18, 28]. In retinal slices, DA enhances RGC
excitability through inhibiting 1, [28], while in dissociated
RGCs DA reduces RGC excitability through inhibiting
voltage-gated Na™ current [18]. In addition, in a previous
study, we showed that the temporal summation of excita-
tory postsynaptic potentials in rat RGCs is enhanced by D1
receptor activation and that this is mediated by affecting
Kir currents [30]. The reason for this inconsistency may be
that the dissociated RGCs lost their intact dendrites.
Therefore, the net effect of DA on RGC activity in the
intact retina depends on the integration of presynaptic and
postsynaptic effects. On the other hand, the density and
affinity of D1 and D2 receptors in RGCs are also important
factors. We speculate that DA may enhance visual contrast
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sensitivity by changing the center/surround balance of
RGCs in the intact retina [12, 16]. The detailed mecha-
nisms need to be explored.

In conclusion, we provide compelling evidence that
activation of D2 receptors increases rat RGC excitability
through suppressing outward K™ currents and selectively
enhancing Nav1.6 currents, and subsequently modulating
visual integrative processing. In addition, DA and its
receptors have been shown to associate with retinal
disorders such as diabetic retinopathy, retinitis pigmentosa,
and NMDA-induced retinal injury [41, 74—76]. Modulation
of RGC excitability by D2 receptors may provide a
potential strategy for RGC neuroprotection.
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Abstract Scorpion venom heat-resistant peptide (SVHRP)
is a component purified from Buthus martensii Karsch
scorpion venom. Our previous studies have shown that
SVHRP is neuroprotective in models of Alzheimer’s
disease and Parkinson’s disease. The present study aimed
to explore the potential neuroprotective effects of SVHRP
on cerebral ischemia/reperfusion (I/R) injury, using a
mouse model of middle cerebral artery occlusion/reperfu-
sion (MCAO/R) and a cellular model of oxygen-glucose
deprivation/reoxygenation (OGD/R). Our results showed
that SVHRP treatment decreased the neurological deficit
scores, edema formation, infarct volume and neuronal loss
in the MCAO/R mice, and protected primary neurons
against OGD/R insult. SVHRP pretreatment suppressed the
alterations in protein levels of N-methyl-D-aspartate
receptors (NMDARs) and phosphorylated p38 MAPK as
well as some proinflammatory factors in both the animal
and cellular models. These results suggest that SVHRP has
neuroprotective effects against cerebral I/R injury, which
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might be associated with inhibition of the NMDA-MAPK-
mediated excitotoxicity.

Keywords Scorpion venom heat-resistant peptide - Cere-
bral ischemia/reperfusion injury - Neuroprotection -
NMDARs - p38 MAPK

Introduction

Ischemic cerebrovascular disease is a common brain
disorder characterized by high incidence, high disability,
and high mortality worldwide. Each year, ~6 million
people die of acute ischemia [1-3]. Thrombolytic therapy
is often used in the treatment of ischemic disease in clinical
practice. However, it has strict indications and certain risks
such as post-perfusion lesions and bleeding [4]. The
molecular mechanisms of cerebral ischemia and reperfu-
sion (I/R) injury are complicated and not fully understood.
Increasing evidence has suggested that excitatory amino-
acid toxicity and inflammation are the predominant mech-
anisms underlying cerebral I/R injury [5-7]. These com-
plex processes involve interactions among many factors
that slow cerebral healing and even aggravate cerebral
damage.

Scorpion venom heat-resistant peptide (SVHRP,
National Invention Patent No. ZLLO11061669) was isolated
from Buthus martensii Karsch (BmK) venom in our
laboratory. Our previous studies have shown that SVHRP
regulates gene expression in astrocytes, promotes
neurogenesis in mice, protects dopamine neurons in a
6-hydroxydopamine rat model and protects Caenorhabditis
elegans from B-amyloid toxicity [8—11]. However, it is
unknown whether SVHRP is protective against cerebral I/R
insult. In this study, we investigated the neuroprotective

@ Springer



244

Neurosci. Bull. March, 2020, 36(3):243-253

effects of SVHRP in a mouse model of middle cerebral
artery occlusion/reperfusion (MCAO/R) and a cellular model
of oxygen-glucose deprivation/reoxygenation (OGD/R).

Materials and Methods
Isolation of Scorpion Venom Heat-Resistant Peptide

The isolation of SVHRP from BmK venom was reported in
our previous publication [8] with a patented method in our
laboratory (No. 011061669). First, the crude venom was
collected by electrical stimulation of the telson of BmK
scorpions from Henan Province, China, and the lyophilized
crude venom was dissolved in ddH,O and maintained at
100 °C for 4 h followed by centrifugation. Then the
supernatant was loaded onto a Superdex Peptide 10/300GL
Column (AKTA avant 25) and separated by fast protein
liquid chromatography. Fraction I (P1) from the Superdex
Peptide 10/300GL Column was collected and used for cell
treatment. The results from reverse-phase HPLC using a
C18 column (Zorbax SB-C18 250 x 4.6 mm, 5 pm)
demonstrated that the purity of SVHRP was > 99.5%.

Experimental Animals and Drug Administration

Male C57BL/6 mice (68 weeks old and weighing 16-25 g)
were provided by Dalian Medical University. The animals
were housed under international standards. Forty-eight
mice were divided randomly into four groups: normal
saline (NS) 4+ sham, SVHRP + sham, NS + MCAO/R, and
SVHRP + MCAO/R groups. The mice were pretreated
with SVHRP (20 pg/kg, i.p.) or NS (5 mL/kg, i.p.) 48 h and
1 h before MCAO/R [9]. The dose of SVHRP was chosen
based on previous animal studies [9, 10] showing that
20-50 pg/kg of SVHRP promotes neurogenesis in mouse
hippocampus and olfactory bulb and protects dopamine
neurons challenged by oxidative stress.

Establishment of the MCAO/R Model

C57BL/6 mice were anaesthetized by intraperitoneal
injection of 1% pentobarbital (50 mg/kg, i.p.). The
MCAO/R model was established according to a published
method [12] with minor modifications. Briefly, a ventral
midline neck incision was made to expose the right
common carotid artery, and right internal and external
carotid arteries. After ligation at the proximal end of the
common carotid artery, an MCAO suture (Southern
Medical University, China) was inserted and positioned
at the origin of the middle cerebral artery to occlude it. The
same surgical procedure was performed in sham-operated
animals except for occlusion of the artery. After occlusion
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for 2 h, the suture was removed and blood flow was
restored (reperfusion) [13].

Evaluation of Neurological Deficit

The mice were returned to their cages after the suture was
withdrawn and were given free access to food and water.
The neurological behavior of the mice was scored 24 h
after MCAO/R. A 28-point scale of neurological deficit
was used to evaluate neurological behavior [14]. The scale
was based on the following seven tests, each of which was
scored as 0—4 points: (1) body symmetry, (2) gait, (3)
climbing, (4) circling behavior, (5) forelimb symmetry, (6)
compulsory circling, and (7) whisker response.

Measurement of Cerebral Infarct Volume

After neurological evaluation, the mice were euthanized
with isofluriane and brains were collected for measurement
of infarct volume [15]. In brief, each brain was first frozen
for 20 min before being cut into 2-mm-thick coronal
sections, and stained with 2% triphenyltetrazolium chloride
(TTC) (Solarbio, Beijing, China) for 15 min at 37 °C
followed by overnight immersion in 4% paraformaldehyde.
The infarct area of each slice was demarcated and analyzed
using Image Pro plus software.

Quantification of Brain Water Content

After neurological measurement, we used the wet-dry
method to determine the brain water content [16]. Each
hemisphere was weighed (wet weight) and left in a
desiccating oven at 105 °C overnight, then the dried
hemispheres were weighed again (dry weight) and the
brain water content was calculated.

Nissl Staining

For this staining protocol, brain samples were collected 24
h after reperfusion. After transcardial perfusion with 50 mL
of 4% paraformaldehyde under anesthesia (50 mg/kg
pentobarbital, i.p.), each brain was removed and post-fixed
for 24 h. The tissue was embedded in paraffin and
sectioned at 10 um. The sections were stained with 2%
cresyl violet, cleaned in graded ethanols and xylene, and
coverslipped with Permount mounting medium (Sigma,
Markham, ON, Canada).

Cortical Neuron Culture and Establishment
of the OGD/R Model

Primary cortical neurons were cultured from newborn
C57BL/6 mice anesthestized with diethyl ether inhalation
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within 24 h using the procedures described below [17]. The
cerebral cortices were isolated and digested in 0.125%
trypsin for 30 min at 37 °C. Then, 500 pL of suspension
was added to each well of a 24-well plate pre-coated with
poly-L-lysine and cultured in Dulbecco’s modified Eagle’s
medium with 10% FBS, 1% L-glutamate, and 1% peni-
cillin-streptomycin in an incubator at 37 °C with 5% CO,
for 4 h. Then, the supernatant was replaced with 500 pL
Neurobasal medium containing 1% L-glutamate, 1%
penicillin-streptomycin, 1% N2, and 2% B27 and main-
tained for 12 days. Half of the medium was changed every
other day. The purity of mature neurons (> 95%) was
confirmed by microtubule-associated protein-2 staining.

OGD/R was performed using a combination of chemical
hypoxia and glucose deprivation according to published
methods [18, 19] with modifications. Mature cortical
neurons were transiently deprived of both oxygen and
glucose through incubation with a glucose-free Earle’s
balanced salt solution (EBSS) containing 1 mmol/L azide
(Sigma, St. Louis, MO), a deoxygenating reagent, for 3 h.
Reoxygenation was induced by quickly replacing the
deoxygenated and glucose-free EBSS with the pre-OGD
culture medium to return the cells to normoxic conditions.
The cortical neurons were divided into four groups: vehicle
+ control, SVHRP + control, vehicle + OGD/R, and
SVHRP + OGD/R groups. Cells were cultured in the
presence or absence of SVHRP (20 pg/mL) for 24 h before
OGD/R. The concentration of 20 pg/mL was selected as it
is the optimal concentration within the dose range (0.2-80
pg/mL) in cell culture and Caenorhabditis elegans studies,
according to our previous reports [8, 9].

Assessment of Cell Viability and Cytotoxicity

Cell viability was assessed using the 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay.
The cortical neurons were pretreated with SVHRP (20 pg/
mL) or vehicle before being subjected to OGD/R insult.
MTT solution was added to the culture medium to a final
concentration of 0.5 mg/mL 24 h after reoxygenation and
incubated for 4 h at 37 °C. The supernatant was then
removed, and 100 pL. dimethyl sulfoxide was added. The
optical density was measured at 490 nm.

Lactic dehydrogenase (LDH) released from cells was
detected using a commercial LDH kit (Roche, Basel,
Switzerland) to evaluate the neurotoxicity. Absorbance was
measured at 490 nm, and the relative LDH release rate was
calculated.

Reverse Transcription Polymerase Chain Reaction
(RT-PCR)

RT-PCR was used to analyze the mRNA levels of tumor
necrosis factor-oo (TNF-a) and interleukin (IL)-6 at 24 h
after reperfusion in MCAO/R mice. Total RNA was
extracted using an RNA extraction kit according to the
manufacturer’s  instructions (Takara Biotechnology,
China). Reverse transcription of RNA to cDNAs was
performed using TransScript One-Step gDNA Removal
and cDNA Synthesis SuperMix (Transgen Biotechnology).
Regular PCR was then conducted to amplify the cDNA
using the following conditions: a hot start at 95 °C for 600
s, followed by 95 °C for 30 s, 58 °C for 40 s, and 72 °C for
40 s at the annealing temperature through 35 cycles for
TNF-o and IL-6; a hot start at 95 °C for 180 s, followed by
94 °C for 15 s, 60 °C for 25 s, 72 °C for 20 s through 30
cycles, and then 72 °C for 300 s for B-actin. The following
primers were used: for TNF-a forward 5’-CGT CAG CCG
ATT TGC TAT CT-3’, reverse 5’-CGG ACT CCG CAA
AGT CTA AG -3'; for IL-6 forward 5'-TCC ATC CAG
TTG CCT TCT TGG-3', reverse 5'-CCA CGA TTT CCC
AGA GAA CAT G-3/; and for B-actin forward 5'-AGC
CAT GTA CGT AGC CAT CC-3, reverse 5'-GCT GTG
GTG GTG AAG CTG TA-3.

Western Blot Analysis

Samples from the ischemic penumbra of cerebral cortex
and cortical neurons were homogenized in ice-cold lysis
buffer and then centrifuged at 12,000 rpm for 15 min at
4 °C. The supernatants were collected, and the protein
concentrations were determined using a bicinchoninic acid
(BCA) protein assay reagent kit (Pierce Biotechnology,
Waltham, MA) with bovine serum albumin (BSA, Sigma)
as a standard. Equal amounts of protein samples from each
group were separated by 8%—10% SDS-polyacrylamide gel
electrophoresis and transferred onto polyvinylidene diflu-
oride membranes (Chemicon, Billerica, MA) for
immunoblotting using an electrophoretic transfer system
(Bio-Rad, Hercules, CA). The membrane was blocked at
room temperature for 1 h with 5% nonfat dry milk or 5%
BSA (Sigma) in TBST (Tris-buffered saline containing
0.1% Tween-20), followed by incubation overnight at 4 °C
with primary antibodies for rabbit p38 (1:1000 dilution,
Cell Signaling, Beverly, MA), mouse p-p38 (1:1000, Cell
Signaling), rabbit NR1 (1:1000, Abcam, Cambridge, MA),
mouse NR2A (1:1000, Abcam), mouse NR2B (1:1000,
Abcam), mouse GABA (1:1000, Abcam), iNOS (1:1000,
Cell Signaling), B-actin (1:2000, Abcam), and B-tubulin
(1:2000, Abcam). The following day, the membranes were
washed three times with TBST buffer (10 min each) and
incubated with horseradish peroxidase secondary
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antibodies for 1 h at room temperature. The bands
corresponding to the proteins of interest were detected
using an enhanced chemiluminescence detection system
(Bio-Rad).

Statistics

Data were analyzed using the Statistical Package for the
Social Sciences (IBM SPSS Statistics 19.0). Values are
presented as the mean == SEM. All data were analyzed by
one-way analysis of variance (ANOVA). P < 0.05
indicated statistically significant differences.

Results

Effects of SVHRP on Neurological Deficit Scores,
Infarct Volume, and Brain Water Content

MCAO has been used extensively for modelling ischemic
stroke and leads to cerebral ischemia and edema, as well as
serious brain injury such as neurological impairment and
even death. To test whether SVHRP has neuroprotective
effect on ischemic stroke, we used MCAO in mice. After 2
h of ischemia followed by 24 h of reperfusion, MCAO/R
mice showed neurologic impairment and demonstrated
significantly higher neurological deficit scores compared
with those in the sham group (P < 0.001, Fig. 1A).
Meanwhile, in the group pretreated with SVHRP (20 pg/
kg, i.p.) 48 h before MCAO/R, the total neurological score
was significantly lower than that of the MCAO/R group
(11.07 £ 1.14 vs 15.5 £ 0.96, P < 0.05; n = 14-16).
Among the seven items, the scores for circling behavior
(1.71 £ 0.19 vs 2.44 £ 0.20, P < 0.01, n = 14-16) and
whisker responses (1.50 £ 0.17 vs 2.19 £+ 0.23, P < 0.01,
n = 14-16) were significantly reduced by SVHRP pre-
treatment. There was no significant difference between the
NS+sham group and the SVHRP+sham group (Fig. 1A).

MCAO leads to a prominent cerebral infarct. Mice
pretreated with SVHRP (20 pg/kg, i.p.) showed signifi-
cantly smaller infarct volumes (Fig. 1B) than those in the
MCAOI/R group (36.53% =% 3.5% vs 61.37% + 3.3%, P <
0.001, n = 11-13, Fig. 1C). These results indicated that
SVHRP pretreatment reduces the brain damage caused by
I/R injury.

Cerebral I/R injury leads to cerebral edema. Brain water
content was used to assess edema in the hemispheres. The
brain water content was higher in the MCAO/R group than
in the sham group; however, this effect was significantly
reduced by SVHRP pretreatment (20 pg/kg, i.p.) (80.59%
£+ 0.23% vs 81.48% £ 0.29%, P < 0.05, n = 6-10,
Fig. 1D). No infarction or edema formation occurred in the
sham operation group.
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Effects of SVHRP on the Survival of Neurons after
I/R Injury

A Nissl body is a large granular body found in neurons.
The Nissl staining method is used to localize the cell
body—the stain can be seen in the soma and dendrites.
Nissl staining was performed here to determine the
numbers of neurons in the ischemic penumbra (Fig. 2Aa).
Dramatic decreases in staining density and numbers of
cells stained were induced in the MCAO/R group, and
these were ameliorated by SVHRP pretreatment (292 +
34.26 vs 470 £ 62.29, P < 0.05, n = 5, Fig. 2Ab; 276 £+
30.59 vs 416 £ 69.4, P < 0.05, n = 5, Fig. 2Ac). Our results
revealed dramatic neuronal loss in the MCAO/R group,
while SVHRP pretreatment partially prevented the neu-
ronal loss, suggesting that SVHRP protected neurons
against the I/R insult and contributed to the improved
functional outcome after I/R.

OGDI/R is used to study I/R injury in vitro. In order to
investigate the effects of SVHRP on OGD/R-induced
neuronal injury, the viability/injury of neurons was
assessed by the MTT assay and by measuring LDH.
Studies have shown that the amount of LDH leakage is
correlated with cell membrane damage [20, 21]. Viability
by the MTT assay was lower and the LDH release rate was
higher in the OGD/R group (P < 0.001, Fig. 2B). This
indicated that OGD/R treatment led to neuronal damage
and impaired cell viability. However, pretreatment with
SVHRP (20 pg/mL) raised the cell viability and reduced
the LDH release rate under OGD/R conditions (P < 0.001,
Fig. 2B), reconfirming the neuroprotective effect of
SVHRP on I/R injury (F = 261.00, Fig. 2Ba; F = 185.90,
Fig. 2Bb).

Effects of SVHRP on the Expression Levels
of NMDA and y-Aminobutyric Acid (GABA)
Receptors in the MCAO/R and OGD/R Models

Excitatory toxicity, referring to the over-activation of
NMDA receptors (NMDARSs) (such as subunits NR1 and
NR2B) and the consequent increase in intracellular levels
of Ca®™, activates noxious signaling cascades and promotes
neuronal cell death [22, 23]. To explore whether SVHRP
pretreatment has a neuroprotective effect against this
excitotoxicity pattern, we investigated the protein expres-
sion of NR1 and NR2B in the MCAO/R and OGD/R
models by Western blotting. Compared with the sham
operation groups, the protein expression levels of NR1 and
NR2B were up-regulated in the MCAO/R group (P < 0.01,
Fig. 3Aa, b). However, pretreatment with SVHRP inhib-
ited the increment of expression levels for NR1 (P < 0.05,
Fig. 3Aa) and NR2B (P < 0.01, Fig. 3Ab).
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Fig. 1 Effects of SVHRP (20 pg/kg, i.p.) on neurological deficit
score, infarct volume, and water content in mice after MCAO/R.
A Neurological deficit scores 24 h after MCAO/R. Pretreatment with
SVHRP significantly reduced the scores. B Representative coronal
brain slices stained with TTC. Red, healthy tissue; white, infarcted

The NR2A and NR2B subunits play different roles in
mediating excitotoxic neuronal ischemic tolerance and cell
death; increased synaptic expression of the NR2A subunit
promotes the survival of neurons, whereas increased
expression of NR2B promotes neuronal apoptosis
[24, 25]. Here, our results showed lower expression of
NR2A in the MCAO/R group than in the sham operation
groups (P < 0.05, Fig. 3Ac). GABA is the principal
inhibitory neurotransmitter that binds to GABA A, GABAg,
and GABA( receptors. The GABA 4 receptor plays a major
role in inhibiting excitotoxicity and ischemia-induced
neuronal cell death in the central nervous system

tissue. Pretreatment with SVHRP significantly reduced the infarct
size. C, D Quantitative analyses of infarct volume (C) and brain water
content (D). Pretreatment with SVHRP reduced brain water content
after MCAO/R (mean + SEM; n = 6-16 mice/group; *P < 0.05,
**%P < (0.001, one-way ANOVA followed by the LSD post-hoc test).

[26, 27]. Compared with the sham operation groups,
MCAO/R mice also showed decreased expression of
GABA, (P < 0.05, Fig. 3Ad). Moreover, compared with
the MCAO/R mice, the SVHRP pretreatment group
showed significantly increased expression levels of
NR2A and GABA, (P < 0.05, Fig. 3Ac, d). No differences
were found in the expression of NMDARs and GABA,
between the NS 4 sham and SVHRP + sham groups (P >
0.05) (F = 14.67, Fig. 3Aa; F = 14.16, Fig. 3Ab; F =7.39,
Fig. 3Ac; F = 4.445, Fig. 3Ad).

A similar pattern of protein expression of the above
receptors was detected with OGD/R. The results in the
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Fig. 2 Effects of SVHRP on the survival of neurons after I/R injury.
A Effects of SVHRP (20 pg/kg, i.p.) on neuronal survival in the
ischemic penumbra after MCAO/R. (a) Representative image of Nissl
staining in cortex 24 h after MACO/R (scale bars, 500 um for upper
panel, 100 pm for lower panel). (b, ¢) Density (b) and cell number
(c) analyzed by quantitative imaging (Proplus). SVHRP pretreatment
attenuated the neuronal loss caused by MCAO/R and SVHRP alone

OGD/R model were consistent with those in the MCAO/R
mice (Fig. 3Ba-d) (F = 11.43, Fig. 3Ba; F = 14.16,
Fig. 3Bb; F = 12.33, Fig. 3Bc; F = 5.524, Fig. 3Bd). In
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had no effect on these histological changes (mean + SEM; n = 5
mice/group; *P < 0.05, **P < 0.01, one-way ANOVA followed by
Turkey’s test). B Effects of SVHRP (20 pg/mL) on survival of
primary cortical neurons after OGD/R. (a, b) Cell viability (a) by
MTT assay and LDH release rate (b) from cultured cortical neurons
(mean + SEM; data from 3 separate experiments; ***P < (0.001, one-
way ANOVA followed by the LSD post-hoc test).

summary, these results demonstrated that SVHRP had
neuroprotective  effects by inhibiting  glutamate
excitotoxicity.
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Fig. 3 Effects of SVHRP on the expressions of NR1, NR2B, NR2A
and GABA, receptors in the ischemic penumbra after MCAO/R and
in cultured cortical neurons under OGD/R. A Pretreatment with
SVHRP (20 pg/kg, i.p.) significantly decreased the protein levels of
NRI1 (a) and NR2B (b), and increased the NR2A (c) and GABA,
(d) levels compared with the MCAO/R group. B Primary cortical

Effects of SVHRP on the Expression of Components
of the p38 MAPK Pathway in MCAQO/R Mice
and the OGD/R Model

Reports have shown that the MAPK pathways are involved
in NMDA-induced excitotoxicity. In addition, p38 kinases
in MAPK systems are well known to be activated after
several types of ischemia [28, 29]. In our study, 24 h after
reperfusion, western blot analysis showed significantly
higher expression of active p-p38 MAPK in the MCAO/R
group than in the sham operation group (Fig. 4A). Com-
pared with the MCAO/R group, SVHRP pretreatment
significantly attenuated the increase in p-p38 MAPK
expression induced by MCAO/R (P < 0.01, Fig. 4A).
Consistent with the results in vivo, p-p38 MAPK was
up-regulated in the in vitro OGD/R group (P < 0.01,
Fig. 4B), and this was suppressed by SVHRP pretreatment
(P < 0.05, Fig. 4B). No significant difference was found

neurons subjected to ODG/R injury and the effects of SVHRP (20 pg/
mL) pretreatment on the protein levels of NR1 (a), NR2B (b), NR2A
(c), and GABA, (d) corresponded with those in the MCAO/R mice.
Data are presented as the mean & SEM; n = 3 mice/group; *P < 0.05,
**P < 0.01, one-way ANOVA followed by Turkey’s test.

between the control and SVHRP groups (Fig. 4B) (F =
18.20, Fig. 4A; F = 23.16, Fig. 4B).

SVHREP Inhibits Pro-inflammatory Cytokines
in the Ischemic Penumbra after MCAO/R

p38 MAPKs are known to play a critical role in the
signaling pathways that induce a series of pro-inflamma-
tory cytokines and iNOS in glial cells. To further elucidate
the mechanisms underlying the neuroprotection by SVHRP
against I/R injury, we assessed the protein expression of
iNOS after I/R, and found that pretreatment with SVHRP
inhibited the increment of iNOS expression (P < 0.05,
Fig. 5A). In addition, we investigated the mRNA levels of
TNF-o and IL-6 in the ischemic penumbra after 24 h of
reperfusion using RT-PCR. We found that the mRNA
levels of both were dramatically higher in the MCAO/R
group than in the sham groups, and this was suppressed by
SVHRP pretreatment (0.89 £ 0.11 vs 0.37 £+ 0.08, P <
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Fig. 4 Effect of SVHRP on the expression of p-p38 MAPK in
MCAO/R and OGD/R models. A Representative immunoblots (a) and
densitometric analysis (b) of the immunoblots demonstrated that
SVHRP (20 pg/kg, i.p.) decreased the expression of p-p38 MAPK in
the ischemic penumbra after MCAO/R. B SVHRP (20 ng/mL)

Fig. 5 Effects of SVHRP (20 pg/kg, i.p.) on the expression of iNOS
protein and TNF-o and IL-6 mRNA in the ischemic penumbra after
MCAO/R. The MCAO/R group had significantly higher expression of
iNOS protein (A) and TNF-o (B), IL-6 mRNA (C) than that of the

0.05, n =3, Fig. 5B; 0.54 £ 0.08 vs 0.24 £ 0.07, P < 0.05,
n = 3, Fig. 5C). There were no significant differences
between the NS + sham and SVHRP + sham groups (F =
6.02, F = 6.80, Fig. 5B, C). These results indicated that
SVHRP inhibited the activation of pro-inflammatory
cytokines in the ischemic penumbra after MCAO/R.
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remarkably down-regulated p-p38 MAPK expression in OGD/R-
treated cortical neurons, corresponding with the effect in vivo (mean
+ SEM; n = 3 mice/group; *P < 0.05, **P < 0.01, one-way ANOVA
followed by Turkey’s test).

sham operation groups, and SVHRP pretreatment significantly
reduced their levels. There were no significant differences between
the NS+sham and SVHRP+sham groups (mean £ SEM; n = 3
mice/group; *P < 0.05, one-way ANOVA followed by Tukey’s test).

Discussion

Ischemic stroke greatly affects health, but its mortality is
still at a high level, with few medications available
[30, 31]. Reperfusion therapy is an important medical
treatment following stroke; however, for a certain period of
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time, the recovery of blood flow frequently causes
reperfusion injury. It is believed that cerebral I/R injury
involves many complicated pathological mechanisms and
induces multiple cell signaling pathways in the brain
[32, 33]. Among these, excitotoxicity and inflammation are
both important events [34, 35].

BmK and its venom, as well as many other natural
product-based therapies, are used to treat neurological
diseases [36-39]. SVHRP is isolated from BmK venom,
which is highly biologically active [40—43]. Our previous
studies have shown that SVHRP is neuroprotective in
animal models of Alzheimer’s disease and Parkinson’s
disease [10, 11]. In this study, we used models of MCAO/R
in mice and OGD/R in primary cultured neurons to further
investigate the neuroprotection of SVHRP against cerebral
I/R injury and the potential underlying mechanisms,
focusing on NMDAR-mediated p38 MAPK signaling
pathways.

First, our MCAO/R in vivo study showed that SVHRP
had neuroprotective effects by reducing the neurological
deficit score, infarct volume, edema formation, and neu-
ronal loss. In vitro, pretreatment with SVHRP reduced the
damage to primary cultured neurons subjected to OGD/R,
further suggesting the neuroprotective effects of SVHRP.

Excitotoxicity, i.e., increased extracellular glutamate
concentration, is an essential etiology associated with I/R
injury [44]. NMDARs, ligand-gated ion channels with a
high permeability to Ca’", are activated by glutamate
[45-47]. After cerebral ischemia, excess glutamate accu-
mulates in synapses and activates NMDARs, leading to an
excessive influx of Ca®" and thereby resulting in excito-
toxicity [48]. Functional NMDARSs associated with cere-
bral I/R injury mainly consist of the NR1 and the NR2A-D
subunits [49]. The NR2A and NR2B subunits play different
roles in mediating excitotoxic neuronal death and ischemic
tolerance. Increased expression of synaptic NR2A pro-
motes the survival of neurons, whereas elevated expression
of NR2B promotes neuronal apoptosis and increases the
sensitivity to excitotoxicity [24, 25, 50]. In the central
nervous system, GABA, plays a major role in inhibiting
excitotoxicity and ischemia-induced neuronal death
[26, 27]. The level of GABA, on neuronal cell membranes
decreases with exposure to OGD/R [51]. Here, we provide
the first evidence showing that the neuroprotection con-
ferred by SVHRP is mediated by inhibiting the expression
of NR1 and NR2B and preventing the reduction in
expression of NR2A and GABA, in the cortex of
MCAO/R mice and in OGD/R neurons, suggesting the
anti-neurotoxic action of SVHRP.

Reports have shown that the MAPK pathways are
involved in NMDA-induced excitotoxicity. p38 MAPK
plays an important role in pathophysiological processes,
such as cell growth, cell injury, apoptosis, inflammation,

and the stress response. Activated MAPK signaling cas-
cade reactions play roles in neuronal damage [52, 53]. p38
kinase is one of the best-known MAPK effectors that is
activated after various types of ischemia [28, 29]. In
cerebral I/R injury, cellular stress mediated by activated
p38 MAPKs is linked to inflammatory cytokine production
and apoptosis via transcription factors, phosphorylating
intracellular enzymes, and cytosolic proteins [54]. Inhibi-
tion of p38 MAPK activation can provide protection
against brain injury. As many investigations have shown
that activation of the p38 MAPK participates in the process
of I/R injury, therapy with p38 MAPK inhibitors could
reduce the inflammatory cytokine protein expression
induced by ischemia. The suppression of p38 MAPK
phosphorylation would reduce neuronal death by inhibiting
NMDA-induced excitotoxicity and inflammatory mediator
production [55-57]. Our results demonstrated that the
phosphorylation of p38 MAPK proteins was significantly
increased in the MCAO/R and OGD/R models, and this
was remarkably suppressed by SVHRP. Intriguingly,
SVHRP also inhibited the pro-inflammatory factors iNOS,
TNF-o0, and IL-6 at the protein and mRNA levels. This
indicated that SVHRP inhibited the neuroinflammation
induced by p38 MAPK phosphorylation. Taken together,
our findings supported the hypothesis that the NMDA-
mediated p38 MAPK pathways are involved in the
neuroprotective and anti-inflammatory effects of SVHRP.

Traditional Chinese medicines and their active compo-
nents have been widely used for thousands of years in
many Asian countries, including China, Korea, and Japan.
Scorpions were used as a source of medicinal material as
early as the Han Dynasty (206 BC-220 AD) and are
recorded in the Compendium of Materia Medica (Bencao
Gangmu). However, due to the complexity of the active
components and lack of scientific study, the effectiveness
and safety of these natural materials have not been
determined in modern medicine. Our study shows that
SVHRP might be an important component that is respon-
sible for the therapeutic effects of scorpion products in
traditional Chinese medicine.

In conclusion, this study demonstrated that SVHRP,
derived from scorpion venom, is neuroprotective against
cerebral I/R injury both in vivo and in vitro, which might be
due to a reduction of neurotoxicity. This finding suggests
that natural products used in traditional medicinal practices
are a good source for finding potential therapeutic agents
for diseases that need more effective treatments.
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Abstract Memory deficits with aging are related to the
neurodegeneration in the brain, including a reduction in
arginine vasopressin (AVP) in the brain of patients with
Alzheimer’s disease (AD). AVP(4-8), different from its
precursor AVP, plays memory enhancement roles in the
CNS without peripheral side-effects. However, it is not
clear whether AVP(4-8) can improve cognitive behaviors
and synaptic plasticity in the APP/PS1 mouse model of
AD. Here, we investigated for the first time the neuropro-
tective effects of AVP(4-8) on memory behaviors and
in vivo long-term potentiation (LTP) in APP/PS1-AD mice.
The results showed that: (1) APP/PS1-AD mice had lower
spontaneous alternation in the Y-maze than wild-type
(WT) mice, and this was significantly reversed by AVP(4-
8); (2) the prolonged escape latency of APP/PS1-AD mice
in the Morris water maze was significantly decreased by
AVP(4-8), and the decreased swimming time in target
quadrant recovered significantly after AVP(4-8) treatment;
(3) in vivo hippocampal LTP induced by high-frequency
stimulation had a significant deficit in the AD mice, and
this was partly rescued by AVP(4-8); (4) AVP(4-8)
significantly up-regulated the expression levels of postsy-
naptic density 95 (PSD95) and nerve growth factor (NGF)
in the hippocampus of AD mice. These results reveal the

< Junhong Guo
neuroguo@163.com

X< Jinshun Qi
jinshunqi2009 @ 163.com

Department of Neurology, First Hospital, Shanxi Medical
University, Taiyuan 030001, China

Department of Physiology, Key laboratory of Cellular
Physiology, Ministry of Education, Shanxi Medical Univer-
sity, Taiyuan 030001, China

@ Springer

beneficial effects of AVP(4-8) in APP/PS1-AD mice,
showing that the intranasal administration of AVP(4-8)
effectively improved the working memory and long-term
spatial memory of APP/PSI-AD mice, which may be
associated with the elevation of PSD95 and NGF levels in
the brain and the maintenance of hippocampal synaptic
plasticity.

Keywords AVP(4-8) - APP/PS1 transgenic mice - Cog-
nitive behavior - Synaptic plasticity - In vivo hippocampal
LTP

Introduction

Alzheimer’s disease (AD) is an insidious degenerative
disease of the brain characterized by progressive cognitive
deficits, memory loss, and specific neuropsychiatric
anomalies [1]. Multiple pathological characteristics of
AD have been identified in the brain, including amyloid-
beta (AP) deposits, tau hyperphosphorylation, neurotrophic
factor dysregulation, and synaptic deficits [2—4]. Interest-
ingly, a significant decrease in arginine vasopressin (AVP)
has been found in the cerebrospinal fluid and many brain
regions, especially in the hippocampus [5, 6] of AD
patients.

AVP, traditionally associated with the regulation of
water balance and blood pressure in the periphery [7], has
been considered as a neurotransmitter and/or neuromodu-
lator in the central neural system (CNS) and affects diverse
aspects of cognitive ability such as the consolidation and
retrieval of memory [8]. Previous research has shown that
AVP-deficient rats have poor social discrimination, object
discrimination, and conditioned learning [2, 9]; mice with
Vl1a and V1b receptor knockout have deficits in mnemonic
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function [10-12]; and administration of AVP receptor
antagonists leads to memory impairment in rats [13]. On
the contrary, administration of AVP has been reported to
facilitate learning and memory [14-16], and enhance
synaptic plasticity and the expression of synapse-related
protein in the hippocampus [15]. We have reported that
AVP rescues Ap-induced impairments of spatial memory
[17], hippocampal long-term potentiation (LTP) [18], and
spontaneous discharges [17] in rats.

Unfortunately, the effects of systemic administration of
AVP are more complicated [19-21] due to the widely
distributed receptors and more peripheral side-effects.
AVP(4-8), a major metabolic fragment of AVP, differs
from its precursor and has specific receptors and distribu-
tion in the CNS including the hippocampus [22] and cortex
[23]. There is evidence that the hippocampus may be an
important target site for the effect of AVP(4-8), and its
receptor may be a link between AVP and cognitive
behavior [24]. More importantly, AVP(4-8) has a
1000-times more potent effect on memory processes than
AVP in a passive avoidance experience [25, 26]. Besides,
another advantage of AVP(4-8) in the CNS is that it lacks
the peripheral side-effects of its parent hormone AVP, like
pressor and/or antidiuretic activity [25, 26].

However, it is not clear whether AVP(4-8) can improve
the cognitive behaviors and synaptic plasticity in the APP/
PS1 mouse model of AD. We supposed that the decreased
AVP, especially its intermediate product AVP(4-8), in the
brain may contribute to the cognitive impairment of AD,
and exogenous application of AVP(4-8) might be beneficial
for improving synaptic plasticity and cognitive behaviors
in AD. Therefore, we investigated for the first time the
neuroprotective effects of AVP(4-8) on the cognitive
behaviors in APP/PS1-AD mice using several behavioral
techniques. We also examined memory-related activity
(in vivo hippocampal LTP) and proteins [post-synaptic
density-95 (PSD95) and nerve growth factor (NGF)] in the
hippocampus to clarify the possible electrophysiological
and molecular mechanisms.

Material and Methods
Animals and Grouping

Male heterozygous APP/PS1 transgenic mice (APPswe/
PS1dE9, Beijing Huafukang Bioscience Co., Inc.) and wild-
type (WT) mice (C57BL/6J, Beijing Vital River Laboratory
Animal Technology Co., Ltd.) were maintained in an animal
room (20 °C £ 2 °C, 12 hlight/dark cycle) with enough food
and water. All operations on mice were approved by the
Ethical Committee of Shanxi Medical University. At 8
months of age, the mice were randomly divided into 4 groups

(n = 10-13/group): WT+Saline, WT+AVP(4-8), APP/
PS1+Saline, and APP/PS1+AVP(4-8).

Drug Administration

Before behavioral tests, vasopressin metabolite neuropep-
tide [pGlu4, Cystine6]-AVP(4-8) (2 ng/kg, Phoenix Phar-
maceuticals, Inc., USA) or an equivalent volume of saline
was administered intranasally three times a day for 4
weeks. The application of AVP(4-8) or saline was contin-
ued throughout the behavioral test period. Fig. 1 shows the
timeline of the experimental procedures.

Y-Maze Test

After 4 weeks of drug administration (Fig. 1), the Y-maze
was first used to measure short-term working memory in
mice. This was a three-arm equiangular maze, and the arms
were 30 cm long, 7 cm high, and 15 cm wide. Each animal
(n = 9/group) was placed in the central triangular region
and allowed to travel freely in the maze for 8§ min. The
Smart 3.0 software system was used to record the number
and order of arm entries. A correct spontaneous alternation
was identified as a set of three different arm entries. The
percentage of correct spontaneous alternation was calcu-
lated as (number of correct alternations)/(total arm entries
— 2) x 100%. A higher percentage of correct spontaneous
alternation indicates better working memory.

Morris Water Maze (MWM) Test

Hippocampus-dependent spatial learning and reference
memory were assessed with the MWM test, as performed
previously in our lab. The pool (diameter, 120 cm; height,
50 cm) filled with opaque water (temperature 20 °C =+
2 °C), was conceptually divided into four equal quadrants
with the escape platform submerged in the center of the
first quadrant (target quadrant) (1 cm below the water
surface). Different-shaped black marks were displayed at
the perimeter of each quadrant. During the acquisition
phase, mice (n = 9-10/group) were trained in 4 sessions
(60 s per session) per day over 5 consecutive days in
searching for the underwater platform. The escape latency
and swimming trials were recorded by a video-tracking
system (Ethovision 3.0, Noldus Information Technology,
Wageningen, Netherlands). In probe trials (day 6), mice
were allowed to swim freely for 1 min without the
platform. The swimming time in the target quadrant and
the swimming speed were recorded. After that, a visible
platform test was performed to assess the visual and motor
ability of mice by recording the time when they arrived at
the escape platform.
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Fig. 1 Timeline of the experimental procedures. After 1 day of
adaptation to the lab setting and 4 weeks of treatment with AVP(4-8)
(2 pg/kg) or equivalent saline, the Y-maze test (YMT), Morris water

In Vivo Hippocampal LTP Recording

Hippocampal LTP is a synaptic model of memory with the
closest connection to long-term memory due to its long
duration. Therefore, field excitatory postsynaptic potentials
(fEPSPs) in the hippocampal CAl region were recorded
after the MWM test was finished. Mice were anesthetized
with chloral hydrate (5%, i.p., 0.08 mL/kg) and placed in a
stereotaxic apparatus (RWD Life Science, Shenzhen,
China). Then, a hole (2.0 mm posterior to bregma and
1.5 mm from midline) was drilled through the skull for a
self-made bound stimulating/recording electrode (FHC,
USA) inserted into the Schaffer collateral/CA1 region and
recording fEPSPs. The distance between the tips of the
recording and stimulating electrodes was 0.5 mm horizon-
tally, with a 0.3 mm of vertical difference. The tips of the
stimulating and recording electrodes were located in the
Schaffer collateral/commissural pathway and the stratum
radiatum of the hippocampal CA1 region. The orientation
of the tips was determined by electrophysiological criteria
(appearance of an evoked fEPSP) and final histological
verification. Test stimuli from Master-9 stimulator (AMPI,
Jerusalem, Israel) were delivered to the Schaffer-collat-
eral/commissural pathway at 0.033 Hz and an intensity that
induced 40%-50% of the maximum fEPSP response.
Baseline synaptic transmission was recorded for 30 min
to ensure stability. Paired pulse facilitation (PPF) was
initiated by paired stimuli at an interval of 50 ms, and
calculated as fEPSP2/fEPSP1. Then, LTP was induced by
high-frequency stimulation (HES) (three trains of 20 pulses
at 200 Hz with an interval of 30 s) at an intensity that
evoked 80% of the maximum fEPSP. After that, fEPSPs
were evoked and recorded again for at least 60 min with the
same intensity as the test stimuli. The voltage signals were
acquired at 40 kHz and filtered with a 1-kHz cutoff
frequency and a 1-s time constant. The slopes of the raw
fEPSP traces were obtained automatically by the system
software (RM-6240 Biological Signal Collecting and
Processing System, Chengdu Instruments Ltd, China),
and every four fEPSPs were averaged.

@ Springer

maze (MWM) test, in vivo hippocampal long-term potentiation (LTP)
recording, Western blotting, and ELISA were performed sequentially.

Western Blotting

Mice (n = 6/group) were sacrificed to obtain whole brains
and the hippocampus was quickly dissected on ice to
determine the level of PSD95. All samples were snap-
frozen in liquid nitrogen and stored at — 80 °C until use.
The hippocampal tissue was homogenized in the tissue
protein extraction reagent and phenylmethylsulfonyl fluo-
ride (PMSF). After centrifugation (13,000 rpm, 15 min,
4 °C), protein in the supernatant was quantified using a
BCA Protein Assay Kit. Each sample (20 pg) was
separated by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis for detecting B-actin, PSD95, and NGF.
Separated proteins were then transferred onto polyvinyli-
dene difluoride membranes, which were blocked with 5%
bovine serum albumin (BSA) for 2 h and then incubated
with primary rabbit antibodies against B-actin (1:5,000,
ZSGB-BIO, Beijing), PSD95 (1:500, Abcam), or mouse
antibody against NGF (1:200, Santa Cruz Biotechnology)
in TBST containing 5% BSA at 4 °C overnight. After
washing with TBST 3 times for 15 min, 10 min, and 5 min,
the blots were incubated with horseradish peroxidase-
conjugated goat anti-rabbit IgG (1:5,000, Abcam) and goat
anti-mouse IgG (1:5,000, Abcam) for 2 h at 4 °C. After
washing as above, the blots were assessed by an ECL assay
system. Densitometric analysis of the Western blots was
performed using Alpha View software.

Enzyme-Linked Immunosorbent Assay (ELISA)

To further verify the result of hippocampal NGF measure-
ment in Western blots, we used a pre-coated Mouse NGF/
NGF Beta ELISA Kit (Boster Biological Technology,
Wuhan, China. Catalog #EK0470) (n = 4-5/group) to
measure the NGF content in the hippocampus according to
the manufacturer’s instructions. The absorbance was mea-
sured at 450 nm using an Enspire™ multilabel reader 2300
(Perkin Elmer, Turku, Finland).
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Statistical Analysis

All data are reported as the mean + SEM, and analyzed
with SPSS 16.0 and SigmaPlot 12.3 statistical packages.
Three-way repeated measure analysis of variance
(ANOVA) with time, genotype, and treatment as within-
subject factors was used to analyze the escape latency in
MWM acquisition and the fEPSP slopes from in vivo
hippocampal LTP. The other data were analyzed with two-
way ANOVA followed by Tukey’s post hoc test. Statistical
significance was considered to be P < 0.05.

Results

AVP(4-8) Improves Working Memory of Both WT
and APP/PS1 Mice in the Y-Maze Test

The total arm entries did not show any significant
difference among the four groups (P > 0.05), which
revealed that genotype and AVP(4-8) had no influence on
the locomotor activity and motor function (Fig. 2A). In
contrast, a significantly less spontaneous alternation was
seen in the APP/PS14-Saline group (59.67% =+ 4.98%) than
in the WT+Saline group (76.56% =+ 2.01%, P < 0.001).
AVP(4-8) treatment caused significantly more spontaneous
alternation in the WT+AVP4-8) (81.44% =+ 1.16%,
P < 0.05) and APP/PS14+AVP(4-8) groups (71.78% =+
1.14%, P < 0.001) than in their respective saline control
groups (Fig. 2B; two-way ANOVA: genotype: F(; 3z =
74.449, P < 0.001; AVP(4-8): F(; 32y = 30.510, P < 0.001;
genotype x AVP@4-8): Fg32 = 5.507, P < 0.05),
indicating a working memory enhancement in normal
mice by AVP(4-8), an impairment in APP/PS1 mice, and
its reversal by AVP(4-8).

Fig. 2 AVP(4-8) improved the A

working memory of APP/PS1 -

mice in the Y-maze test. A Total E 35

arm entries during 8 min, with 30 -
no significant difference

between groups (n = 9/group). 25

B Percentage of correct sponta- 20

neous alternation, with a signif-
icant decrease in the APP/PS1
mice compared with controls,
and a significant reversal after
AVP(4-8) treatment (*P < 0.05,
%P < 0.001).

—
=Y ]

=]

AVP(4-8) Rescued Spatial Learning and Reference
Memory Impairments of APP/PS1 Mice in MWM

The MWM test was used to assess the spatial learning and
memory of mice. The three-way repeated measure
ANOVA showed no interaction among the three within-
subject factors (time x genotype X treatment: Fy 32y =
1.015, P > 0.05), but genotype and treatment had
significant main effects and an interaction on the escape
latency (genotype: F(; g = 112.694, P < 0.001; treatment:
Fag) = 5755, P < 0.05; genotype x treatment: F(; gy =
448.594, P < 0.05). Throughout the acquisition session
there was an overall gradual decrease in escape latency
(day: F4, 32)=45.195, P <0.001; Table 1, Fig. 3A). What
is more, the APP/PS1+Saline group spent more time on
finding the hidden platform than the WT+Saline group on
days 3-5 (P < 0.001), while treatment with AVP(4-8)
decreased the escape latency in the APP/PS1+AVP(4-8)
group on days 4-5 (P < 0.05). Representative swimming
traces of mice on navigation training day 5 are shown in
Fig. 3B. This result indicated a spatial learning impairment
in APP/PS1 mice, which was partly rescued by AVP(4-8)
treatment. In the probe test (Fig. 3C, D), a reference
memory deficit also occurred in the APP/PS1+Saline
group, with a lower percentage of swimming time in the
target quadrant than its WT control (P < 0.001). After
treatment with AVP(4-8), the APP/PS14+AVP(4-8) group
showed a significantly higher percentage of swimming
time (P < 0.05) than the APP/PS1+-Saline group (two-way
ANOVA: genotype: F(; 35 = 31.43, P < 0.001; AVP(4-8):
F 35y = 6.62, P < 0.05; genotype x AVP(4-8): F(| 35y =
0.586, P = 0.450). Meantime, all mice in the four groups
showed similar swimming speeds in the probe test
(Fig. 3E) and similar swimming times to the visible
platform (Fig. 3F). These results suggested that the differ-
ences in spatial learning and memory did not result from
alterations of motor ability and visual acuity.

Total arm entries (count/8
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Table 1 The escape latency (s) of mice in the four groups during acquisition phase.

WT+Saline (1 = 9) WT+AVP (4-8) (n = 9)

APP/PS1+Saline (1 = 9) APP/PS1+AVP (4-8) (1 = 9)

Day 1 50.58 + 3.14 50.06 + 3.69
Day 2 42.37 +£3.92 44.74 + 3.82
Day 3 36.18 £+ 2.48 38.78 £ 4.75
Day 4 20.82 £ 2.07 20.24 £ 2.33
Day 5 20.71 £ 2.15 15.54 £ 1.42

55.60 £ 2.56 57.34 £ 1.31
5422 £2.50 46.78 £ 3.08
50.46 £ 3.26%%* 5492 £ 1.48
46.19 £ 5.00%** 32.10 + 3.37%
45.38 £ 4.11%** 32,99 + 4.40%

#66P < (0,001 versus WT+Saline mice; P < 0.05 versus APP/PS1 + Saline mice.

Fig. 3 AVP(4-8) rescued the spatial learning and memory of APP/
PS1 mice in MWM tests. A Average escape latencies of mice in the
place navigation test during 5 training days (***P < 0.001 vs
WT+Saline mice, *P < 0.05 vs APP/PS1+Saline mice). B Represen-
tative swimming traces of mice on navigation training day 5.
C Percentages of swimming time spent in the target quadrant in the
spatial probe test (*P < 0.05, ***P < 0.001). D Representative
swimming traces in the probe test. E, F Average swimming speed in
the probe test (E) and swimming time to the visible platform (F) (n =
9).

AVP(4-8) Partly Reversed the Suppression of Hip-
pocampal Synaptic Plasticity in APP/PS1 Mice

The hippocampal fEPSP slope differed before and after
HFS (Fig. 4A, B). During 30 min of fEPSP recording
before HFS, the basic synaptic transmission was stable in
each group. After HFS, LTP was induced successfully with
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a rapid increase in the fEPSP slope and then gradual
attenuation with time in the four groups (time: Fi44, 176) =
293.464, P < 0.001). At 30 and 60 min after HFS, the
fEPSP slope in the APP/PS1+Saline group was signifi-
cantly lower (n = 6; 30 min: 139.09% =+ 2.69%, P < 0.01;
60 min: 116.69% =+ 5.09%, P < 0.001) than in the
WT+Saline group (n = 8; 30 min: 176.19% =+ 8.86%; 60
min: 166.72% =+ 3.68%). After treatment with AVP(4-8),
the fEPSP slopes in the APP/PS1+AVP(4-8) group
significantly increased compared to that in the APP/
PS1+Saline group (n = 7; 30 min: 157.19% + 3.52%,
P < 0.05; 60 min: 145.06% =+ 3.38%, P < 0.001)
(genotype: F(1’24) = 23604, P < 001, AVP(4-8) F(1’24) =
4.204, P < 0.05; genotype x AVP(4-8): F( 24y = 0.507,
P < 0.05). Representative fEPSP traces before and 60 min
after HFS in different groups are shown in Fig. 4C.
Besides, we did not find any significant difference in the
PPF ratio among the four groups. These results demon-
strated that AVP(4-8) partly rescued the LTP maintenance
in APP/PS1 mice, and this could involve a postsynaptic
mechanism.

AVP(4-8) Up-Regulated the Levels of PSD95
and NGF in the Hippocampus of APP/PS1 Mice

To further clarify the molecular mechanisms underlying
the improving effects of AVP(4-8) on behaviors and LTP
in APP/PS1 mice, the expression levels of PSD95 and NGF
were measured using Western blot (n = 6/group). The data
(Fig. 5A) showed that the level of PSD95 in the APP/
PS1+Saline group was significantly lower (P < 0.001) than
in the WT+Saline group, while AVP(4-8) application
significantly up-regulated the level of PSD95 in the APP/
PS1+AVP(4-8) group (P < 0.001). Two-way ANOVA
showed significant main effects and an interaction (geno-
type: F(1,23) = 128605, P < 0001, AVP(4-8) F(1,23) =
32.890, P < 0.001; genotype x AVP(4-8): F(y 23y = 7.319,
P < 0.05). In addition, the NGF data (Fig. 5B) showed a
distinct increase in the NGF level in the WT+AVP(4-8)
(P < 0.05) and APP/PS1+AVP(4-8) (P < 0.05) groups
compared to their respective saline controls (two-way
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Fig. 4 AVP(4-8) partly
reversed the suppression of
synaptic plasticity in the hip-
pocampus of APP/PS1 mice.

A Changes in the slope of
fEPSPs before and after high-
frequency stimulation (HFS) in
the CAl region. B fEPSP slopes
before HFS, and 1, 30, and 60
min after HES in the four groups
(*P < 0.05, **P < 0.01, ***P <
0.001). C Representative fEPSP
traces before (black) and 60 min
after (red) HFS in the different
groups. D Paired-pulse facilita-
tion (PPF) in the different
groups. Inset: a sample PPF
trace.

Fig. 5 AVP(4-8) up-regulated
the levels of PSD95 and NGF in
the hippocampus of APP/PS1
mice. A Representative Western
blots of PSD95 (upper) and their
quantitative plots (lower) in the
different groups, showing that
the decreased level of PSD95 in
the hippocampus of APP/PS1
mice was partially reversed in
the APP/PS14+AVP(4-8) group.
B Representative Western blots
of NGF (upper) and corre-
sponding quantitative plots
(lower), showing significantly
increased levels of NGF in both
the AVP(4-8)-treated groups
(***P < 0.001).

ANOVA: genotype: F(;,17) = 2.937, P = 0.109; AVP(4-8):
F.17y=12.116, P < 0.01; genotype x AVP(4-8): F(y 17, =
0.117, P = 0.738), but without any significant difference
between the WT+4-Saline and APP/PS14-Saline groups.
Similarly, the result of ELISA measurement of NGF (data
not shown) was in accord with that from the Western blots.
These together indicated that the neuroprotection of
AVP(4-8) on the cognitive behavior and synaptic plasticity

in APP/PS1 mice is closely associated with the up-
regulation of PSD95 and NGF levels in the hippocampus.
Discussion

AD brings about a number of neurophysiological and

neurochemical dysfunctions, like decreased AVP in the rat
hippocampus [6], which partly accounts for the impairment
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of learning and memory. AVP exerts complicated effects in
the periphery and CNS, such as a classical neuroendocrine
role, and neurotransmitter or neuromodulator functions.
Interestingly, the central behavioral effects of AVP are
dissociated from its traditional peripheral effects [26].
AVP(4-8), a more potent peptide than its parent molecule,
is considered to be a mediator of the central behavioral
effects of AVP [24]. Moreover, it has been established that
there are specific receptors for AVP(4-8) in regions such as
the hippocampus, cerebral cortex, and amygdaloid nucleus
[22]. These regions are closely associated with learning and
memory. Thus, AVP(4-8) receptors have been thought to
link AVP with cognitive behaviors.

In the present study, we investigated for the first time the
effects of AVP(4-8) on learning and memory in the APP/
PS1 mouse model of AD. Because the hippocampus is
essential for place learning and cognitive mapping, we first
used the Y maze and MWM to study spatial reference
memory. The behavioral tests showed that intranasal
administration of AVP(4-8) for > 4 weeks improved the
deficits in learning and memory of APP/PS1 mice. In the
Y-maze test, AVP(4-8) increased the percentage of correct
spontaneous alternation in both WT and APP/PS1 mice.
This suggested that AVP(4-8) not only facilitated working
memory in WT mice but also rescued the working memory
impairment due to the gene mutation in APP/PS1 mice.
Afterwards, the classical MWM test showed that the APP/
PS14+AVP(4-8) group had a decreased escape latency in
the acquisition phase and an increased swimming time in
the target quadrant compared with the APP/PS1+-saline
group. These results indicated that AVP(4-8) partly
improved the long-term spatial learning and memory in
APP/PS1 mice. We noted that the escape latency of the
APP/PS1+AVP(4-8) group on training day 3 had an
unexpected increase over that on training day 2. We
suppose this resulted from internal or external influences.
The acquisition phase involves many complex memory
processes, including collecting visual information about
spatial location, and processing and remembering it to find
the hidden platform. In the AD model treatment group, the
drug effect might be another influencing factor. So, the
escape latency is vulnerable to many internal or external
factors. Maybe environmental disturbances on training day
3 affected the learning behaviors.

The mechanisms underlying the neuroprotective effects
of AVP(4-8) are uncertain. It is known that hippocampal
synaptic failure is the best correlate of cognitive decline in
AD patients and in animal models of the disease. Hip-
pocampal LTP, defined as long-lasting modifications of
synaptic potentiation, is believed to be the basis of memory
processes in the mammalian brain [27]. Thus, the improve-
ment of cognitive behavior in APP/PS1 mice might be due
to the recovery of hippocampal synaptic function [28].
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Similar to our in vivo results for PPF and LTP, a recent
in vitro brain slice study showed that APP/PS1 mice (8-10
months old) exhibit reduced basal synaptic transmission
and LTP in the CAl area of the hippocampus [29]. It has
been reported that AVP and AVP(4-8) potentiate the
excitatory postsynaptic potential and elicit the LTP of
synaptic transmission of CAl/subiculum neurons in rat
hippocampal slices [30]; AVP potentiates or rescues LTP
in the hippocampal DG region of rats [18, 31, 32]. The
present study further showed that AVP(4-8) treatment
effectively rescued the hippocampal LTP in the CAIl
region of APP/PS1 mice, adding to the research on AVP(4-
8). The electrophysiological results were also consistent
with and supported our findings in the cognitive behavioral
tests, further clarifying the relevance of hippocampal LTP
to spatial learning and memory.

Similar to our results, Gelman et al. also found that the
reduction of basal synaptic transmission and LTP in the
CAl area is accompanied by invariant PPF [29]. This
suggests that the impairments in basal synaptic transmis-
sion and LTP may result from a postsynaptic mechanism. It
has been reported that hippocampal mutant APP and AP
significantly reduce the level of PSD [33]. Moreover, AD
patients with mild cognitive impairment already demon-
strate a decline of PSD95 [34]. Thus, a dysfunction of
PSD95 may be the beginning of the process of synaptic
damage prior to synaptic loss in the pathology of AD [35].
PSD95 is closely associated with synaptic plasticity
because the neuronal scaffolding protein is associated with
NMDA- and AMPA-type glutamate receptors and their
downstream signaling molecules [36]. In accordance with
previous studies, our Western blot results showed that the
expression level of PSD95 in the hippocampus of APP/PS1
mice was markedly decreased. Interestingly, AVP(4-8)
administration significantly up-regulated the level in APP/
PS1 mice, which might partly account for the improvement
of behavior and the rescue of LTP.

Previous studies [37] have confirmed the molecular
basis of AVP(4-8) in cognitive protection, including:
binding to and stimulating G protein-coupled receptors
[38, 39], accumulating inositol 1,4,5-triphosphate, activat-
ing Ca®>"/CaM-dependent kinase II [40] and protein kinase
C [41], facilitating the phosphorylation of growth-associ-
ated protein and mitogen-activated protein kinase [42],
enhancing the gene expression of NGF [43, 44] and brain-
derived neurotrophic factor [45], and finally, strengthening
synaptic plasticity and LTP [46]. In accordance with the
above, our experimental results from Western blotting and
ELISA showed that the expression level of NGF was
greatly up-regulated in both WT and APP/PS1 mice by
AVP(4-8). NGF is a neurotrophin particularly necessary for
the survival, differentiation, maintenance and plasticity of
forebrain cholinergic neurons. The degeneration of these
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neurons has been thought to be responsible for cognitive
impairments in AD patients [47, 48]. Early studies reported
that anti-NGF antibody impairs cognitive behavior in rats,
while NGF synthesis stimulators restore it [49]. The
function of NGF has also been demonstrated in AD11
mice. These mice express recombinant anti-NGF mono-
clonal antibodies and thus show marked neuronal degen-
eration, memory impairments, and A} accumulation in the
cortex and hippocampus, while these deficits can be
rescued by exogenous NGF [50, 51]. Besides, NGF
stimulates nerve fiber growth in cultured spinal ganglia
and increases the cell body size of septal neurons [47].
Likewise, AVP(4-8) also affects nerve growth in cultured
hippocampal neurons [52]. Together, these findings imply
that increased NGF content in the hippocampus plays an
important role in improving learning and memory in APP/
PS1 mice. It is interesting that AVP(4-8) enhanced working
memory but not spatial memory in WT mice while the
NGF level was dramatically increased. This probably
involves the time-dependence of memory development.
Correct alternation in the Y maze reflects working memory,
which is a component of short-term memory. On the other
hand, spatial memory in the probe test of the MWM
represents long-term memory. The establishment of long-
term memory needs more and longer associative learning.
Four weeks of treatment with AVP(4-8) in the present
study may be enough for working memory, but not enough
for the long-term spatial memory in WT mice. In fact, the
WT mice still expressed an increasing trend (although not
significant) in spatial memory induced by AVP(4-8).

In addition, the present study also indicated that
intranasal administration is a convenient and -effec-
tive drug-delivery approach for central effects. De Wied
et al. showed that central administration (intracerebroven-
tricular; icv) of AVP(4-8) is 2,300 times more potent than
peripheral administration (subcutaneous) [16, 25]. Because
icv injection is impractical for patients, nasal administra-
tion may be the only drug-delivery route for easy entry into
the brain. By bypassing liver metabolism and the blood-
brain barrier, the half-life of AVP(4-8) in the brain may be
much longer and the final concentration in the brain should
be much higher. Meantime, intranasal application of
AVP(4-8) also avoids peripheral side-effects.

In conclusion, our study reveals for the first time the
neuroprotective effects of AVP(4-8) in APP/PS1-AD mice.
These results indicate that intranasal administration of
AVP(4-8) effectively improves working memory and long-
term spatial memory in APP/PS1-AD mice, and this is
associated with the elevation of PSD95 and NGF levels in
the brain and the maintenance of hippocampal synaptic
plasticity.
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Abstract Previous studies have suggested that throm-
bospondin-1 (TSP-1) regulates the transforming growth
factor beta 1 (TGF-B1)/phosphorylated Smad2/3 (pSmad2/
3) pathway. Moreover, TSP-1 is closely associated with
epilepsy. However, the role of the TSP-1-regulated TGF-
B1/pSmad2/3 pathway in seizures remains unclear. In this
study, changes in this pathway were assessed following
kainic acid (KA)-induced status epilepticus (SE) in rats.
The results showed that increases in the TSP-1/TGF-B1/
pSmad2/3 levels spatially and temporally matched the
increases in glial fibrillary acidic protein (GFAP)/chon-
droitin sulfate (CS56) levels following KA administration.
Inhibition of TSP-1 expression by small interfering RNA or
inhibition of TGF-B1 activation with a Leu-Ser-Lys-Leu
peptide significantly reduced the severity of KA-induced
acute seizures. These anti-seizure effects were accompa-
nied by decreased GFAP/CS56 expression and Smad2/3
phosphorylation. Moreover, inhibiting Smad2/3 phospho-
rylation with ponatinib or SIS3 also significantly reduced
seizure  severity, alongside reducing GFAP/CS56
immunoreactivity. These results suggest that the TSP-1-
regulated TGF-B1/pSmad2/3 pathway plays a key role in
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KA-induced SE and astrogliosis, and that inhibiting this
pathway may be a potential anti-seizure strategy.

Keywords Astrogliosis - Status epilepticus - Ponatinib -
Thrombospondin-1

Introduction

Epilepsy is a common disease that affects approximately
0.5%—-1% of the global population. Although pharma-
cotherapy is the most widely-used and effective treatment
option, up to one-third of patients are resistant to
antiepileptic drugs [1, 2]. Research on the mechanisms
underlying epilepsy may identify new targets for
antiepileptic drugs.

Astrocytes are associated with neuronal excitability and
epileptic seizures [3-5]. Almost all prolonged seizures
result in reactive gliosis or astrogliosis, characterized by
severe morphological and biochemical changes in astro-
cytes [6]. Moreover, astrogliosis is one of the most
important factors promoting neuronal hyperexcitability
and epileptogenesis [7].

Astrocytes secrete thrombospondin-1 (TSP-1) and reg-
ulate its expression [8]. TSP-1 is a unique member of the
TSP family in that it activates transforming growth factor
beta 1 (TGF-B1) via two binding sites. TGF-B1 signaling
controls many cellular responses and developmental pro-
cesses in animals [9]. Previous studies have confirmed that
enhanced TGF-B1 signaling contributes to epileptogenesis
and epileptic seizures [10-13]. TGF-B1 further modulates
cytokine responses and the secretion of other growth
factors [14]. Among TGF-B1 signaling pathways, the
canonical TGF-B1/Smad2/3 pathway plays an important
epileptogenic role [10, 11, 15] and has therefore been
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identified as a therapeutic target for treating astrogliosis
[6]. The Smad family includes the main downstream
messenger molecules that transmit TGF-B1 signals from
cell membrane receptors to the nucleus [16]. Smad proteins
are thought to play an important role in regulating
intracellular responses to TGF-B1 through the TGF-fB1-
regulated phosphorylation of Smad2 and Smad3 [17].
Phosphorylated Smad2 (pSmad2) and pSmad3 further
combine with co-Smads before entering the nucleus and
forming transcription complexes that complete the intra-
cellular signal transduction process [17].

Consequently, we hypothesized that the TSP-1/TGF-31/
pSmad2/3 pathway participates in and contributes to both
seizures and astrogliosis. We therefore investigated
changes in the TSP-1/TGF-B1/pSmad2/3 pathway in a
kainic acid (KA)-induced rat model of status epilepticus
(SE). To this end, we used drugs and small interfering
RNA (siRNA) to manipulate pathway activity in order to
elucidate the role of the pathway in KA-induced SE.

Methods
Animals and Experimental Groups

Male Sprague-Dawley rats (280 g—320 g) were obtained
from Jinan Jinfeng Experimental Animal Co. Ltd. (Certifi-
cate No. SCXK2014-0006; China). All procedures were
approved by the Animal Ethics Committee of Binzhou
Medical University (Approval No. 2015005) and con-
ducted in complete compliance with Chinese law and the
US National Institutes of Health Guide for the Care and
Use of Laboratory Animals (National Institutes of Health
Publication No. 80-23, revised 1996). Water and food were
provided ad libitum. All experiments were performed
between 09:00 and 17:00.

Rats were assigned to the KA-treated group (n = 336) or
the saline-treated control group (n = 36). The KA-treated
rats were further assigned to groups receiving siRNA
(n = 36) or negative control RNA (n = 36), those receiving
Leu-Ser-Lys-Leu (LSKL; Sigma-Aldrich, St. Louis, MO;
n = 36) or saline (n = 36), those receiving SIS3 (Sigma-
Aldrich; n = 42) or saline (n = 42), and those receiving
ponatinib (MedChem Express, Princeton, NJ; n = 36) or
saline (n = 36).

Surgical Implantation of Electrodes and Cannulae

As we previously described [18], after intraperitoneal
administration of sodium pentobarbital (50 mg/kg; CAS,
57-33-0, Xiya Reagent, Chengdu, China), each rat was
secured in a stereotaxic apparatus (Stoelting, Wood Dale,
IL), and an electrode was implanted into the right cortex at
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a point 3.2 mm posterior and 3.0 mm lateral to bregma and
at a depth of 1.8 mm. The electrode consisted of two
twisted-pair stainless-steel wires 0.2 mm in diameter (A.M.
Systems, Carlsborg, WA) and ~ 3 cm long, soldered to a
miniature socket to record electroencephalograms (EEGs)
using a PowerLab device (AD Instruments, Bella
Vista, New South Wales, Australia). Each rat also had a
cannula (Reward Biotech, Shenzhen, China) implanted into
the left ventricle at a point 1.8 mm posterior and 1 mm
lateral to bregma and at a depth of 3.6 mm. The implanted
electrode and cannula were fixed to the skull with dental
cement. Each rat was allowed a week-long postoperative
recovery period.

Drug Interventions and siRNA

For intraventricular injections, drugs were infused into the
left ventricle over a 10-min period through a needle
(Reward Biotech, China) inserted 0.2 mm beyond the end
of the guide cannula. The needle was left in place for 5 min
before being slowly retracted.

SE was induced by a single intraventricular KA injection
(1.25 mg/mL, 0.65 pL per rat; Sigma-Aldrich, St. Louis,
MO) via the implanted cannula. Following KA administra-
tion, almost all rats showed immediate and continuous
Racine’s stage 4 or 5 seizures [19]. Sixty minutes later, the
seizures were terminated with an intraperitoneal diazepam
injection (1 mg/mL solution at 2 mg/kg; Sigma-Aldrich).
Seven rats were excluded from our study as they did not
develop SE following KA administration.

To target TSP-1, siRNAs were designed, synthesized,
and assessed by Tuoran Biological Technology (Shanghai,
China). The siRNA sequences were as follows: TSP-1
siRNA 5-GCCAGUAUGUUUACAACGUATAT-3' and 5'-
ACGUUGUAAACAUACUGGCATAT-3'; negative control
siRNA 5-UUCUCCGAACGUGUCACGUTT-3' and 5'-
ACGUGACACGUUCGGAGAATT-3.

Twenty-four hours prior to KA injection, the siRNA
group received a 4-pL (0.5 pg/pL) intraventricular injection
of anti-TSP-1 siRNA, while the control group received 4 puL.
(0.5 pg/ul) of negative control RNA. The siRNA or
negative control RNA injection was then repeated every
48 h. Smad3 phosphorylation was altered in both the
hippocampus and cortex, so 4 h before KA injections, the
SIS3 group received intraventricular SIS3 (0.085 pg/puL
solution at 0.85 pg per 300 g) to selectively inhibit TGF-B1-
regulated Smad3 phosphorylation [20], while the associated
control group received the same volume of saline. Thirty
minutes prior to the KA injections, the ponatinib group
received an intraperitoneal ponatinib injection (1 mg/mL
solution at 0.002 mg/g) to inhibit Smad2/3 phosphorylation
[21], while the control group received the same volume of
saline. The LSKL group received an intraventricular
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injection of 10 pL (0.2 mg) LSKL, while the associated
control group received the same volume of saline. SIS3,
ponatinib, LSKL, or saline was administered daily for 7 days.

EEG Recordings and Seizure Severity Classification

After KA treatment, each rat was placed in a Plexiglas arena
(50 cm x 30 cm x 30 cm). Their behaviors were observed
and EEGs recorded during the following 60 min, and the
power spectrum was analyzed using a Powerlab system (AD
Instruments, Bella Vista, New South Wales, Australia).
Seizure severity was classified according to modified
Racine’s stages [19]: stage 1, non-selective chewing; stage
2, head nodding; stage 3, unilateral forelimb clonus; stage 4,
“wet dog” shakes with bilateral forelimb clonus and rearing;
and stage 5, falling. We also recorded generalized seizure
durations (GSDs), seizure durations, and seizure latencies to
evaluate the severity of seizures.

Immunohistochemistry

At 24 h, 3 days, and 7 days following KA administration, 6
rats from each group were anesthetized with intraperitoneal
sodium pentobarbital (50 mg/kg; CAS, 57-33-0, Xiya
Reagent, Chengdu, China). The chest was opened to
expose the heart, a needle was inserted into the left
ventricle, the right auricle opened, and 250 mL saline
rapidly injected followed by 250 mL of 4% paraformalde-
hyde (PFA). Each rat was decapitated and the brain placed
in 4% PFA and left for at least 24 h. After soaking in 30%
sucrose, the brain was cut at 10 pm on a cryostatic
microtome (CM3050 S, Leica, Weztlar, Germany).

For double immunofluorescent staining of glial fibrillary
acidic protein (GFAP) and chondroitin sulfate (CS56) or
TSP-1, the sections were first washed three times with
0.01 mol/L. phosphate-buffered saline (PBS) for 15 min,
and then blocked with 10% bovine serum albumin in PBS
for 2 h at room temperature. Then the sections were
incubated overnight at 4°C in antibody dilution buffer
containing rabbit anti-GFAP immunoglobulin G (IgG;
1:100; BM0055, Boster, Wuhan, China), mouse anti-CS56
IgG (1:100; ab11570, EMD Millipore, Billerica, MA), or
rabbit anti-TSP-1 IgG (1:100; ab85762, Abcam, Cam-
bridge, UK). After 3 washes in PBS for 15 min each, the
sections were sequentially incubated at 37°C for 2 h in
antibody dilution buffer with fluorescein isothiocyanate-
conjugated (1:200; A22110, EMD Millipore) and Cy3-
conjugated (1:200; A0516, Beyotime Institute of Biotech-
nology, Shanghai, China) secondary antibodies. After three
washes in PBS for 15 min on a shaking table, the sections
were coverslipped.

Fluorescence intensities corresponding to GFAP and
either CS56 or TSP-1 levels were assessed by laser

confocal microscopy (LSM880, Zeiss, Oberkochen, Ger-
many). Six stained slices from each rat were obtained and
un-collapsed confocal images from the same brain region
were analyzed. The fluorescence intensities in different
brain regions were comparable because the slices were
stained according to the same protocol and the same
exposure intensity and time were used for image acquisi-
tion. Fluorescence intensities were quantified using ImagelJ
1.37 software (National Institutes of Health, Bethesda,
MD) as previously described [18].

Western Blotting

At24 h,3 days,and 7 days following KA administration, we
decapitated six rats from each group and immediately
removed their brains. The hippocampus and cortex were
isolated and proteins were extracted. The protein concen-
trations were determined using a bicinchoninic acid assay kit
(P0O011, Beyotime Institute of Biotechnology) and emission
at 562 nm was measured with a microplate reader (ELx800,
BioTek Instruments, Winooski, VT). The proteins were
separated by electrophoresis on 12% sodium dodecyl sulfate
polyacrylamide gels and electroblotted to a polyvinylidene
difluoride membrane. The membrane was then blocked with
5% fat-free milk for 3 h at room temperature.

The blocked membranes were incubated with rabbit
anti-GFAP IgG (1:1000; BMO0O055, Boster), mouse anti-
CS56 IgG (1:1000; ab11570, EMD Millipore) or rabbit
anti-TSP-1 (1:100; ab85762, Abcam), mouse monoclonal
anti-TGF-B1 (1:800; ab64751, Abcam), rabbit anti-Smad2/
3/pSmad2/3 monoclonal antibodies (1:2000; ab47083 and
ab40854, Abcam; Ser_465/467, Cell Signaling Technol-
ogy, Boston, MA, USA; ab52903, Abcam), and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH; 1:3000;
AB-P-R001, Zhejiang Kangcheng Biotech, Jiaxing, China)
at room temperature for 2 h and then at 4°C overnight. We
visualized immunoreactive bands after 2-h exposure to
horseradish peroxidase-conjugated IgG secondary antibod-
ies. We acquired images with the Odyssey infrared imaging
system (LI-COR Biosciences, Lincoln, NE) and analyzed
them with the accompanying software. TGF-B1, Smad2/3,
and pSmad2/3 expression intensities were expressed as
ratios relative to the GAPDH expression intensities and
normalized to the control group values.

Flow Cytometry

Three days after KA administration, we anesthetized and
decapitated 6 rats from each group and immediately
removed their brains. The hippocampus and cortex were
separated and immediately immersed in PBS. Single-cell
suspensions were prepared by filtration. Repetitive cen-
trifugation was used to wash the suspension with PBS. Cell
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solutions with densities of 5-10 x 10° cells/mL were fixed
in 4% PFA, and 200-pL volumes of cell suspension, each
containing 1-5 x 10° cells, were incubated with 5%
bovine serum albumin on ice for 10 min. Monoclonal
rabbit anti-Smad3 antibody (1:100; ab40854, Abcam) was
added to each tube, and the tubes were incubated for
20 min at 4 °C. The cells were washed three times by
centrifugation. Fluorescein isothiocyanate-conjugated sec-
ondary antibodies (1:150; A22110, Beyotime, Shanghai,
China) were added to each tube, and the tubes were again
incubated for 15 min. The cells were again washed three
times by centrifugation, and 500-550-nm fluorescence
intensities produced by the samples were analyzed with a
flow cytometer (BD FACSVerse, Becton Dickinson,
Franklin Lakes, NJ).

Statistical Analysis

All values are presented as the mean £ SEM. We per-
formed statistical analyses in SPSS 13.0 for Windows
(IBM, Amund, NY). One-way analysis of variance was
used to compare seizure latencies, cumulative seizure
durations, and GSDs. The nonparametric Mann—Whitney
U test was used to compare cumulative times in each
seizure stage and changes in protein expression levels. We
defined statistical significance as P < 0.05.

Results

KA Administration Upregulates Hippocampal
and Cortical Expression of GFAP, CS56, and TSP-1

We evaluated the immunoreactivity of GFAP, an astrocyte-
specific marker [22, 23], and CS56, secreted by astrocytes
and accordingly used as another astrocytic marker [24]. At
all time points from 24 h onwards, hippocampal and
cortical GFAP immunoreactivity levels in the KA-treated
group were significantly higher than in the control group
(P < 0.001; Fig. 1A, D, G, J, L, M). Similarly, hippocam-
pal and cortical CS56 immunoreactivity levels were also
higher in the KA-treated group than those in the control
group (P < 0.001; Fig. 1B, E, H, K, L, N). Western
blotting yielded similar results (P < 0.001; Fig. 1L-N).
Further, TSP-1 immunoreactivity was detected. The
immunohistochemistry results indicated that TSP-1
immunoreactivity was elevated in the hippocampus
(P =0.048; Fig. 2A, C, I) and cortex (P = 0.02; Fig. 2J)
30 min after KA administration. Western blotting revealed
similar increases in hippocampal and cortical TSP-1
immunoreactivity 30 min after KA administration
(Fig. S1A, B). Western blotting further confirmed that
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TGF-B1 immunoreactivity was significantly elevated from
24 h onwards in the hippocampus (P < 0.001; Fig. 2K, M)
and cortex (P < 0.001; Fig. 2M) in the KA-treated group.

We further found that KA significantly increased
Smad2/3 protein levels in the hippocampus (Smad2,
P <0.001; Smad3, P < 0.001) and cortex (Smad2,
P <0.001; Smad3, P < 0.001) from 24 h onwards
(Fig. 2K, N, P). KA administration also promoted
Smad2/3 phosphorylation, as evidenced by increased
pSmad2/3 levels in the hippocampus (pSmad2,
P < 0.001; pSmad3, P < 0.001) and cortex (pSmad2,
P <0.001; pSmad3, P < 0.001) from 24 h onwards
(Fig. 2K, O, Q).

Inhibiting TSP-1 Expression with siRNA Attenuates
KA-Evoked Seizures Accompanied by Reduced
GFAP/CS56 Expression

Rats that received anti-TSP-1 siRNA in addition to KA
spent more time in stages 0-3 (53.7 &£ 0.8 min vs.
12.0 & 0.9 min; P < 0.001) and less time in stage 4
(4.0 £ 0.5 minvs. 15.6 & 0.7 min; P < 0.001) and stage 5
(2.3 £ 04 min vs. 32.4 + 1.4 min; P < 0.001) than rats
that received negative control RNA in addition to KA
(Fig. 3A). The siRNA group also showed reduced GSDs
(6.3 £ 0.8 min vs. 48.0 £ 0.9 min; P < 0.001; Fig. 3B)
and seizure durations (9.8 £ 0.7 min vs. 51.5 £ 0.8 min;
P <0.001; Fig.3C) as well as increased latencies
(51.2 £ 0.9 min vs. 2.8 £ 0.1 min; P < 0.001; Fig. 3D).
Representative EEGs and EEG power spectra are shown in
Fig. 3N.

Immunohistochemical and western blotting experiments
revealed that hippocampal (P < 0.001, Fig.3J, L, E;
P <0.001, Fig.4A, B) and cortical (P < 0.001;
Fig. S2A) TSP-1 immunoreactivity was significantly lower
in the siRNA group than in the negative control RNA
group. The siRNA group also exhibited reduced hippocam-
pal (P <0.001 and 0.001; Fig. 3E, F-I) and cortical
(P <0.001 and 0.001; Fig. S2A) immunoreactivity for
GFAP and CS56.

Western blotting showed that hippocampal (P < 0.001;
Fig. 4A, C) and cortical (P < 0.001; Fig. S2C) TGF-f1
expression levels were significantly greater in the siRNA
group than in the control group from 24 h onwards. We
found similar increases in Smad2 (Fig. 4A, D; Fig. S2D)
and Smad3 expression (Fig. 4A, F; Fig. S2F) in the siRNA
group from 24 h onwards, while the pSmad2/3 levels were
significantly decreased (Fig. 4A, E, G; Fig. S2E, G).

These results indicated that inhibiting TSP-1 expression
attenuates KA-induced seizures, along with reduced
Smad?2/3 phosphorylation and GFAP and CS56 expression.
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Fig. 1 KA-induced upregulation of GFAP/CS56 expression in rat
brain. A-I Representative images of immunoreactivity for GFAP and
CS56 in the right dentate gyrus in controls and after KA treatment
(scale bar, 100 pm; n = 6/group). J, K Quantified GFAP and CS56
immunoreactivity levels in the hippocampus and cortex of controls

Inhibiting TGF-p1 Activation with LSKL Attenu-
ates KA-Evoked Seizures Accompanied by Reduced
GFAP/CS56 Expression

LSKL is a competitive antagonist that inhibits TGF-{1
activation by specifically blocking the binding of TSP-1 to
TGF-B1. Our behavioral results showed that administering
LSKL before KA significantly prolonged the time spent in
stages 0-3 (52.0 £ 0.8 min vs. 15.0 £ 0.8 min;
P <0.001) and shortened the time spent in stage 4
(4.3 £ 0.6 min vs. 19.1 & 0.8 min; P < 0.001) and stage
5 B7£05min wvs. 2594+ 1.5min; P <0.001)
(Fig. 5A). Moreover, LSKL treatment significantly reduced
GSDs (8.0 £ 0.8 min vs. 45.0 & 0.8 min; P < 0.001;
Fig. 5B) and seizure durations (10.9 £ 0.7 min vs.
46.2 £ 0.6 min; P < 0.001; Fig. 5C), and increased the

and KA-treated rats. L-N Western blots (L) and statistics for GFAP
(M) and CS56 (N) immunoreactivity. Data are shown as the
mean + SEM. ***P < (0.001 vs. controls. Hip, hippocampus; Cor,
cortex.

latencies (35.3 £ 1.8 min vs. 3.0 & 0.1 min; P < 0.001;
Fig. 5D). Representative EEGs and their power spectra are
shown in Fig. 5N.

LSKL treatment also significantly reduced the hip-
pocampal (P < 0.001 and 0.001; Fig. SF-I, E) and cortical
(P < 0.001 and 0.001; Fig. S3A) levels of GFAP and
CS56. No effects on TSP-1 immunoreactivity were found
(Figs. 5J-M, E; 6A, B; S3A).

We also found that from 24 h onwards, LSKL signif-
icantly increased the hippocampal and cortical expression
of TGF-B1 (hippocampus, P < 0.001; Fig. 6A, C; cortex,
P < 0.001; Fig. S3C), and Smad2/3 (P < 0.001 and 0.001;
Figs. 6A, D, F; S3D, F). However, the phosphorylation
levels of Smad2/3 were significantly decreased from 24 h
onwards (P < 0.001 and 0.001; Figs. 6A, E, G; S3E, G).
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Fig. 2 KA-induced upregulation of TSP-1, TGF-B1, Smad2/3, and
pSmad2/3. A-H Representative images of immunoreactivity for TSP-
1 and GFAP in CA2 in controls and after KA treatment (scale bar,
150 pm; n = 6/group). I, J Quantified TSP-1 immunoreactivity in the
hippocampus and cortex in controls and KA-treated rats. K-Q

These results indicated that inhibiting TGF-1 activa-
tion with LSKL attenuates KA-evoked seizures, and
reduces the Smad2/3 phosphorylation and the protein
levels of GFAP and CS56. These effects are similar to
those obtained by inhibiting TSP-1 expression by siRNA
interference.
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Western blots (K) and statistics for hippocampal and cortical
expression of TSP-1 (L), TGF-f1 (M), Smad2/3 (N, P), and
pSmad2/3 (O, Q) (n = 6/group). Data are shown as the mean +
SEM. *P < 0.05, ***P < 0.001 vs. controls. Hip, hippocampus.

SIS3 and Ponatinib Attenuate KA-Evoked Seizures
While Reducing GFAP/CS56 Expression

As with LSKL and siRNA treatment, SIS3 (a specific
inhibitor of Smad3 phosphorylation) in addition to KA
prolonged the time spent in Racine’s stages 0-3
(52.1 £ 0.6 min vs. 14.1 £ 0.8 min; P < 0.001), and
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Fig. 3 Effects of inhibiting TSP-1 expression with siRNA in KA
model rats. A-D siRNA treatment altered the cumulative time in
every stage (A), shortened the GSDs (B) and seizure durations (C),
and increased the latencies (D) (n = 10/group). E-M siRNA treat-
ment reduced the KA-induced increases in immunoreactivity for

reduced the time spent in stage 4 (6.4 £ 0.5 min vs.
18.5 & 0.9 min; P < 0.001) and stage 5 (1.5 £ 0.2 min vs.
254 + 1.1 min; P < 0.001) (Fig. 7A). Meanwhile, the
seizure durations (10.8 £ 0.6 min vs. 48.0 £ 0.7 min;
P <0.001; Fig.7C) and GSDs (7.9 &£ 0.6 min vs.
43.9 £ 0.7 min; P < 0.001; Fig. 7B) were shortened and
the latencies were increased (48.7 £ 0.8 min vs.
3.0 £ 0.1 min; P < 0.001; Fig. 7D). Representative EEGs
and their power spectra are shown in Fig. S4D. SIS3
treatment also significantly reduced the hippocampal and

GFAP (E, F, H), CS56 (E, G, I), and TSP-1 (E, J-M) in the
hippocampus (n = 6/group; scale bars for F-I, 150 pm; J-M,
100 pum). N Representative EEGs (upper) and EEG power spectra
(lower) in a control (left) and a siRNA-treated rat (right). Data are
shown as the mean £+ SEM. ***P < 0.001 vs. controls.

cortical expression of GFAP and CS56 (P < 0.001 and
0.001; Fig. 7 E-L).

Western blotting experiments also showed that SIS3
significantly reduced hippocampal (P < 0.001; Fig. 7M,
N) and cortical (P < 0.001; Fig. S4A) pSmad3 levels and
increased hippocampal (P < 0.01 and 0.001; Fig. 7M, N)
and cortical (P < 0.001; Fig. S4A) Smad3 expression from
24 h onwards. It had no significant effect on Smad2
expression or pSmad2 levels (Fig. S4B, C). Increased
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Fig. 4 Changes in TSP-1, TGF-B1, Smad2/3, and pSmad2/3 levels after anti-TSP-1 siRNA treatment. Western blots (A) and statistics (B—G) for
TSP-1, TGF-B1, Smad2/3, and pSmad2/3 (n = 6/group). The data are shown as the mean £ SEM. ***P < 0.001 vs. controls.

Smad3 immunoreactivity following SIS3 treatment was
confirmed by flow cytometry (Fig. 70).

We further found that administering the tyrosine kinase
inhibitor ponatinib in addition to KA significantly pro-
longed the time spent in Racine’s stages 0-3
(50.2 £ 0.8 min vs. 14.8 £ 1.0 min; P < 0.001), reduced
the time spent in stage 4 (5.0 &£ 0.4 min vs.
19.7 £ 1.3 min; P < 0.001) and stage 5 (4.8 £ 0.5 min
vs. 25.5 £ 1.6 min; P < 0.001) (Fig. 8A), and shortened
seizure durations (13.1 £ 0.7 min vs. 53.4 4 0.6 min;

P <0.001; Fig.8C) and GSDs (9.8 £ 0.7 min vs.
452 £ 1.0 min; P < 0.001; Fig. 8B) in addition to
increasing the latencies (41.4 £ 0.5 min Vs.

29 + 0.1 min; P < 0.001; Fig. 8D). Ponatinib signifi-
cantly reduced the hippocampal and cortical expression
of GFAP and CS56 (P < 0.001; Fig. 8E-L). It also
significantly reduced the Smad2/3 and pSmad2/3 levels
from 24 h onwards (P < 0.001; Fig. 8M-O; Fig. S5A, B).
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Discussion

We hypothesized that seizures are mediated by the TSP-1/
TGF-B1/pSmad2/3 pathway. Accordingly, as predicted, we
found previously unreported increases in TSP-1 expression,
TGF-B1 expression, and pSmad2/3 levels in a KA-induced
rat model of SE. Inhibiting TSP-1 expression with siRNA
and inhibiting TGF-B1 activation with LSKL significantly
attenuated seizure severity, along with reducing GFAP/
CS56 and Smad2/3 phosphorylation in this model. Inhibit-
ing Smad3 phosphorylation with SIS3 similarly reduced
seizure severity and GFAP/CS56 levels. Moreover, pona-
tinib significantly reduced seizure severity, Smad2/3 phos-
phorylation, and GFAP/CS56 levels. Since the
upregulation in the TSP-1/TGF-B1/pSmad2/3 pathway
was consistent with the KA-induced SE and GFAP/CS56
levels, these results support our initial hypothesis.

TSP-1 is secreted by astrocytes and promotes synapto-
genesis, neuronal migration, and axonal growth [25-29].
Moreover, TSP-1 interacts with the o20-1 subunit of the
gabapentin receptor to stimulate the formation of excitatory
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Fig. 5 Effects of LSKL treatment in the KA-induced SE model. A-D
LSKL altered the cumulative times for each stage (A), shortened the
GSDs (B) and seizure durations (C), and increased the latencies
(D) (n = 10 group). E-I LSKL reduced the KA-induced upregulation
of immunoreactivity for GFAP and CS56 in the hippocampus 3 days

synapses [30]. Consistent with these reports, we found
dynamically increased TSP-1 levels in the brains of rats
that experienced KA-induced SE and amygdaloid-kindling
[18]. Together, these results suggest a contribution of TSP-
1 in the early phase of seizures and epilepsy development,
such as via the formation of an excitatory seizure network.
In contrast, however, a reduction in TSP-1 expression has
been reported in the ventrobasal thalamus in a rat model of

after KA treatment (n = 6/group; scale bars, 100 um). J-M The
immunoreactivity of TSP-1 in the hippocampus 3 days after KA
treatment (scale bars, 50 pm; n = 6/group). N Representative EEGs
and EEG power spectra in saline- and LSKL-treated groups. Data are
shown as the mean & SEM. ***P < 0.001 vs. controls.

spontaneous absence epilepsy and in patients with gener-
alized epilepsy [31]. Increased sensitivity to pentylenete-
trazol-induced kindling has been reported in mice lacking
TSP-1 [32]. Previous reports have suggested that TSP-1
levels are closely linked to epilepsy development and
seizures, with both elevated and reduced TSP-1 levels
aggravating seizures. Further, these results indicate that
TSP-1 plays different roles in different phases of epilepsy
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Fig. 6 LSKL-induced changes in hippocampal levels of TSP-1,
TGF-B1, Smad2/3, and pSmad2/3. Western blots (A) and statistics
(B-G) for TSP-1 (B), TGF-B1 (C), Smad2/3 (D, F), and pSmad2/3

and seizures. For example, in the early phases of epilepsy,
levels of TSP-1, which plays a vital role in synaptogenesis,
are increased and may be responsible for synaptogenesis
and the development of an excitatory epileptic network
[18]. However, kindled animals and patients with gener-
alized epilepsy display significantly reduced concentrations
of PSD-95 [33], in addition to neuronal injury and even
neuronal loss [33, 34]. The reduced number of synapses
[35] may be partly due to the reduced TSP-1 levels.
Upstream regulation of TGF-B1 activation is provided
by TSP-1, an important astrocytic secretion [36, 37]. TGF-
B1 is stored in the extracellular matrix bound to latency-
associated peptide (LAP) [38, 39]. TSP-1 converts latent
TGF-B1 to its active form by binding to LAP and thereby
releases active TGF-B1, which then binds to the TGF-p1
receptor to induce signal transduction [40]. TGF-B1 exerts
its downstream effects on target cells, with Smad proteins
playing a pivotal role in relaying signals from cell-surface
receptors to the nucleus [41, 42]. The best-described
intracellular pathway for TGF-1 is the canonical cascade,
which involves the upregulation and phosphorylation of
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(E, G) in hippocampus (n = 6/group). The data are shown as the
mean = SEM. ***P < (0.001 vs. controls.

Smad2/3 [42]. TGF-B1 promotes Smad2/3 phosphorylation
and TGF-B1/Smad signaling has therefore been recognized
as a therapeutic target for the treatment of astrogliosis [43].

TGF-B1 is associated with astrogliosis and epilepsy
[43, 44]. TGF-B1 levels and Smad2/3 phosphorylation,
which are increased in activated astrocytes and microglia
[6, 45, 46], are elevated in animals and patients with
epilepsy [48—49]. Cacheaux et al. [10] reported that direct
activation of the TGF-B1 pathway by TGF-B1 results in
epileptiform activity. Importantly, TGF-f3 pathway block-
ers prevent the generation of epileptiform activity [10], and
an antagonist to the TGF-f3 receptor prevents the develop-
ment of spontaneous seizures [11]. These studies point to a
contributory role of the TGF-f1 pathway to the generation
of epileptic seizures.

We found that inhibiting TSP-1 activity with siRNA or
inhibiting TGF-B1 activity with LSKL alleviated the
seizures induced by KA, which led us to speculate that
increased TSP-1 expression may be the key factor in
seizure generation via TGF-B1 pathway activation. We
obtained similar results with SIS3, a potent and selective
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Fig. 7 Effects of SIS3 in the KA-induced SE model. A-D SIS3
altered the cumulative times in each stage (A), shortened GSDs
(B) and seizure durations (C), and increased the latencies (D,
n = 10/group). E-L Representative images (E-J) and statistics (K,
L) for the immunoreactivity for GFAP and CS56 in controls and after
SIS3 treatment (scale bar, 100 um; n = 6/group). M, N Western blots

and statistics showing SIS3-induced changes in the levels of Smad2/3
and pSmad2/3. O Flow cytometry-based quantification of hippocam-
pal Smad3 (3 days, n = 6/group). The data are shown as the
mean = SEM. **P < 0.01, ***P <0.001 wvs. controls. Hip,
hippocampus.
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Fig. 8 Effects of ponatinib in the KA-induced SE model. A-D
Ponatinib altered the cumulative times in each stage (A), shortened
GSDs (B) and seizure durations (C), and increased the latencies
(D) (n = 10/group). E-L Representative images (E-J) and statistics
(K, L) of immunoreactivity for GFAP and CS56 in the hippocampus

@ Springer

of controls and after KA and ponatinib treatment (scale bar, 100 um;
n = 6/group). M—O Western blots (M) and statistics (N, O) showing
ponatinib-induced changes in the levels of Smad2/3 and pSmad2/3.
The data are shown as the mean + SEM. **P < 0.01, ***P < 0.001
vs. controls. Hip, hippocampus; Pon, ponatinib.
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inhibitor of TGF-Bl-regulated Smad3 phosphorylation
[51]. This indicates that increased Smad3 phosphorylation,
induced by TSP-1 and TGF-B1, may be the key factor
underlying KA-induced astrogliosis and seizures.

Ponatinib is a multi-target tyrosine kinase inhibitor
suitable for treating cases of chronic myelogenous
leukemia that are otherwise resistant to complex amino-
acid kinase inhibitors [50]. Ponatinib modulates the TGF-
B1/pSmad2/3 pathway [48], which contributes to seizures.
In our study, ponatinib also alleviated KA-induced seizures
and astrogliosis. These results point to the inhibitory effect
of ponatinib, further supporting the contribution of
pSmad2/3 to astrogliosis and seizures.

As reported in previous studies, we found increased
hippocampal and cortical immunoreactivity for GFAP and
CS56 in KA-treated rats. Hippocampal dysregulation is
crucial for epileptic seizures induced by several kindling
stimuli [51, 52]. Similar to the hippocampus, the cortex has
been shown to be an important region for the propagation
of epileptic discharges, and most interictal-like discharges
originating in the cortex show secondary propagation
[53-56]. Our results confirm the increased immunoreac-
tivity of GFAP and CS56 in KA-treated rats. Moreover,
this increase was attenuated by siRNA or pharmacological
intervention to inhibit the TSP-1/TGF-B1/pSmad2/3 path-
way. These results support the possible contribution of the
TSP-1-regulated pathway directly or indirectly to KA-
induced astrogliosis. Moreover, since astrogliosis con-
tributes to both acute seizures and chronic epilepsy [6, 7],
we speculate that the TSP-1/TGF-B1/pSmad2/3 pathway
may also contribute to spontaneous recurrent seizures, in
addition to KA-induced SE.

In conclusion, astrocytes increase TSP-1 levels in
response to KA-induced SE, subsequently activating the
TGF-B1/Smad2/3 pathway, perhaps in astrocytes or other
cell types, thereby increasing astrogliosis. Interfering with
either TSP-1 or TGF-B1 signaling reduces seizure severity
and astrogliosis, indicating that inhibiting the TSP-1/TGF-
B1/Smad2/3 pathway is a potential therapeutic target for
seizure management.
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Abstract In the visual pathway, optic nerve (ON) injury
may cause secondary degeneration of neurons in distal
regions, such as the visual cortex. However, the role of the
neuroinflammatory response in regulating secondary
impairment in the visual cortex after ON injury remains
unclear. The NOD-like receptor family pyrin domain
containing 3 (NLRP3) is an important regulator of
neuroinflammation. In this study, we established a mouse
model of unilateral ON crush (ONC) and showed that the
expression of NLRP3 was significantly increased in the
primary visual cortex (V1) as a response to ONC and that
the NLRP3 inflammasome was activated in the contralat-
eral V1 1 days—14 days after ONC. Ablation of the NLRP3
gene significantly decreased the trans-neuronal degenera-
tion within 14 days. Visual electrophysiological function
was improved in NLRP3 ™'~ mice. Taken together, these
findings suggest that NLRP3 is a potential therapeutic
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target for protecting visual cortical neurons against degen-
eration after ON injury.
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Visual cortical degeneration

Introduction

In the visual system, in addition to the direct damage to the
axons and somata in the primary site under pathological
conditions such as ocular trauma and high intraocular
pressure, neurons within the visual pathway also suffer
from anterograde (retina to visual cortex) or retrograde
(visual cortex to retina) injuries, which are characterized by
distal neural degeneration, programmed cell death, and
increased inflammatory cytokines, accompanied by the
recruitment and activation of glial cells [1-4]. However,
little is known about the initial factors and pathological
mechanisms responsible for these secondary changes;
relevant therapies to prevent dysfunction are still
unavailable.

Inflammation performs the dual roles of damage and
repair in the central nervous system (CNS) and has also
been reported to be a key factor in secondary injury [5]. An
important component of human innate immunity, cell
pattern-recognition receptors, such as toll-like receptors [6]
and NOD-like receptors [7], are activated by pathogen-
associated molecular patterns (PAMPs) and damage-asso-
ciated molecular patterns (DAMPs), fused into a multi-
meric complex by binding to the adaptor molecule
apoptosis-associated speck-like protein containing a cas-
pase-1 recruitment domain (ASC) and procaspase-1,
named the inflammasome. The inflammasome is capable
of converting immature pro-interleukin (IL)-1f and pro-IL-
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18 to mature forms by procaspase-1 self-cleavage, thereby
triggering the innate inflammatory response [8—10]. In
addition, activated caspase-1 promotes the maturation of
gasdermin D (GSDMD), which ultimately mediates the
pro-inflammatory form of programmed cell death termed
pyroptosis [11]. In the inflammasome family, the nucleo-
tide-binding domain leucine-rich repeat (LRR)-pyrin
domain containing 3 or NOD-like receptor family pyrin
domain containing 3 (NLRP3) inflammasome has been
well characterized, for the abnormal activation of the
NLRP3 inflammasome has been shown to be implicated in
many CNS disorders [12, 13], diabetes mellitus [14, 15],
and autoimmune diseases [16, 17]. Accumulating evidence
has shown that inflammasomes participate in the onset and
progression of secondary brain injury [18-20] and glau-
coma [21]. Furthermore, activation of the NLRP3 inflam-
masome in microglia has been implicated in retinal
ganglion cell loss after optic nerve (ON) injury [22].

Studies on secondary lesions have shown that the breach
of the blood-brain barrier following ON injury is associated
with the recruitment of peripheral mononuclear macro-
phages and neutrophils [3] and the inflammatory response
upon NLRP3 activation of glia [22, 23]. Furthermore, the
expression of NLRP3 in neurons has been documented
[24-27]. Concerning its possible involvement in sec-
ondary/distal damage in the CNS, it is imperative to
establish whether the NLRP3 inflammasome is activated
trans-synaptically after ON injury and whether its effect on
visual cortical neurons is responsible for secondary neu-
ronal degeneration. To address this issue, we established a
mouse model of unilateral ON crush (ONC). Activation of
the NLRP3 inflammasome in the primary visual cortex
(V1) was found to be associated with the progression of
neuronal injury. The inflammatory cytokines in V1 of the
NLRP3™~ brain were decreased within 14 days, the
number of apoptotic and degenerative neurons was
decreased, and the indexes of visual electrophysiology
were also improved in NLRP3-knockout mice.

Materials and Methods
Animals

Adult C57BL/6]J male mice (WT) 8-10 weeks old and
weighing 20 g-24 ¢ were purchased from the Animal
Center of The Army Medical University (AMU). Age- and
weight-matched NLRP3 ™'~ mice (JAX Cat. No. 021302)
were purchased from The Jackson Laboratory (Bar Harbor,
ME). The NLRP3 ™'~ mice were confirmed by polymerase
chain reaction (PCR) (Figs. S1 and S2). The primer
sequences used were as follows: 5'-TGCCTGCTCTTTA
CTGAAGG-3' (mutant forward); 5-TCAGTTTCCTTGG
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CTACCAGA-3 (WT forward); 5-TTCCATTACAGT-
CACTCCAGATGT-3' (common reverse). The animals
were housed in a 12/12 h light/dark schedule in a specific
pathogen-free facility, with free access to irradiated food
and sterile water.

Experimental Design

The sample size per experiment was determined based on
previous publications with similar methodologies. All
experiments were performed 3 times. All the data were
included in analysis.

Surgical Procedure for Optic Nerve Crush

The control group consisted of mice that received no
operation (naive) and mice that received sham surgery on
the left eye (sham). In the experimental group, the left eye
was subjected to ONC. Briefly, animals were anesthetized
by intraperitoneal injection of 1% pentobarbital. Using
aseptic technique, a minimal incision was performed in the
temporal area of the conjunctiva of the left eye, and the
extraocular muscles were gently separated to expose the
ON, which was crushed with fine, self-closing forceps 1.5
mm behind the eyeball for 10 s without damaging the blood
vessels [28, 29]. In the sham operation, the ON was
exposed by using the same protocol but without crushing.
The eyes were treated with antibiotic ointment after
surgery. The mice were then kept on a warming pad until
fully awake. There were no postoperative infections. All
animal procedures were conducted in accordance with the
Guidelines on the Use of Animals from the NIH and the
Institutional Animal Care and Use Committee of AMU and
were approved by the Animal Ethics Committee of AMU.

RNA Isolation and Quantitative Real Time Poly-
merase Chain Reaction (QRT-PCR)

Animals were euthanized and V1 was dissected out
according to the mouse brain atlas (The Mouse Brain in
Stereotaxic Coordinates, Academic Press, New York,
2001). Total RNA of the contralateral and ipsilateral V1
was extracted with an RNeasy RNA isolation kit (Qiagen,
Hilden, Germany), and reverse transcribed with a Prime
Script™ RT reagent Kit (Takara, Dalian, China) according
to the manufacturer’s instructions. qRT-PCR was per-
formed on a CFX96 real-time instrument/C1000 Thermal
Cycler (Bio-Rad, Hercules, CA) using the SYBR method
(Quanta BioSciences, Gaithersburg, MA).

The primer sequences used for qRT-PCR were as
follows:

NLRP3: FF-AAAGGAAGTGGACTGCGAGA, R-TTCA
AACGACTCCCTGGAAC;
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NLRP1: F-TTAGATGAGCATGCCATTGC, R-ACTC
CTGAAGACACAAGTGG;

NLRC4[NLR family CARD (caspase recruitment
domain)-containing 4]: F-GGAAAGTGCAAGGCTCT-
GAC, R-TGTCTGCTTCCTGATTGTGC;

NLRP6: F-CTGTTCTGAGCTACTGCGTGAG, R-AG
GCTCTTCTTCTTCTTCTCCTG;

AIM2(Absent in Melanoma 2): F-AGCCTGAACA-
GAAACAGATGG, R-CTTCTTGGGTCTCAAACGTGA.

Western Blot

Freshly-dissected V1 tissue was combined with RIPA
(89900, Thermo Fisher Scientific, Waltham, MA) and
protease inhibitor cocktail (78438, Thermo Fisher Scien-
tific, Waltham, MA) to obtain the lysate. After centrifuga-
tion at 12,000 x g at 4°C for 15 min, the supernatant was
collected and the protein concentration was measured with
an Enhanced BCA Protein Assay Kit (PO009, Beyotime,
Shanghai, China). Equal amounts of lysate (50 mg) were
separated on SDS polyacrylamide gel and transferred to
polyvinylidene difluoride membranes (IPVH00010, Milli-
pore, Burlington, MA) with continuous current (250 mA)
for 0.5 h-2 h. The membranes were washed in Tris-
buffered saline (TBS, pH 7.4) containing 0.1% Tween-20
(TBS-T) and blocked in 5% non-fat milk in TBS-T for 2 h
at room temperature (RT). Then, the membranes were
incubated with primary antibodies recognizing mouse
NLRP3 (AG-20B-0014-C100, 1:500, AdipoGen Life
Science, Liestal, Switzerland), ASC (Santa Cruz, Dallas,
TX), caspase-1 (AB 1871, 1:1000, Chemicon, Temecula,
CA), IL-1B (AF-401-NA, 1:1000, R&D Systems, Min-
neapolis, MN), AIM2 (ab93015, 1:500, Abcam, Cam-
bridge, MA), and B-actin (AP0731, 1:5000, Bioworld,
Bloomington, MN) overnight at 4°C. After three washes
with TBS-T for 10 min each, the membranes were
incubated with horseradish peroxidase-conjugated sec-
ondary antibodies (1:2000, R&D Systems, Minneapolis,
MN) for 2 h at RT. The signals were detected with a
chemiluminescence reagent (ECL, GE Healthcare, Shang-
hai, China), and images were acquired by a chemilumi-
nescent detection system (Thermo Fisher Scientific,
Waltham, MA). Densitometric quantification of the speci-
fic band intensities was normalized to B-actin in the same
blot.

Immunostaining

Mouse brains were fixed in freshly prepared 4%
paraformaldehyde at 4°C for 24 h and then embedded in
OCT compound (Sakura Finetek, San Diego, CA).
Cryosections (20 um) were permeabilized with PBS con-
taining 0.2% Triton X-100 at RT for 30 min. Sections were

blocked with the appropriate sera and then incubated
overnight at 4°C with primary antibodies for NLRP3
(1:400, AdipoGen Life Science, Liestal, Switzerland) and
NeuN (#24307, 1:200, Cell Signaling Technology, Dan-
vers, MA). After three washes, the sections were incubated
with the appropriate fluorescent secondary antibodies
(Alexa Fluor 488 and 594, 1:400, Life Technologies,
Carlsbad, CA) for 1 h at RT. The slides were then stained
with DAPI and mounted. Images were captured using an
SP-8 confocal microscope (Leica, Wetzlar, Germany).

TUNEL

Apoptotic neurons in contralateral V1 sections were
stained using an In Situ Cell Death Detection Kit according
to the manufacturer’s protocol (TMR red, 12156792910,
Roche, Mannheim, Germany). Briefly, the cryosections
were washed with PBS, permeabilized in citrate-Triton
buffer (0.1%), and then incubated with TUNEL working
solution for 1 h at 37°C in a humid cassette avoiding light.
The samples were then processed for NeuN double-
labeling (see above) after a PBS wash. The images were
captured with the SP-8 confocal microscope. TUNEL+
NeuN+ cells were randomly counted via FIJI software
(https://imagej.nih.gov/ij/), and the numbers of positive
cells from the same optical fields (low-power) in each
animal were averaged.

Fluoro-Jade C (FJC) Staining

Staining was carried out according to the manufacturer’s
protocol, with modifications. Briefly, slides were first
immersed in a solution of 1% sodium hydroxide in 80%
ethanol for 5 min, followed by 70% ethanol and a distilled
water rinse for 2 min. Then, the slides were incubated in
0.06% potassium permanganate for 9 min. Following a
2-min water rinse, a 0.0001% solution of Fluor-Jade® C
(AG325-30MG, Chemicon, Temecula, CA) dissolved in a
0.1% acetic acid vehicle was added to the slides and left for
15 min. The slides were then rinsed through three changes
of distilled water (1 min per change), dried on a slide
warmer at 50°C for 5 min, cleared in xylene for 1 min, and
then coverslipped with DPX (Sigma). The stained slides
were photographed with the SP-8 confocal microscope.
The number of FIC-positive cells from the same optical
fields (low-power) of each animal was averaged.

Flash Visual Evoked Potentials (F-VEPs)
To evaluate the visual electrophysiological function of
mice with ONC or sham surgery, F-VEPs were measured

on days 7 and 14 after ONC. Electrodes located at the
primary visual cortexes were the active (positive)
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Fig. 1 NLRP3 expression is significantly upregulated in primary
visual cortex after optic nerve crush (ONC). A, B The mRNA and
protein levels of NLRP3 in contralateral and ipsilateral V1 as
determined by gRT-PCR and Western blot, respectively.

electrodes, and an electrode placed at the frontal cortex was
the reference (negative) electrode. The ground electrode
was inserted into the tail. While an eye was being tested,
the contralateral eye was covered by a lightproof patch; the
apparatus reduced interference from electrical noise
(60 Hz) and the heartbeat. In each F-VEP experiment, 50
successive flash stimuli of 10 ps duration and 1 Hz
frequency were delivered (intensity 120 mJ-200 mlJ). In
each animal, the amplitudes of three main waveforms from
stimulus onset were recorded, and the P2 amplitude with
respect to baseline was analyzed.

Statistical Analysis

Data are presented as the mean & SEM. The unpaired
Student’s t-test was applied to assess the differences
between two groups. One-way analysis of variance
(ANOVA) followed by the Tukey test was used for
multiple comparisons. A P-value < 0.05 was considered
statistically significant. All results were analyzed using
GraphPad Prism software (GraphPad Software, Inc., La
Jolla, CA).

Results

NLRP3 Expression is Elevated in Contralateral
Primary Visual Cortex After Optic Nerve Crush

In previous studies, increased expression of NLRP3 has
been reported in the local cerebral cortex after traumatic

@ Springer

C Quantification of NLRP3 protein levels in V1. D Relative protein
change is presented as the ratio of contralateral to ipsilateral protein
levels (C/I ratio). **P < 0.01, ***P < 0.001 versus sham group,
n=4.

brain injury and cerebral ischemia [30, 31]. However, no
study has described its expression pattern in V1 after
anterior visual pathway injury. First, using qRT-PCR, we
demonstrated elevated NLRP3 levels in the contralateral
V1 after ONC. The RNA expression of NLRP3 was
upregulated on day 1 and was further increased to its
highest level on day 3. Then, the relative mRNA level
decreased to the levels in the naive (Fig. S3A) and sham
groups on day 14 (Fig. 1A). However, no significant
changes in the mRNA levels of NLRP3 in the ipsilateral
V1 were found throughout the 14 days after ONC.
Consistent with the qRT-PCR results, increased protein
levels of NLRP3 in the contralateral V1 in response to
ONC were shown by Western blotting (Fig. 1B). The
densitometric ratio of NLRP3 to B-actin in ONC mice was
nearly 22-fold higher than that of the naive (Fig. S3 B, C)
and sham groups on day 1 and progressively increased until
day 3; subsequently, the ratio gradually decreased. On the
ipsilateral side, however, the protein level of NLRP3 in the
ONC mice was significantly higher on days 1 and 3 than in
their sham-treated littermates, and then gradually declined
to levels similar to those of the sham controls (Fig. 1B, C).

The ratio of NLRP3 protein levels in the contralateral
V1 to those in the ipsilateral V1 (C/I) was significantly
higher 1 day after ONC than in the sham group and further
increased on day 3. Then, a substantial decrease in the ratio
occurred on day 7 but was still significantly higher than
that in the sham mice (Fig. 1D). Taken together, these
results suggest that the pronounced activation of NLRP3 in
the contralateral V1 acts as a response to ONC.
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NLRP3 is Upregulated in Contralateral V1 Neurons
Following Optic Nerve Crush

In rodent species, > 95% of the axons of retinal ganglion
cells decussate at the chiasma and project to the contralat-
eral recipient nuclei [32]. qRT-PCR and Western blot
demonstrated that the increased expression of NLRP3
induced by ONC was prominent in contralateral V1. To
determine whether the upregulated NLRP3 was located
within the neurons of V1, we performed double immuno-
labeling using NLRP3 and neuronal nuclei (NeuN) anti-
bodies. NLRP3 expression was hardly detectable in
neurons in both the naive (data not shown) and sham
groups, while a significant increase in NLRP3-positive
staining was observed in the neurons 1 day after ONC
(Fig. 2A). A schematic overview of the regions of interest
used for quantification in contralateral V1 is shown in
Fig. 2B. The number of NeuN+NLRP3+ double stained
cells was significantly higher and was approximately 13.4-
fold greater than that of the sham group on day 3. A

Fig. 2 NLRP3 is activated in neurons of contralateral V1 1 day after
ONC. A Double immunostaining for NeuN (red) and NLRP3 (green)
in contralateral V1. Nuclear counterstaining by DAPI in merged
images is pseudocolored in dark blue. Arrows indicate
NeuN+NLRP3+ cells. Scale bar, 100 um. B Region of interest for

notable decrease in double-positive cells occurred 7 days
after ONC (Fig. 2A, O).

We next calculated the ratios of NeuN+NLRP3+ versus
total NeuN+ neurons in the contralateral V1 of the ONC
and sham-treated mice. The ratio was significantly higher
on day 1 in the ONC than in the sham groups and reached a
peak on day 3, when the maximum number of
NeuN+NLRP3+ double-positive cells occurred. The ratio
was significantly lower on day 7 due to the decreased
number of double-positive neurons (Fig. 2D), and
remained significantly higher than the sham group on day
14 (Fig. 2D). These results demonstrate that NLRP3 in the
contralateral V1 neurons is upregulated in response to ONC
within 14 days.

NLRP3 Inflammasome Components ASC, Caspase-1
(p20), and GSDMD are Activated After ONC

Since NLRP3 was upregulated mainly in the contralateral
V1, we next asked whether the increased NLRP3 mediated

quantification in contralateral V1. Scale bar, 500 pm. C Quantification
of NeuN+NLRP3+ cells. D Ratio of NeuN+NLRP3+ to total
NeuN+ neurons. Data are presented as the mean = SEM.
*#*P < 0.01, ***P < 0.001 vs sham group, n = 6.
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Fig. 3 The expression levels of ASC, caspase-1 (p20), IL-1f, and
cleaved GSDMD in the contralateral V1 of wild type (WT) mice and
NLRP3”" mice change following ONC. A Western blots showing the
protein levels in contralateral V1. B-actin served as loading control.

the formation of inflammasomes in the same region. We
examined the inflammasome components ASC and cas-
pase-1 and downstream cytokines. In WT mice, the protein
level of ASC was significantly upregulated in the con-
tralateral V1 on day 1 and continued to increase in the
period between 3 and 14 days, indicating the active
assembly of NLRP3 inflammasomes in response to ONC
(Fig. 3A, B). The increase of cleaved caspase-1 (p20) was
evident 1 day after ONC, had progressively increased by
days 3 and 7 (Fig. 3A, C), and was maintained up to day
14. No significant difference in the protein level of IL-1f in
ONC mice and sham controls was found on day 1, then it
significantly increased on day 3 and persisted on days 7 and
14 after ONC (Fig. 3A, D). However, in NLRP3 ™'~ mice
with ONC, the protein level of ASC was significantly lower
than that in the WT group on days 1 and 7. No difference
was found on day 3 due to the significantly increased
protein level of ASC in the V1 of NLRP3™~ brains
(Fig. 3A, B). The protein level of p20 in V1 of NLRP3 '~
brains was significantly lower than that of WT 1 day after
ONC; however, there was no significant difference
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B-E Quantification of the changes in protein levels of ASC, caspase-1
(p20), IL-1B, and cleaved GSDMD. Data are presented as the mean +
SEM. *P < 0.05, **P < 0.01, ***P < 0.001, n = 4.

between the two genotypes over the rest of the experi-
mental period (Fig. 3A, C). Although no significant
difference occurred 1 day after ONC, the protein level of
IL-1B in NLRP3™/~ V1 was significantly lower than in WT
littermates on days 3, 7, and 14 (Fig. 3A, D). We also
found changes in the protein level of GSDMD, the
dominant factor mediating pyroptosis, which is processed
by cleaved caspase-1. In the V1 of WT brains, the
expression of GSDMD was significantly upregulated on
days 3, 7, and 14. As expected, the protein levels of
GSDMD in V1 of NLRP3 '~ brains were significantly
lower than those of the WT group at each time point. Of
note, a significant increase occurred in NLRP3 ™'~ V1 14
days after ONC (Fig. 3A, E). These results suggest that the
ONC-induced NLRP3 inflammasome activation partially
contributes to the increases of caspase-1, IL-1B, and
GSDMD in the contralateral V1. In addition, GSDMD-
mediated pyroptosis may occur in the contralateral V1 after
ONC.
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Fig. 4 Apoptotic neurons in the contralateral V1 of WT and
NLRP3 ™/~ brains after ONC. A Double staining for TUNEL (red)
and NeuN (green) in the contralateral V1. Nuclear counterstaining by
DAPI in merged images is pseudocolored in dark blue. Arrowheads

Ablation of NLRP3 Alleviates Apoptosis of Neurons
in V1 Following ONC

Programmed cell death is known to play a major role in the
spread of neurodegeneration [33]. As neuronal apoptosis in
V1 has been reported after ON axotomy [3], we next
determined the effect of NLRP3 deletion on neuronal
apoptosis using TUNEL staining. The numbers of
TUNEL+NeuN+ double-positive cells showed little dif-
ference in the contralateral V1 of both WT and NLRP3 ™~
brains 1 day after ONC compared to sham controls. In WT
V1, the number of double-positive cells was significantly
higher on day 3 than in NLRP3 ™/~ mice and sham controls,
and was further increased in the 7- to 14- day period.
However, the differences in the number of double-positive
cells between WT and NLRP3 ™'~ were not significant on
day 14 due to the substantial increase of TUNEL+NeuN+

indicate NeuN+TUNEL+ cells. Scale bars, 200 pm. B Quantification
of TUNEL+NeuN+ cells. Data are presented as the mean + SEM.
***P < 0.001, n = 6.

cells in NLRP3~/~ V1 (Fig. 4A, B). In other words, the
results suggest that knocking out the NLRP3 gene delays
ONC-induced neuronal apoptosis within 7 days.

Ablation of NLRP3 Delays Neuronal Degeneration
in Contralateral V1 after ONC

Given that the ONC-induced trans-neuronal injury resulted
not only in apoptosis but also in degeneration, to further
determine the protective effect of NLRP3 depletion on the
secondary degeneration in V1, we used FJC, an anionic
fluorochrome, to selectively identify degenerating neurons
[34]. The numbers of FIC-positive cells in the contralateral
V1 of both WT and NLRP3™'~ brains were not signifi-
cantly higher than that in sham controls on day 1 (Fig. SA).
The number of FJC-positive cells in WT mice was
significantly higher on day 3 than in sham-treated
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Fig. 5 FJC staining of contralateral V1 in WT and NLRP3”" mice
after ONC. A Confocal images showing the differences in FIC
staining between WT and NLRP3™ mice. Scale bar, 200 pm.

littermates and continued to increase through 7 and 14
days. As expected, the numbers of FIC-positive cells were
significantly lower in V1 of NLRP3™~ brains than in WT
littermates for the remainder of the observation period
(Fig. 5A, C). A schematic overview of the regions of
interest used for quantification in contralateral V1 is shown
in Fig. 5B. The results suggest that a portion of neurons in
the contralateral V1 undergo degeneration due to ONC, and
ablation of NLRP3 delays the degeneration for at least 14
days.

Visual Function is Improved in NLRP3-Knockout
Mice Following ONC

The results of TUNEL and FJC staining demonstrated that
knocking out the NLRP3 gene plays a protective role in the
apoptosis and degeneration of V1 neurons after crush
injury. Next, we asked whether visual cortical function was
also improved by ablation of NLRP3. F-VEPs were
recorded to determine the differences in the visual
electrophysiological function between WT and NLRP3 ™/~
mice after ONC. The VEP P2 amplitudes were significantly
lower in both WT and NLRP3™'~ mice after ONC than in
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B Region of interest used for quantification. Scale bar, 500 pm.
C Quantification of FIC-positive cells. Data are presented as the mean
+ SEM. **P < 0.01, ***P < 0.001, n = 6.

sham controls. Notably, the VEP P2 waveform and
amplitude from the contralateral hemisphere were signif-
icantly improved in the NLRP3 ™'~ mice compared to the
WT mice on 7 and 14 days (Fig. 6A, B), while the
differences were barely detectable in the ipsilateral hemi-
sphere in these mice (Fig. 6C), indicating that the visual
cortical activity in contralateral hemisphere suffered more
severely from ONC due to the decussation of axonal
projection, and the mitigation effect of NLRP3 gene
knockout within 14 days after ONC.

AIM2 Expression is Altered in Contralateral V1
in a Time-Dependent Manner Following ONC

Considering that the NLRP3 gene was globally knocked
out in the animals used in this study, and the expression of
ASC, caspase-1 (p20), and IL-1p was not substantially
suppressed in VI of the NLRP3™~ brain after ONC
(Fig. 3C, D), we speculated that there is a compensatory
effect of other inflammasomes that might be responsible
for cytokine maturation. Therefore, we next determined
whether other inflammasome analogues were activated in
the contralateral V1 after crush injury, especially in the
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Fig. 6 Ablation of NLRP3 mitigates the ONC-induced decrease in
the VEP P2 amplitude. A Representative waveforms in the contralat-
eral hemisphere (with respect to ONC) of WT and NLRP3”" mice. B,

absence of NLRP3. The mRNA levels of AIM2, NLRP1,
NLRP6, and NLRC4 were assessed by qRT-PCR. The
results showed that the mRNA expression of AIM2 in the
V1 of NLRP3™/~ brains was significantly upregulated by
~ 5.9-fold (16.14 & 3.19 vs 2.79 £ 0.13) compared with
WT littermates on day 7, and the difference remained
significant through day 14. The mRNA level of NLRP1
was also significantly increased in NLRP3 ™'~ V1 on days 7
and 14, as was that of NLRC4 on day 7, all compared to
WT littermates. However, the changes in NLRP6 expres-
sion were hardly detectable over the observational period
in both WT and NLRP3 ™'~ mice (Fig. 7A).

Since the mRNA level of AIM2 increased dramatically
in V1 of the NLRP3 ™'~ brain after ONC, we speculated
that AIM2 was a candidate for further study. We next
determined whether the protein level of AIM2 was also
prominent in the V1 of the NLRP3 ™~ brain. Western blots
revealed that the protein level of AIM2 was significantly
upregulated 3 days after crush injury in both WT and
NLRP3 ™'~ mice, while the level was significantly higher in
the V1 of NLRP3 ™/~ brains than in WT littermates on day
14 (Fig. 7B, C). These findings suggest that AIM2 is
activated in V1 after ONC and that its significant upreg-
ulation in NLRP3 ™/~ V1 may account for the compensatory
effect on inflammatory cytokine maturation.

C Quantification of the VEP P2 amplitude in the contralateral (B) and
ipsilateral hemispheres (C). Data are presented as the mean £ SEM.
*P < 0.05, n = 6 for sham groups and n = 8 for ONC groups.

Discussion

The spread of neuronal degeneration, such as delayed
secondary damage, occurs in distal brain regions that are
anatomically connected to the proximal site of the initial
infarction by axonal projections [35]. In the field of neuro-
ophthalmology, prior to vision loss at the end stage,
dysfunctionality of the distal regions in the visual pathway
has been reported in the early or progressive stage of
glaucoma and ocular trauma [36-38]. For instance, ocular
hypertension undermines synaptic connections and induces
progressive thinning of the visual cortex [39, 40]. So more
comprehensive neurological examinations and visual func-
tional analyses of the visual cortex have been recom-
mended [41-44], and treatment should not be limited to
rescue of the optic nerve and the alleviation of ocular
hypertension but should also include protection of the
distal related brain regions in the early stage. Therefore, it
is urgent to seek effective therapies to meet this clinical
need.

In the current study, ONC triggered upregulation of
NLRP3 in contralateral V1, together with activated NLRP3
inflammasome components, indicating the immediate
response of this canonic inflammasome in visual cortex
spatially separated from the site of the initial lesion.
Meanwhile, co-localization of NLRP3 and NeuN suggests
that NLRP3 can be activated in visual cortical neurons
upon ONC. Depletion of NLRP3 attenuated the apoptosis
and degeneration of V1 neurons susceptible to ONC within

@ Springer



286

Neurosci. Bull. March, 2020, 36(3):277-288

Fig. 7 The expression levels of AIM2, NLRP1, NLRC4, and NLRP6
are altered in contralateral V1 after ONC. A qRT-PCR results of the
mRNA levels of AIM2, NLRPI, NLRC4, and NLRP6 in the
contralateral V1 of WT and NLRP3”" mice. B Western blots showing

7 days. The index of visual electrophysiology was also
improved in NLRP3 gene-knockout mice. To our knowl-
edge, this is the first evidence of NLRP3 activation in the
visual cortex and its implications in anterograde
neurodegeneration.

The receptor molecules that sense exogenous threats or
endogenous stress, such as pathogen-associated molecular
patterns and DAMPs, recruit scaffold partners (ASCs) and
lead to the assembly of inflammasomes. The inflamma-
some family has > 20 members [45, 46], among which the
NLRP3 inflammasome is the best characterized because of
its activation by diverse stimuli and its extensive partic-
ipation in a variety of immunoresponsive processes,
especially sterile inflammation [47]. Involvement of the
NLRP3 inflammasome in the secondary insults of trau-
matic brain injury [48], intracerebral hemorrhage [49], and
cerebral ischemia [50] has been well documented, sug-
gesting that NLRP3 can be activated trans-neuronally due
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the expression of AIM2 in the contralateral V1 of WT and NLRP3”"
mice. C Quantification of the protein levels of AIM2. Data are
presented as the mean & SEM. *P < 0.05, n = 5.

to its high sensitivity. On the other hand, cortical neurons
are ‘blinded’ by the interruption of input after ON injury.
Taken together, we speculated that the direct and imme-
diate response possibly occurs in the visual cortical
neurons.

Along with NLRP3 activation, neurons in the primary
visual cortex were compromised in our findings. There is a
possibility that some form of ‘damage initiators’ are
delivered trans-synaptically via the visual pathway.
Whether NLRP3 itself is a form of ‘transmitter’ or is
activated by other stimuli, such as high-mobility group box
1 (HMGB1) [51], reactive oxygen species (ROS) [52], and
DAMPs [53], remains unclear. In addition, the current
study did not exclude the activation of NLRP3 in microglia
and astrocytes, which may also contribute to anterograde
degeneration. Future work is needed on the NLRP3
triggering mechanism and the combined effect of NLRP3
activation in neurons and glia in this type of trans-neuronal
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injury. Moreover, in primate species, ~ 40% of retinal
ganglion cell axons decussate to the contralateral side at
the chiasma and terminate in layers I, IV, and VI of the
lateral geniculate nucleus before projecting to the visual
cortex [32]. This poses a more complicated scenario in
terms of anterograde degeneration that we cannot thor-
oughly investigate in rodent models.

Interestingly, the activated NLRP3 inflammasome was
not fully responsible for the maturation of caspase-1 (p20)
and IL-1f after ONC because paradoxically increased
expression of ASC and p20 occurred in NLRP3 ™' “mice at
specific time points. Therefore, we hypothesize that a
compensatory mechanism of other inflammatory mediators
exists. Like NLRP3, AIM2, NLRP1, NLRP6, and NLRC4
are also mediators of the inflammatory response through
inflammasome formation. Previous studies have elucidated
their effects in CNS disorders, especially in CNS injury
[54-57]. Strikingly, AIM2, a member of the hemopoietic
IFN-inducible nuclear 200 family [58], which is activated
by viral, bacterial, and host ectopic dsDNA, was signifi-
cantly upregulated in the contralateral V1 of the NLRP3 ™/~
brain after ONC. Our studies are now focusing on the
interaction and synergistic effect of NLRP3 and AIM2 in
secondary neuronal degeneration.

In conclusion, our findings demonstrate that the activa-
tion of NLRP3 is responsible for the anterograde degen-
eration of visual cortical neurons after ONC. Inhibition of
NLRP3, especially in the early stage, might be a potential
method of neuroprotection.
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Abstract o-Synuclein is a soluble monomer abundant in
the central nervous system. Aggregates of o-synuclein,
consisting of higher-level oligomers and insoluble fibrils,
have been observed in many chronic neurological diseases
and are implicated in neurotoxicity and neurodegeneration.
a-Synuclein has recently been shown to aggregate follow-
ing acute ischemic stroke, exacerbating neuronal damage.
Propofol is an intravenous anesthetic that is commonly
used during intravascular embolectomy following acute
ischemic stroke. While propofol has demonstrated neuro-
protective properties following brain injury, the mechanism
of protection in the setting of ischemic stroke is unclear. In
this study, propofol administration significantly reduced
the neurotoxic aggregation of a-synuclein, decreased the
infarct area, and attenuated the neurological deficits after
ischemic stroke in a mouse model. We then demonstrated
that the propofol-induced reduction of a-synuclein aggre-
gation was associated with increased mammalian target of
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rapamycin/ribosomal protein S6 kinase beta-1 signaling
pathway activity and reduction of the excessive autophagy
occurring after acute ischemic stroke.
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Introduction

a-Synuclein is a 14-kDa protein encoded by the Snca gene,
which is highly conserved among vertebrates. Making up
as much as 1% of all proteins in the cytosol of neurons, a-
synuclein is found mainly in the presynaptic terminals
[1-3]. a-Synuclein can transit between several different
conformations, including soluble monomers (14 kDa),
oligomers and higher-level oligomers (26—-180 kDa), and
insoluble fibrils (> 180 kDa) [4, 5]. In vivo, o-synuclein
likely exists in monomeric form and as a helically-folded
tetramer which may confer resistance to pathologic aggre-
gation [6].

The association between chronic diseases of the central
nervous system, including Parkinson’s disease and Alzhei-
mer’s disease, and the presence of o-synuclein aggregates
is well known [5, 9]. However, the role of a-synuclein in
acute injury of the brain has been little studied. o-
Synuclein aggregates, consisting of higher-level oligomers
and insoluble fibrils, are thought to have neurotoxic
properties and are implicated in severe neuronal loss and
the eventual development of neurological deficits [7, 8]. o-
Synuclein interacts specifically with proteins involved in
the regulation of oxidative phosphorylation and mitochon-
drial function, and its oligomers increase the level of
oxidative stress in neurons [10, 11]. The overexpression of
Snca and increased production of o-synuclein have been
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shown to exacerbate autophagy following ischemic stroke
[12, 13]. While both oxidative phosphorylation and
autophagy are vital physiological processes, they prove
detrimental at high levels following acute ischemic brain
injury [14, 15].

Propofol (2,6-disopropylphenol) is the most commonly
used intravenous general anesthetic in emergency proce-
dures. Studies have suggested that propofol administration
reduces the infarct size and improves the outcome of acute
ischemic stroke [16, 17]. However, the neuroprotective
mechanism of propofol in this setting remains obscure. In
this study, we hypothesized that propofol decreases o-
synuclein aggregation and decreases ischemic stroke-
induced excessive autophagy via the mammalian target
of rapamycin (mTOR)/ribosomal protein S6 kinase beta-1
(S6K1) signaling pathway. We tested this hypothesis in a
mouse model of acute ischemic stroke and evaluated o-
synuclein aggregation, infarct area, neurological deficits,
gene expression profiles, and autophagy following treat-
ment with propofol.

Materials and Methods
Animals and Treatment

All experimental procedures were approved by the Insti-
tutional Animal Care and Use Committee of Capital
Medical University (AEEI-2018-120). Specific pathogen-
free C57BL/6 J mice (25 g-30 g) were raised with free
access to water and standard food. Ischemic stroke in the
right focal somatosensory cortex was created using a
previously published protocol [18-20].

In brief, the procedure was performed under 1.5%
isoflurane (#R510-22, RWD Life Science, San Diego, CA)
for maintenance of anesthesia. The selected branch of the
right middle cerebral artery was permanently ligated with
10-0 suture (#w2790, Ethicon, Somerville, NJ), with
temporary clamping of the bilateral common carotid
arteries for 7 min. Mice were given propofol (16 mg/kg,
#260929, Fresenius Kabi, Bad Homburg, Germany) by
intraperitoneal injection (IP) or the same volume of 0.9%
normal saline (1.6 mL/kg, IP) at the time of reperfusion.
They received additional maintenance IP propofol
(10-12 mg/kg every half-hour) or the same volume of
0.9% normal saline for two hours, in consideration of the
rapid induction of anesthesia for emergency surgery for
acute ischemic stroke. Only skin dissection was performed
in the sham procedure group. The sham group was also
given 0.9% normal saline IP during and after the proce-
dure. The skin incision was closed using Vetbond tissue
adhesive (#1469SB, 3 M Company, MN). Mice were
returned to their cages after recovery from anesthesia.

@ Springer

Body temperature was monitored and maintained with a
heating pad during anesthesia and surgery. All procedures
were conducted between 09:30 and 11:30.

Western Blot Analysis

Infarcted cortex was harvested 24 h after stroke. Thermo
M-PER mammal Protein Extract Reagent (#78501, Wal-
tham, MA) with complete protease inhibitor cocktail
tablets (#11697498001, Roche, Basel, Switzerland) and
PhosSTOP™  phosphatase inhibitor cocktail tablets
(#04906845001, Roche) were used for sample homoge-
nization. The homogenate was then separated using SDS-
PAGE and transferred onto nitrocellulose membranes
(0.2 um). The blots were blocked in Tris-buffered saline
containing 0.5% Tween-20 (#P9416, Sigma, St. Louis,
MO) and Difco skim milk (10% m/v, #232100, BD, San
Jose, Canada) for 1 h after transfer. The blocked membrane
was incubated with primary antibody overnight at 4°C,
followed by secondary antibody for 1 h at room temper-
ature. HRP immunoblots were developed using Immobilon
Western Chemiluminescent HRP Substrate
(#WBKLSO0500, Millipore, MA, USA). Blots were exposed
to Molecular Imager (ChemiDo XRS + , Bio-Rad, Her-
cules, CA) and analyzed with Image] software (Version
1.52).

The antibodies used for western blot were anti-LC3B
(1:2000 dilution, #L.7543, Sigma), anti-o-synuclein (1:1500
dilution, #2642, Cell Signaling Technology, Beverly, MA),
anti-S6K1 phospho T389 (1:500 dilution, #ab2571, Abcam,
Cambridge, UK), anti-S6K1 (1:10000 dilution, #ab32529,
Abcam), anti-B-actin (1:5000 dilution, #A5316, Sigma),
goat anti-rabbit IgG (1:150000 dilution, #A0545, Sigma),
and goat anti-mouse IgG (1:150000 dilution, #A9044,
Sigma). A pre-stained protein ladder (#26616, Thermo
Scientific, Waltham, MA) was used as the molecular
weight marker.

Immunofluorescence

Frozen brain tissue was cut into 10 um-thick coronal
sections on a cryostat vibratome (Leica CM 1860, Wetzlar,
Germany) 24 h after stroke. The sections were fixed in 4%
paraformaldehyde for 20 min and permeabilized with 0.3%
Triton-X 100 (Sigma) for 15 min. The sections were then
blocked with 10% fetal bovine serum for 60 min at room
temperature and incubated with primary antibody (anti-
LC3B, 1:500 dilution, #L.7543, Sigma; Anti-NeuN, 1:1000
dilution, #ab104224, Abcam) and secondary antibody (#A-
21206 and #A 10036, Invitrogen, Carlsbad, CA) overnight
at 4 °C. DAPI Fluoromount-G (#36308ES11, Yeasen,
Shanghai, China) was used as the mounting medium.
Imaging was performed using the Olympus microscope
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system and analyzed via the Image]J (Version 1.52)
automatic puncta analysis procedure.

Transcriptome Sequencing

RNA from the infarcted cortex was sequenced at 24 h after
ischemic stroke. The RNA Library Prep Kit for Illumina
(#E7530L, NEB, MA, USA) and index codes were used to
attribute sequences in each sample. RNA Library concen-
trations were measured using the RNA Assay Kit in Qubit
3.0 (#Q10211, Thermo Scientific, Waltham, MA) for
preliminary quantification. The Bio analyzer 2100 System
(Agilent Technologies, CA) was used to assess the insert
size. Qualified inserts were further quantified using the
Step One Plus Real-Time PCR System (#4376600, Thermo
Scientific). The index-coded sample library was clustered
using the cBot cluster generation system (HiSeq PE Cluster
Kit v4-Cbot-HS, Illumina, CA) and sequenced on the
[llumina platform.

2,3,5-Triphenyl Tetrazolium Chloride (TTC)
Staining

Mice were sacrificed 72 h after stroke. The brain was cut
coronally into 1-mm slices. After staining with 2% TTC
(#T8877, Sigma) for 15 min at 37°C in darkness, the slices
were fixed in 4% paraformaldehyde at 4°C for 12 h. The
whole area and infarct area of each section were measured
with ImageJ (Version 1.52). The results are expressed as
the ratio of infarct volume to whole brain volume x 100%.

Behavioral Testing

Experimenters were blinded to study group during all
behavioral tests. In the sticky-label test, a square
2x2 mmz) of medical adhesive tape (3 M Company)
was placed on the mouse forepaw. The mice were then
allowed to move freely. The latency and time to remove the
tape were recorded. The latency was defined as the time
between tape placement and the animal’s first attempt to
remove it; i.e. shaking its paw or biting the tape. The right
and left forepaws were tested separately in an alternating
manner, with an interval of at least 10 min. Testing with
the right forepaw was considered to be the ipsilateral
sticky-label test, and testing with the left forepaw the
contralateral sticky-label test, relative to the induced lesion.
Mice were trained 3 times a day on each forepaw for
3 days prior to stroke. The same procedure was performed
24 h after stroke.

The whisker tests were performed as previously
described to assess fine neurological deficits [21]. In mice,
sensation in the whiskers projects to the contralateral barrel
cortex of S1 (Fig. 1E), which is specifically covered in the

stroke model used in this study [22]. In the whisker-evoked
forelimb placing test, a mouse was gently held by the torso
and the whiskers on one side were brushed against the
corner of a platform to elicit ipsilateral forelimb placement
on the platform. For the whisker-evoked cross-midline
forelimb placing test, a mouse was held by the torso and
rotated 45° onto its side. Then, the whiskers on the lower
side were brushed perpendicularly against the edge of the
corner platform to elicit contralateral (upper side) forelimb
placement on the platform. The eyes were covered to avoid
visual input during the tests. In both tests, if the mouse
could place the forelimb on the platform after brushing the
whisker, it was recorded as a success. If the mouse
remained motionless or moved and failed to place its
forelimb on the platform, it was recorded as a failure. Trials
in which the animal struggled were not counted. Testing
with brushing of the right whiskers was considered
ipsilateral, and testing with the left whiskers contralateral,
relative to the induced lesion (Fig. 1F). Mice underwent 10
training trials a day on the whiskers on both sides in the
whisker-evoked forelimb placing and cross-midline tests
for 3 days prior to stroke. The same procedures were used
during testing at 24 h after stroke.

Bioinformatics and Statistical Analysis

R (Version 5.2.0, New Zealand) was used for bioinformat-
ics and statistical analysis. Following transcriptome
sequencing, differentially-expressed genes (DEGs)
between the propofol and stroke groups were identified
using DEseq2 (https://github.com/mikelove/DESeq?2).
Term enrichment analysis with Bonferroni correction was
performed using the Kyoto Encyclopedia of Genes and
Genomes (KEGG), the KEGG Orthology-Based Annota-
tion System, and the Gene Ontology (GO) Consortium
databases. STRING (Version 10.5, Cambridgeshire, UK)
was used for protein-protein interaction (PPI) network
analysis. The Database for Annotation, Visualization, and
Integrated Discovery (DAVID Bioinformatics Resources,
Version 6.8) was used for statistical analysis. Benjamini-
Hochberg correction-adjusted P values were used in all
bioinformatics analyses. Two-tailed #-tests were used to
compare TTC-staining data in the stroke and propofol
groups. Bonferroni-adjusted one-way ANOVA was used to
analyze western blot, immunofluorescence and behavioral
tests. The expression levels of p-S6 K were adjusted by the
corresponding total S6 K protein levels, and other protein
levels were adjusted by the corresponding [-actin. The
expression levels in the stroke and propofol groups were
normalized to the sham group. Data are presented as the
average with standard deviation.
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Fig. 1 Propofol reduces the neurological deficit after ischemic
stroke. A Typical TTC staining results. The viable area of each slice
is stained red, while the infarcted area is white. B Relative infarct area
measured 72 h after stroke. C and D Latency and removal time in the
sticky-label test 24 h after stroke. E Schematic of the stroke region

@ Springer

and whisker tests. F Images of the whisker-evoked placing tests.
G Contralateral whisker-evoked forelimb placing test. H Contralateral
cross-midline placing test. I Ipsilateral cross-midline test. *P < 0.05,
**P < 0.01, ***P < 0.001.
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Results

Propofol Reduces the Infarct Size After Ischemic
Stroke

TTC staining showed a relative reduction of 27.10% of the
infarct area in the propofol group compared to the stroke
group (P = 0.016) (Fig. 1A, B).

Propofol Improves the Neurological Outcome After
Ischemic Stroke

In the contralateral sticky-label test, both the latency and
removal time were significantly longer after ischemic
stroke than in the sham group (P < 0.0001) (Fig. 1C, D).
These delays were significantly reduced with propofol
administration. Mice receiving propofol after ischemic
stroke did not have significant differences in performance
on the contralateral sticky-label test compared to the sham
group (P = 0.329). There were no differences between
groups for the ipsilateral sticky-label test. These results
suggested that propofol treatment alleviates the stroke-
induced neurological deficit.

In the contralateral whisker-evoked forelimb placing test
and cross-midline test, the mice receiving propofol after
stroke achieved higher success rates than the stroke group
(P =0.015 and P = 0.025) (Fig. 1G, H). There was no
significant difference in success rate between groups for
the ipsilateral whisker-evoked forelimb placing test. In the
ipsilateral whisker-evoked cross-midline forelimb placing
test, mice in the propofol group achieved a higher success
rate than those in the stroke group (Fig. 11, P = 0.019 sham
vs stroke; P = 1.00 sham vs propofol; P = 0.056 stroke vs
propofol). The mice receiving propofol after ischemic
stroke did not have significant differences in success rate
compared to the sham group in any of the whisker tests.

Propofol Attenuates the Ischemia-Induced a-Synu-
clein Aggregation Early After Ischemic Stroke

Fibrils of a-synuclein, which have high molecular weight
of 180 kDa, were minimally expressed in the sham group,
while significant aggregation of a-synuclein into fibrils was
observed following ischemic stroke (Fig. 2A). In mice
receiving propofol, stroke-induced o-synuclein aggregation
into fibrils was remarkably reduced at 24 h compared to the
stroke group (P < 0.001) (Fig. 2A, B). The relative protein
levels of a-synuclein oligomers, with molecular weights of
26-180 kDa, also decreased after ischemic stroke
(P <0.01) (Fig. 2A, C). Propofol administration had
minimal effect on the total o-synuclein (P = 0.587)
(Fig. 2E). The levels of monomeric a-synuclein and total

o-synuclein did not change significantly after ischemic
stroke or propofol administration (Fig. 2A, D and E).
These results suggest that the treatment with propofol
specifically attenuates the levels of a-synuclein fibrils after
ischemic stroke.

Propofol Alters the Gene Expression Profile in In-
farcted Cortex After Ischemic Stroke

To investigate the mechanism by which propofol alleviates
a-synuclein and improves the prognosis of stroke, we
sequenced RNA from the infarcted cortex 24 h after
ischemic stroke. From a total of 20,606 expressed genes
identified, 141 DEGs were down-regulated and 28 DEGs
were up-regulated in the propofol group compared to the
stroke group (P < 0.05, absolute value of logarithmic fold
change > 1.00) (Fig. 3A).

For the down-regulated DEGs in the propofol group,
term-enrichment analysis identified 4 terms from the
KEGG and 3 terms from the GO database after Bonferroni
correction (Fig. 3B). Gene set CO denotes 9 down-regu-
lated DEGs which notably represent the overlap between
the 4 identified KEGG terms Parkinson disease, Hunting-
ton disease, Alzheimer disease, and oxidative phosphory-
lation (Fig. 3C). Gene set CO also had prominent overlap
with down-regulated DEGs enriched in the GO term
mitochondrial inner membrane (Fig. 3C, D). Figure 3D is a
heatmap of relative expression levels of down-regulated
DEG:s in the propofol group which were enriched in KEGG
terms and the GO term protein heterodimerization activity.
No down-regulated DEGs were significantly enriched in
the biological process type of GO terms after Bonferroni
correction. No up-regulated DEGs were significantly
enriched in any GO or KEGG pathway after Bonferroni
correction.

There was no significant difference in the gene expres-
sion levels of a-synuclein in the propofol and stroke groups
on RNA sequencing. This result corresponded with the
unchanged protein expression level of total a-synuclein in
immunoblot analysis (Fig. 2E), suggesting that propofol
regulates o-synuclein after transcription.

Propofol is Involved in the Crosstalk Between o-
Synuclein, Proteins Encoded by Enriched Down-
Regulated DEGs, and Proteins Involved

in Autophagy

To investigate the relationship between transcriptional
changes in DEGs and a-synuclein protein aggregation, PPI
network analysis was performed using STRING. Proteins
encoded by the down-regulated DEGs enriched in the
KEGG term oxidative phosphorylation and the GO term
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Fig. 2 Propofol reduces stroke-
induced a-synuclein aggrega-
tion at 24 h post-stroke.

A Western blots of a-synuclein
in the sham, stroke, and

stroke + propofol groups. B—
D Relative protein expression
levels of a-synuclein at 180,
26-180, and 14 kDa molecular
weights. E Relative protein
expression levels of total o-
synuclein. **P < 0.01,

%P < 0.001.

protein heterodimerization activity were correlated with o-
synuclein and genes of mTOR-modulated autophagy
(Fig. 3E). These PPI results suggest that propofol treatment
is involved in interactions between o-synuclein and
autophagy-associated proteins after ischemic stroke. Since
both Snca and autophagy-related genes from the PPI
network analysis were not significantly changed in our
RNA sequencing analysis (Fig. 3E, all P values > 0.05), it
is possible that propofol plays roles in the regulation of
autophagy and o-synuclein aggregation after transcription.

@ Springer

Propofol Attenuates the Increased Autophagy After
Ischemic Stroke

To test the hypothesis that propofol decreases the post-
stroke o-synuclein aggregation via the regulation of
autophagy, we focused on typical proteins in the autophagy
pathways. The gene Maplic3a, which was identified as a
node in the PPI analysis (Fig. 3E), encodes both micro-
tubule-associated protein light chain 3 T (LC3 I) and II
(LC3 1) [23], which are involved in autophagy. Western
blot analysis showed that the LC3 II:I ratio increased early
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Fig. 3 Differentially-expressed genes (DEGs) in the stroke and
propofol groups identified using RNA-sequencing. A Volcano plot
showing upregulated (violet) and downregulated (blue) DEGs in the
infarcted areas of mice treated with propofol (yellow, genes without
significant changes in expression). B KEGG and GO term-enrichment
analysis of downregulated DEGs. C Venn plot of terms identified in
enrichment analysis. D Heatmaps of down-regulated DEGs enriched
in KEGG terms and protein heterodimerization activity. E Protein-

after stroke, with a prominent increase at 24 h, followed by
a decrease at 72 h (Fig. 4A). Corrected P-values between
groups are shown in Table S1. The increase in LC3 II:I
ratio was rescued after propofol administration when
compared to the stroke group (P < 0.001) (Fig. 4B).

As the Sgstml gene was identified as a node in the PPI
analysis (Fig. 3E), we measured the degradation of
sequestosome 1 (ubiquitin-binding protein p62) encoded
by this gene, to further investigate if autophagic flux was
affected by propofol [24]. Immunoblot analysis showed
that the p62 levels were reduced after ischemic stroke and
preserved in the propofol group (P = 0.002) (Fig. 4C).

Immunofluorescence was further used to detect the
autophagy of LC3 [24]. In the propofol group, the total area
of punctate LC3 was higher than that in the sham group but
to a lesser extent than that in the stroke group (P < 0.001)
(Fig. 4E). In both stroke and propofol groups, LC3 puncta

protein interaction network analysis of proteins encoded by DEGs
enriched in terms of oxidative phosphorylation and protein
heterodimerization activity, proteins related with o-synuclein, and
proteins that regulate the mTOR-autophagy pathway. KEGG, Kyoto
Encyclopedia of Genes and Genomes; GO, Gene Ontology; CC,
Cellular Component; MF, Molecular Function. All P values based on
RNA sequencing analysis.

displayed a qualitative overlap with NeuN, a neuronal
nuclear antigen used as a biomarker for neurons.

These results suggested that autophagy is increased 24
hours after stroke and this stroke-induced autophagy is
attenuated by propofol.

Propofol Increases the Activity of the mTOR/S6K1
Signaling Pathway to Inhibit Autophagy

To study the regulatory mechanism of propofol in stroke-
induced autophagy, we focused on its upstream mediator,
ribosomal protein S6K1. Encoded by Rps6kbi, S6K1 is one
of the main downstream targets of mTOR and its involve-
ment was predicted in the PPI network analysis. We
measured the activation of the mTOR/S6KI1 signaling
pathway via the phosphorylation of S6K1 by mTOR [25].
The ratio of phosphorylated S6K1 to S6K1 decreased

@ Springer



296

Neurosci. Bull. March, 2020, 36(3):289-298

Fig. 4 Propofol increases the mTOR/S6K1 pathway activity to
alleviate stroke-induced abnormal autophagy. A Western blots of
LC3 in the stroke group from 4 h to 72 h post-stroke. B-D Western
blots (upper panels) and statistics (lower panels) of differential
protein expression levels of LC3, p62, and pS6K/S6K among sham,
stroke, and propofol groups 24 h post-stroke. E Upper panels,

Fig. 5 Proposed mechanism for the neuroprotective action of propo-
fol in ischemic stroke. Propofol decreases a-synuclein aggregation to
reduce the increased level of autophagy after stroke via activation of
the mTOR/S6K1 signaling pathway.

significantly after ischemic stroke, indicating decreased

mTOR/S6K1 pathway activity. This effect was partially
reversed by propofol (P < 0.05) (Fig. 4D). Based on these

@ Springer

photomicrographs of immunofluorescence of LC3 puncta merged
with NeuN and DAPI in the sham, stroke, and propofol groups 24 h
post-stroke. Scale bars, 10 pm. Lower panel, statistics for LC3 puncta
merged with NeuN in randomly-selected sections from each group
(n =39 random cells/group from four mice/group; *P < 0.05,
#*P < 0.01, ##* P < 0.001).

results, we suggest that propofol decreases autophagy after
ischemic stroke via increased activation of the mTOR/
S6K1 signaling pathway (Fig. 5).

Discussion

In this study, we demonstrated that treatment with propofol
inhibits a-synuclein aggregation and reduces the neurolog-
ical deficits following acute ischemic stroke. Previous
studies have shown that abnormal aggregation of o-
synuclein has serious neurotoxic effects in the long-term
chronic progression of neurodegeneration [5]. We argue
and emphasize that, even in the short time-frame of acute
ischemic stroke, the neurotoxic effects of o-synuclein
aggregation cannot be underestimated and may be
prevented.

After ischemic stroke, o-synuclein in neurons aggre-
gates into higher-level oligomers and insoluble fibrils,
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which are difficult to degrade once formed [36]. These
aggregates induce mitochondrial damage and disrupt
oxidative phosphorylation [32], leading to greater oxidative
stress [11]. Oxidative stress in turn leads to additional
accumulation of additional ao-synuclein aggregates [33].
Furthermore, both o-synuclein and oxidative stress aug-
ment autophagy, including negative regulation of the
mTOR/S6K1 pathway by o-synuclein overexpression
[26, 27, 34, 35]. We suggest that propofol can break this
vicious cycle by preventing the initial aggregation of o-
synuclein and reducing the initial peak of autophagy in the
early stage of ischemic stroke.

In our mouse model, ischemic stroke resulted in
measurable sensory and motor neurological deficits at
24 h. Our results concur with previous studies showing
significant aggregation of a-synuclein into insoluble fibrils
and higher-level oligomers following stroke. With propofol
treatment after stroke, the levels of a-synuclein fibrils were
significantly reduced. Total infarct size on post-stroke
pathology and neurological deficits were similarly attenu-
ated with propofol administration. Furthermore, transcrip-
tome sequencing identified down-regulated DEGs
associated with the major neurodegenerative diseases
Parkinson disease, Huntington disease, and Alzheimer
disease, and oxidative phosphorylation on term-enrichment
analysis. The finding that total o-synuclein levels on
immunoblot analysis and RNA sequencing were both
unchanged after propofol treatment supports the hypothesis
that propofol regulates o-synuclein aggregation after
transcription.

We further investigated the neuroprotective mechanism
of propofol in the setting of acute ischemic stroke, focusing
on the increased level of autophagy after stroke as
previously reported. PPI network analysis showed that
the proteins encoded by DEGs that were down-regulated
after propofol treatment were related to both o-synuclein
and proteins of mTOR-modulated autophagy. Markers of
autophagy and autophagic flux were reduced by propofol
treatment, and this was accompanied by an increase in
mTOR/S6K1 pathway activity.

This study has several limitations. First, although we
showed that propofol decreases both a-synuclein aggrega-
tion and stroke-induced autophagy, and identified interac-
tions between o-synuclein and the mTOR/S6K1 signaling
pathway using sequencing analysis, further experiments are
needed to verify the relationship between o-synuclein and
the mTOR/S6K1 signaling pathway in our stroke model.
Besides, additional investigation is needed on the relation-
ship between a-synuclein aggregation and neurological
damage after acute ischemic stroke, since o-synuclein
interacts with numerous proteins involved in the regulation
of mitochondrial function, oxidative stress, autophagy,

vesicular trafficking, signal transduction, and synaptic
transmission [11, 27].

Besides, in addition to reducing o-synuclein aggrega-
tion, propofol may improve stroke outcomes through other
mechanisms. Recent studies have shown that propofol has
an important capacity of trapping liposome-bound proteins
at the presynaptic terminal [28]. Moreover, a-synuclein is
not only primarily expressed at the presynaptic terminal,
but also promotes liposome-bound protein complex assem-
bly [3]. a-Synuclein also binds to membrane lipids to
induce membrane curvature, a key process in the initial-
ization of autophagy [3, 29-31]. Nevertheless, in addition
to the mTOR/S6K1 signaling pathway, other pathways
involved in autophagic flux might be affected by o-
synuclein [27]. Further investigations are needed for these
possibilities.

Previous studies have reported increased o-synuclein
fibrils and oligomers after stroke [12], while we found
increased o-synuclein fibrils and decreased o-synuclein
oligomers after ischemic stroke. This phenomenon might
be attributed to the rapid pathological changes caused by
acute ischemic stroke, which resulted in the aggregation of
a-synuclein oligomers into fibrils at the time point we
examined (24 h after ischemic stroke), and might be due to
the different ischemic model used in our study. Neverthe-
less, a-synuclein fibrils are already known to be detrimen-
tal [7, 8]. However, it is yet in dispute whether a-synuclein
oligomers (26-180 kDa) are neurotoxic, which might
differ between soluble and insoluble oligomers, and
between oligomers and higher-level oligomers of a-synu-
clein [7, 8]. These issues need further studies.

In conclusion, propofol treatment after ischemic stroke
decreases a-synuclein aggregation and reduces stroke-
induced autophagy associated with activation of the
mTOR/S6K1 pathway. By exerting this neuroprotective
effect, propofol treatment may improve the prognosis
following acute ischemic stroke.
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Dear Editor,

Since the middle of December 2019, human-to-human
transmission of novel coronavirus pneumonia (NCP, also
called COVID-19) has occurred among close contacts [1].
After the outbreak on January 21, 2020, it was swiftly
included among the Class B infectious diseases stipulated
in the Law of the People’s Republic of China on the
Prevention and Control of Infectious Diseases, and mea-
sures for prevention and control of Class A infectious
diseases were adopted. At 21:27 on February 12, 2020, the
China News Network updated information to include
epidemic data from the National Health Commission and
official channels in Hong Kong, Macao, and Taiwan
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regions: the highest death rate was in Wuhan City
(Table 1). Overload of inpatients at hospitals may play a
negative role in the overall therapeutic effect and con-
tribute to the death rate.

At the same time, with the related law promulgated,
Wuhan Mental Health Center (WMHC) announced the
closed management of inpatients (visit prohibited), and this
was followed by other psychiatric hospitals nationwide.
Unfortunately, on February 8, China News Weekly exclu-
sively reported that nosocomial infection had occurred in
WMHC. Up to February 8, ~ 50 patients and 30 medical
staff in WMHC were diagnosed with NCP, so WMHC
became the first psychiatric hospital in China with clus-
tered nosocomial infections. The official spokesman of
WMHC revealed to the media that delay of information on
infections increased the chance of infection in the early
stage, such as unawareness of the infection and the mode of
transmission, as well as the possibility of an asymptomatic
incubation period, similar to the situation of other general
hospitals in Wuhan.

Related Risk Factors

Three elements are responsible for the infection of
hospitalized psychotic patients: source of infection (pa-
tients with NCP), transmission route (human-to-human
droplet transmission), and susceptibility (patients without
insight). A similar outbreak occurred in 2003 that has
parallels with the emergence of NCP: the severe acute
respiratory syndrome (SARS), which killed 349 of 5327
probable cases (6.6%) reported in mainland China [2].
Compared to the mean incubation period of 6.4 days of
SARS [3], the 5.2 days of the 2019 new Coronavirus
(SARS-CoV-2) means it is more infectious [1]. Although
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Table 1 Outbreak status of novel coronavirus pneumonia from the
National Health Commission (21:27 on Feb 12, 2020)

Diagnosed Cured Dead
Global 45204 5084 1117 (2.471%)
Asia 45124 5075 1117 (2.475%)
China 44763 5034 1116 (2.493%)
Hubei 33366 2668 1068 (3.200%)
Wuhan 19558 1379 820 (4.192%)

the death rate from NCP (2.5%) is lower than that of
SARS, unfortunately, the number of deaths doubles that of
SARS although the outbreak started less than two months
ago. Thus, the Chinese government has realized the
severity of the NCP outbreak.

Staff working in psychiatric hospitals were not notified
of factors that may increase the risk and outbreak, but these
may include the following:

1. The wards are often closed and crowded;

As is common in psychiatric hospitals, the wards of
WMHC were not designed to the standards for
isolation against infectious respiratory disease, nor
are they equipped with negative pressure devices;

3. Now is the season of high incidence of respiratory
diseases, which led to the initial underestimating of
NCP as a common disease;

4. The source of infection cannot be found in a timely
manner because the patients are neither sensitive to nor
concerned about the news after long-term social
isolation;

5. It is difficult for psychiatric patients to accept and
cooperate with self-isolation measures for cutting off
the NCP infection route in time;

6. Medical staff in the psychiatric specialty lack knowl-
edge in coping with infectious diseases;

7. A practical clinical path has not yet been promulgated
for preventing infectious diseases in such isolated
groups;

8. Patients with psychoses have slowed perception of
changes to the external environment, and lack a sense
of self-protection;

9. More emphasis is placed on the “stability” of the
patient’s condition and not causing trouble, resulting in
insufficient subjectivity of medical staff in psychiatric
hospitals.

Clearly, even supported by the nearby Pulmonary
Medicine Department, emergency facilities are far from
sufficient. We know that the healthcare workload for NCP
is extremely great, particularly under the condition of
human-to-human transmission.

@ Springer

Lessons to Learn

Not only in China, any mistake in prevention and control
can critically strike local health systems worldwide. It has
been noted in the Diagnosis and Treatment of Pneumonia
Caused by New Coronavirus Infection (Trial Version 5)
that the incubation period is generally 3-7 days, and the
longest is 24 days [4]. Fourteen days of observation have
been announced by the authorities.

We need to consider the absence of objective measures,
subjective deficiencies, and points that need to be changed.
In case of aggravation or recurrence in a psychotic patient,
the physician should take precautions before receiving a
patient for hospitalization. Psychiatrists ought to aware that
psychiatric patients are a susceptible group, so they should
be carefully treated and fully prepared for admission and
hospitalization. Clearly, it is more difficult for these
patients to go through the proper procedures than healthy
persons. Especially for pre-hospital assessment and virus
isolation, every necessary step must be followed and
cannot be simplified at the current unusual time.

During the hospital stay, the closure measures should be
strictly enforced, because some family members have still
been able to deliver materials to the hospital even when
visits are prohibited. The first case of NCP diagnosed in
WMHC was a patient with Alzheimer’s disease. This
patient might have been infected by outside goods brought
by a family member. This phenomenon still occurs in the
closed psychotic hospitals in China, with the most common
reason being the tradition of reunion at Chinese New Year.
Besides, experts have noted that if infected, the elderly and
those with underlying diseases are more likely to develop
severe pulmonary disease. Long-term hospitalized patients
with mental disorders with comorbidity such as hyperten-
sion, diabetes, and other chronic diseases are more
vulnerable than the general population [5]. Before the
occurrence of this public health issue, such risks had not
been fully discussed.

Meanwhile, with the rapid development of information
technology, far beyond that of the SARS period, such
psychological influences spread more widely via the
mainstream media and “We Media”. The long-term
psychological implications of infectious diseases should
not be ignored. These are likely to cause a secondary
disaster due to stress and psychological distress even after
the NCP is over [6]. These severe psychological stress
factors could facilitate the onset of existing mental illness,
for example, causing a serious delusion generalized by the
epidemic situation. As a result, psychiatric hospitals will be
burdened with extra pressure.

The key conclusions from this section are: observation,
threshold, isolation, and prevention.
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Possible Coping Strategies

Once the novel coronavirus is imported into a public place,
its speed of transmission is beyond control. To reduce the
risk of infection at an early stage, all possible methods
should be undertaken, such as to restrict hospitalization,
expedite discharge, prohibit visits, provide physical sup-
plies, and provide psychological assistance.

A 14-day clinical observation period is indispensable
before formal hospitalization procedures. It has been
suggested that an observation room outside the routine
ward should be set up for isolation and observation, so as to
ensure the safety of patients with mental disorders during
isolation. In particular, patients who cannot control their
behavior should be more carefully assessed and stricter
protective constraints than usual should be implemented.
The intensive use of ward beds will increase the inconve-
nience of emergency deployment, the potential rate of
cross infections, and the error rates due to fatigue of
medical staff under high pressure. Therefore, remitted
patients should be transferred to an outpatient clinic as
soon as possible. Home quarantine has proved to be an
effective way in these days [7], especially in less-affected
provinces in China.

The usual psychiatric ward is densely staffed and lacks
sufficient space for activities and ventilation, which is
conducive to the transmission of the novel coronavirus.
Once exogenous infection occurs, transmission can be
rapid and extremely hard to control. Therefore, the
complete isolation of mental health centers has been
recommended during the NCP epidemic. Specific measures
to be considered are as follows:

1. Fourteen days under observation in hospital is the key
to reducing hospital infection;

2. A pre-admission observation ward needs to be
arranged immediately;

3. A detailed understanding of the patient’s recent travel
history in Hubei province, as well as the close contact
history with suspected or confirmed patients;

4. Based on the risk level of a latent infectious patient,
the physician should make a firm decision on whether
the patient should be transferred to the designated
hospital for treatment set by the local government;

5. Medical, nursing, logistics support, and canteen staff
should limit their approaches to the hospital and have
their temperature taken before entering and leaving the
ward;

6. Temporarily prohibit on-site visits, and replace them
with video chat. In principle, only food and clothing
from government-approved institutions are acceptable;

7. More psychological services should be provided by
community workers and family doctors to help the

hospital to communicate about the restriction of
visitors, so as to obtain consent on the necessity of
these temporary arrangements;

8. Ensure that family members know that the patients
receive sufficient daily necessities from the hospital, so
as to eliminate the worries and doubts of family
members;

9. The skills of medical staff in the psychiatric specialty
needs to be improved in identifying and treating
physical diseases.

Panic is inevitable among patients and medical staff and
timely mental health care for dealing with the novel
coronavirus outbreak is urgently needed [8]. At present, it
has been reported that many local hospital workers in
Wuhan, especially nurses, have been confronting occupa-
tional exhaustion. Inevitably, the overloaded working
conditions lead to mental health problems such as serious
psychosomatic disorders and a decline in decision making
and execution [9]. Psychological services and crisis
interventions are needed at an early stage to reduce
anxiety, depression, and post-traumatic stress disorder
(PTSD) in almost all groups during such a stressful period.
However, we should note that the premise of providing
such services is to follow the advice in this paper, to isolate
infected patients and cut off the transmission route to
protect vulnerable people. Once a psychological consulta-
tion room is set up in a general hospital, the manager
should pay attention to the redesign of the layout,
formulate strict measures to prevent infection, and increase
the protective equipment at work to ensure that consulta-
tions are conducted in a safe environment. Online psy-
chotherapy is recommended. Where there is no sufficient
preventative facility for the epidemic, psychiatrists and
counselors are currently suggested to do more work over
the phone, and via internet applications such as WeChat.

The guiding principles divide the population affected by
NCP into 6 categories and 4 levels and require the first-
level population to be the focus of psychological crisis
intervention. Then the intervention shall be gradually
expanded to the second, third, and fourth levels, and
finally, involve all populations. Common psychological
and behavioral issues that have emerged from the outbreak,
as well as psychological crisis interventions and principles
have been explained in detail [10]. In order to alleviate the
current acute stress responses of individuals and patients
and reduce the incidence of psychological distress or
PTSD, we should take appropriate measures for the support
of public mental health. Probable practices are as follows:

1. Disseminating knowledge on mental health to the
public;

2. Setting up psychological
nationwide;

counseling  hotlines
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3. Launching individualized psychological support by
psychiatrists and psychologists;

4. Encouraging public and private physicians to provide
psychological assistance;

5. Encouraging voluntary support by infected survivors;

6. Developing mental health insurance for special
periods.

Last but not least, we should identify high-risk individ-
uals in a timely manner, and avoid the occurrence of
extreme events such as suicide, impulsive behavior, and
group psychological crisis [10]. We know that, to prevent
and control nosocomial infections, it is essential to take
measures to monitor patients outside the hospital. Probable
practices for psychotic patients are:

1. Lengthening the duration of prescriptions for
stable outpatients;

2. Ensuring remote monitoring for unstable outpatients;

3. Early warning of the risk for patients needing hospi-
talization and rapid precaution planning.

Further Perspectives

Generally, a psychiatric hospital is required to provide
mental health services to millions of local residents while
hospital administrators have many difficulties in cutting off
exogenous infections completely without higher adminis-
trative direction. The management system for psychiatric
hospitals in China is still incomplete for responding well to
public emergencies. We expect that the Government of
China will promulgate targeted and operable laws and
regulations as soon as possible to ensure the organization
and personnel deployment for medical staff after this
epidemic. A precise policy is essential for orderly treat-
ment in psychiatric hospitals nationwide.
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In 1919, Pio del Rio-Hortega first described a class of cells
residing in the brain with a tiny soma and branched
architecture distinguishable from astrocytes and neurons.
These cells, called microglia or mesoglia, have come to be
appreciated as resident immune cells in the central nervous
system (CNS). In the year 2019, we review the three most
recent advances in microglia research in this 100th year
since their discovery (Fig. 1). We first discuss their
transcriptional diversity, which allows us to appreciate
the heterogeneity of microglia across species, develop-
ment, diseases, and brain regions. We also highlight recent
stem cell-based approaches that allow us to study human
microglia. We further review new signaling mechanisms
that expand our understanding of how microglia sense
synaptic changes and alter neural circuits. Ultimately, 100
years of microglial research demonstrates their incredible
adaptation and plasticity, playing roles in neural develop-
ment, brain homeostasis, and neurological disorders far
beyond their anticipated immunological function.
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Transcriptomic Analyses Reveal the Heterogeneity
of Microglia

2019 marks a year with major advances in understanding
microglial heterogeneity (Fig. 1A). Single-cell RNA
sequencing (SC-RNAseq) beautifully characterizes the
transcriptional diversity and conservation of microglia
across millions of years of evolution [1]. Within a species,
SC-RNAseq has helped to define clusters of transcription-
ally distinct microglia. In mice, microglia have unique
transcriptional profiles across development (particularly
between the embryonic and postnatal periods) and across
brain regions [2]. In addition, highly distinct microglial
clusters have emerged in disease contexts, specific to either
neurodegeneration or demyelination [2]. Similarly, human
microglia also demonstrate clusters of transcriptional
diversity between non-pathological gray and white matter,
and between the healthy and tumoral portions of resected
tissue [3]. These findings suggest that microglia can be
stratified based on multiple axes of transcriptional diversity
(Fig. 1A). Microglial heterogeneity can also serve as a
critical lens through which to investigate brain diseases.
Towards this end, studies of Hoxb8, one of the first markers
found to differentiate microglial subtypes, demonstrate the
interesting role of this subpopulation in complex behavior.
The loss of Hoxb8 in microglia particularly exacerbates
pathological behaviors and anxiety in females through an
as-yet unknown mechanism involving circulating sex
hormones [4].

The challenge for the coming decade will be the
selective functional investigation of transcriptionally
unique sub-populations of microglia to evaluate their role
in the intact brain. To do so, we look forward to new tools
that enable researchers to distinctively label microglial
populations based on transcriptomics profiles, in the
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Fig. 1 Key microglial research
advances in the year 2019.

A Single-cell RNAseq studies
show that microglial transcrip-
tional diversity spans species,
development, and brain regions
in addition to noted differences
in pathology. B Human stem
cells can be induced to differ-
entiate into microglia and
implanted into the mouse brain.
In this context, human microglia
display canonical motility char-
acteristics and have lineage (e.g.
Pu.1, a transcription factor) and
signature gene expression (e.g.
the P2Y12 receptor and trans-
membrane protein TMEM119).
C Novel signaling mediates
microglia-neuron communica-
tion. Neuronal somatic ATP
release is sensed by microglial
P2Y12 receptors, forming
somatic junctions between neu-
ronal somata and microglial
processes at sites with clustered
potassium channels (Kv). Neu-
ronal fractalkine (CX3CL1)
signaling to the microglial
receptor CX3CR1 is the basis
for activity-dependent engulf-
ment in the barrel cortex. Tonic
norepinephrine (NE) from
adrenergic neurons arrests
microglial process surveillance
through B2 receptors in awake
mice while also promoting
nanoscale surveillance by smal-
ler filopodia structures.

absence of a singular defining gene. Such an advance
seems particularly necessary to understand the sub-popu-
lations of human microglia, which have the greatest
transcriptional diversity [1].

Stem Cell Approaches to Study Human Microglia

2019 has also seen an explosion in stem cell-based
approaches to study human microglia (Fig. 1B). Technical
advances in the past few decades have culminated in our
ability to derive microglia from blood monocytes [5],
embryonic cell lines [6], hematopoietic stem cells [7], or
human induced pluripotent stem cells [8]. These microglia-
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like human cells can be successfully engrafted into the
developing mouse brain [6-8].

Microglia-like cells implanted into the mouse are replete
with microglial signature genes [6—8], maintain markers of
the myeloid lineage [7, 8], and adopt a ramified morphol-
ogy [6-8] (Fig. 1B). These studies also demonstrate that
human microglia display canonical motility characteristics
and injury responses [7, 8]. At the same time, however,
these human-derived microglia can take on a substantially
different transcriptional profile in response to Alzheimer’s
disease (AD) pathology from neighboring mouse microglia
[6, 7]. Interestingly, microglia from patients with
schizophrenia even maintain their enhanced phagocytic
capacity in vitro relative to microglia-like cells from
healthy controls [5]. Because stem cells retain the genetic
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profile of their source, stem cell techniques now enable
researchers to study species-specific and patient-specific
microglial responses to a uniform pathological context.
Given the key role that microglia-driven inflammation
plays in the amyloid-beta and tau pathology of AD [9],
placing human microglia in a uniform AD model system
could yield key insights into gene—environment interac-
tions. Of interest, future studies would also be able to
isolate and study human microglia from genetically high-
risk and low-risk populations.

Apart from generating microglia from human stem cells,
progress has also been made in generating neurons from
adult microglia. Finding ways to reprogram microglia, with
their relatively strong capacity to regenerate, could be an
early step in combating neuronal loss. Towards this end,
progress has been made in reprogramming adult microglia,
even in vivo, using the transcription factor NeuroD1 [10].
Reprogrammed cells take on a neuronal transcriptional and
epigenetic profile, but future work is needed to determine
whether these cells properly integrate into circuitry.

Novel Signaling Regulates Bidirectional Micro-
glial-Neuron Communication

Key studies in 2019 have expanded our knowledge of
which microglial receptors mediate critical functions such
as synaptic engulfment and microenvironmental surveil-
lance (Fig. 1C). For example, fractalkine ligand (CX3CL1)
signaling to the microglial fractalkine receptor (CX3CR1)
has recently been shown to be a key regulator of synapse
elimination in the barrel cortex [11]. As suggested by
RNAseq and validated by genetic and pharmacological
approaches, neuronal cleavage of the soluble CX3CL1 by
the metalloprotease ADAM10 signals to CX3CRI1 to begin
an active engulfment process.

In addition, new studies have also expanded our
understanding of microglial B2 receptors in network
interactions (Fig. 1C). Two studies have recently revealed
that the B2 adrenergic receptor plays an important role in
regulating microglial process surveillance in awake mice
[12, 13]. These studies showed that tonic norepinephrine
(NE) levels in the awake mouse attenuate the extent to
which microglial processes survey their surroundings. In
tandem, NE promotes tiny filopodia at the ends of these
arrested microglial processes to search the local milieu,
promoting a “nanoscale” level of surveillance dependent
on cAMP [14]. At the systems level, approaches that
dampen local or global NE levels (such as anesthesia)
permit microglial process outgrowth and increase micro-
glia-neuron contact time [12, 13]. An early implication of
this interaction is that prolonged NE-f2 signaling can
negatively impact certain forms of visual plasticity [13]. In

contrast to prolonged NE-B2 signaling, a key future
question is whether a reduction in NE-f2 signaling during
sleep creates a more permissive environment for microglia
to alter the synaptic landscape, contributing to plasticity.

By 2019, the role of microglia in plasticity has been well
established through immunological signaling mechanisms
during development [15] and pathology (e.g. hypoxia) [16].
However, the role of microglia in learning and plasticity is
not merely restricted to development and immunological
signaling. Recent work also demonstrates that microglia
can influence motor learning or the maintenance of long-
term potentiation through their release of brain-derived
neurotrophic factor [17, 18].

Finally, one of the last discoveries of 2019 expands our
understanding of the well-known P2Y12 receptor. Previ-
ously, P2Y 12 has been recognized for its role in mediating
microglial process interactions with neuronal synapses
[19]. In addition, neuronal somata have recently been
described for their inclusion of unique microdomains,
which recruit microglial processes. These mitochondria-
rich sites generate activity-dependent release of ATP,
which recruits microglial processes through the P2Y12
receptor [20]. Given the role of microglial P2Y12 signaling
in neuroprotection during stroke and acute seizures
[19, 20], it is possible that somatic as well as synaptic
microglial contacts are both critical for how microglia exert
P2Y12-dependent effects. Future studies are necessary to
understand exactly how microglial P2Y12 signaling damp-
ens neuronal activity and increases neuroprotection
through each interaction site. Altogether, research in
2019 has greatly expanded our knowledge of the microglial
signaling repertoire and its impact on the neuronal
landscape. The mechanisms identified highlight both
immunological and neuronal signaling axes that inform
and influence neuroimmune function.

Conclusion

The 100th anniversary of microglial research has made
great strides in understanding microglial transcriptional
diversity and their circuit functions. While microglia are
often referred to as innate immune cells of the CNS, one of
the most unanticipated discoveries of the past 100 years is
the ability for microglia to sense and influence neuronal
networks as part of normal development. These discoveries
suggest that microglia are an integral part of neuronal
circuitry. Moving forward, transcriptomics will continue to
provide the road map for understanding microglial
response profiles in the healthy and diseased brains. A
necessary next step is to begin to use this wealth of
knowledge to identify rationale candidates (receptors and
signals) for detailed functional studies. Ultimately,
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combining the strengths of transcriptional and functional
approaches is necessary to identify key mechanisms
mediating normal and pathological interactions. As we
come to better understand their circuit function, we
anticipate the promising development of microglia-specific
therapeutics for treating neurological disorders in the
decades to come.
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Abstract The cognitive disease consensus was prepared by
panels of health and public representatives based on actual
clinical practice in Geriatric Departments in Chinese hospitals
and a systematic literature review. This consensus reflects the
medical knowledge accumulated by those experts and pro-
vides information about professional medical care and advice.
A multidisciplinary panel of specialists (neurologists,
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psychiatrists, and nursing specialists) reports an expert
consensus on the medical knowledge accumulated from those
experts and provides information about professional medical
care and advice. The recommendations focus on the care and
management of older adults with mild cognitive impairment,
the objectives and methods of maintaining cognition and
training, the assessments and measures of daily care for
patients at different stages of dementia, the assessments and
coping strategies for the behavioral and psychological symp-
toms of dementia, principles and suggestions for an appro-
priate living environment, arrangements for recreational
activities, the care and management of patients with end-
stage dementia, and suggestions for addressing stress in
caregivers.

Keywords Consensus - Healthcare - Management - Cog-
nitive disorders

Cognition is the process by which the brain receives and
processes external information to actively understand the
world. Cognitive functions involve multiple areas, such as
memory, attention, language, execution, reasoning, calcu-
lation, and orientation. Cognitive impairment refers to a
dysfunction in one or more of these areas and affects the
social function and quality of life of patients to different
extents. Severe cognitive impairment may even lead to
death. Cognitive impairment may be caused by multiple
factors, including neurodegenerative diseases, cardiovas-
cular and cerebrovascular diseases, nutritional and meta-
bolic disorders, infections, trauma, tumors, and drug abuse.
Cognitive impairment is divided into two stages based on
severity: mild cognitive impairment (MCI) and dementia.
MCl is a transitional state when the cognitive function lies
between normal function and dementia. The incidence of

@ Springer



308

Neurosci. Bull. March, 2020, 36(3):307-320

MCI among the elderly population aged >65 years is 10%—
20%, and >50% of patients with MCI progress to dementia
within 5 years [1-4]. The percentage of individuals with
MCI who develop dementia is 10 times greater than
healthy elderly individuals [5]. Therefore, MCI interven-
tions are critical to delay the occurrence and development
of dementia.

Dementia is defined as a group of diseases characterized
by cognitive impairment and accompanied by psychological
and behavioral symptoms, leading to reduced daily living
abilities. Based on the etiology, dementia is categorized into
several types, including Alzheimer’s disease (AD), vascular
dementia, frontotemporal dementia, dementia with Lewy
bodies, among which AD is the most common, accounting
for 30%-50% of all dementia cases [6]. In 2018, approx-
imately 50 million people worldwide were living with
dementia. Approximately 152 million people are estimated
to be diagnosed with dementia by 2050 [7]. In China, 14%
of the population aged 60 years or older had dementia in
2015, and this value will reach ~33% by 2050. The number
of individuals with dementia in China ranked first in the
world in 2015, imposing heavy burdens on families and
society [8]. Therefore, dementia care has become an integral
part of treatment. The majority of dementia caregivers
include direct caregivers for individuals with dementia and
their partners, such as spouses, children, home-service
personnel, physicians, nurses, care providers for the elderly,
community service personnel, and social workers. Appro-
priate care and management can delay disease progression in
patients with dementia and improve their quality of life,
leading to an extended life span and alleviating the stress on
caregivers. Developed countries have established relatively
complete dementia care models. The promotion of a
dementia care and management model that is suitable for
China is an important problem that demands a prompt
solution.

Dementia care and management models are of two main
types: home care and residential care. Home care includes
day care centers, part-time nanny care services, full-time
nanny care services, and on-site health care services.
Residential care includes senior citizen homes, dementia
care institutions, assisted living facilities for the elderly,
nursing homes, and dementia units. In China, the majority
of patients with dementia use the home care model, and
caregivers are mainly family members and close relatives
[9]. However, because of changes in the family structure
and an incomplete dementia care system, the establishment
of a consensus cognitive impairment care and management
plan that is suitable for the national conditions in China is
urgently needed.

We have systematically reviewed the literature in
related fields published in the last 10 years, combined
with the most recent research progress, and formulated the
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expert consensus described below after a collective dis-
cussion among the members of the expert group (see
supplementary material). This consensus is based on the
current status of dementia care in China and takes
advantage of care and management experiences from other
countries to offer guidance and suggestions for dementia
caregivers in China, including the following: (1) MCI care
and management; (2) cognitive maintenance and training;
(3) daily care; (4) care and management of psychological
behaviors; (5) living environment setting; (6) arrangements
for recreational activities; (7) care and management of
patients with end-stage dementia; and (8) suggestions for
addressing stress in caregivers.

MCI Care and Management
Informing a Patient of an MCI Diagnosis

MCI is a common problem among the elderly population.
The outcomes of MCI are stabilization, reversal to normal
functions, or progression to dementia, so some patients
with MCI have a poor prognosis. Informing a patient about
an MCI diagnosis often involves legal and ethical issues.
The key to communication is reasonable informed consent.
Certain techniques and procedures are required when
determining whether to directly inform and how to inform
the patient and family members about the diagnosis.
Studies conducted in various countries suggest that the
majority of patients would like to know the diagnosis of
MCI, and common reasons include “can plan for the
future”, “have the right to know” and “can select
treatment options”, while the reasons for not wanting to
know include “will feel sad and depressed” and “knowing
the truth does not help” [10]. According to recent research
conducted in China, most patients would like to be
informed about the true status of their diagnosis and would
like family members to know, but they would like to be
notified in neutral terms, such as “cognitive impairment”,
“memory loss”, “brain degeneration” and “Alzheimer’s
disease” [11]. In general, both options have pros and cons.
Currently, after confirmation of an MCI diagnosis, the
recommended practice is that physicians should first
sufficiently communicate with the patient’s family mem-
bers and then, depending on the circumstances, directly
communicate with the patient. The content of the commu-
nication includes assessments of treatable risk factors, the
risk ratio of conversion from MCI to dementia, whether a
biomarker examination is needed to determine the possi-
bility of a progression towards dementia, and possible
interventions. The content of the communication should be
beneficial for follow-up and management and minimize
potential harm to the patient.
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Care and Management of Patients with MCI

Both clinical physicians and patients hope to begin inter-
ventions early during the MCI stage to delay or prevent the
development and progression of dementia. Therefore, a
comprehensive and detailed memory profile should be
established at a patient’s first visit and archived as the
baseline condition; the reversible risk factors that cause
further cognitive impairment are also assessed in detail [12].
Moreover, a cognitive assessment should be performed
every six months. During the assessment, the patient should
be accompanied by a family member, friend, or close
associate. Importantly, the assessment results are only used
as a diagnostic reference, and not as a diagnostic conclusion.
After the assessment, the patient should be informed of the
importance of early diagnosis and interventions, and they
should be notified that an approved drug for the treatment of
MCI is currently unavailable. Notably, joint interventions,
including the comprehensive management of risk factors,
cognitive training, exercise therapy and family care, social
interactions, and treatment of depression, are beneficial for
preventing or delaying dementia. The follow-up manage-
ment should be voluntary on the part of the patient, and from
the perspective of protecting the patient’s interests, the
patient’s choice of included family members should be
completely respected. During follow-up, methods to
achieve the continuous management of the patient must be
discussed, with the aim of establishing effective, rigorous,
practical, and smooth communication and to provide the
patient with integral and continuous medical services. Using
the current diagnostic criteria, some misdiagnosis of MCI
occurs [13], and the MCI misdiagnosis rate can be reduced
through regular follow-up visits. Regular health education
sessions are recommended, including methods to identify
cognitive impairment at an early stage, methods to perform
visits and follow-ups, methods to correct unhealthy living
habits and control risk factors, and methods to improve self-
care [14]. A survey of five cities in China indicated that the
majority of the population has a poor awareness of AD [15]
and a high demand exists for skilled care [16], which can be
learned from the health education of Chinese communities
in other countries [17]. The management of a population
with chronic diseases should be strengthened, and medical
personnel in the community should be regularly trained.
Health care workers in community health service institu-
tions should receive systematic training, including the early
identification and timely referral of individuals with a high
risk of cognitive impairment. Patients and caregivers should
also receive regular health education. Therefore, the care
and management of patients with MCI should be based on
the establishment of memory profiles, regular follow-up
visits, and health education.

Maintenance of the Personal Rights of Patients
with MCI

For patients with a confirmed diagnosis of MCI, physicians
should inform the patients and their family members of the
uncertainty of the diagnosis and prognosis. Physicians
should suggest that the patients and their family members
discuss long-term plans together, such as the establishment
of living wills, safe driving, financial and property
planning, decisions regarding medical and research partic-
ipation, and entrusting specific individuals to represent
their legal interests (financial and medical affairs) [12, 18],
which are beneficial for the maintenance of the personal
rights of patients with MCI. In addition, many countries
have regulations on the regular review or cancellation of
motor vehicle driver licenses of elderly individuals or
patients with dementia. In China, the Regulations of the
Motor Vehicle Driver License Application and Use also
stipulates that individuals with dementia are not allowed to
drive motor vehicles. However, these regulations do not
provide a detailed explanation of MCI. Relevant informa-
tion should be provided to patients with MCI and relatives.

Cognitive Maintenance and Training

The Objective of Cognitive Maintenance
and Training

A patient’s cognitive dysfunction and the severity of the
condition should be assessed. Individualized cognitive
training should be provided based on the assessment
results, possible etiology, and the patient’s circumstances
to help maintain the current cognitive status and restore or
partially restore impaired cognitive function as much as
possible, thereby delaying the clinical progression of the
disease and improving the patient’s quality of life.

Methods for Cognitive Maintenance and Training

Management of Relevant Factors, such as the Etiol-
ogy and Causes

The patient’s diet, exercise level, mentality, social support
and past medical history, and current status should be
comprehensively understood, and the relevant etiology and
causes should be confirmed together with specialists. Based
on the assessment results, the caregivers should implement
a nutritional and drug treatment plan in daily life, observe
the effects and adverse reactions of all drugs, and provide
regular feedback.

@ Springer



310

Neurosci. Bull. March, 2020, 36(3):307-320

Cognitive Function Training

Training should combine individualized and standardized
aspects, including a combination of individual and group
training, traditional and modern medicine, family and
societal elements, specialized treatment, and daily life
activities, and should include assessments. Five to six
1-hour cognitive training sessions are recommended
weekly, with an individualized duration and intensity that
is focused on the patient’s needs. 1. Assessment of
cognitive functions: Detailed training plans should be
created and executed according to the range and severity of
cognitive impairment, the patient’s condition, and the
available medical and social resources near the family and
in the surrounding area. Novel and complex cognitive
stimulations are believed to be more effective [19]. 2.
Common training methods: (1) Memory training: This type
of training helps maintain a patient’s long-term memory by
allowing them to look at old photographs and recall past
events and by encouraging the patient to tell their personal
stories. This type of training improves the patient’s logical
reasoning by guiding them to classify and recall pictures,
phrases, or objects. Short-term memory can be improved
by having the patient recall numbers and dates, repeat
phone numbers, and recall the names of previously
presented objects, such as pens, glasses, and keys. The
patient’s delayed memory ability can be trained by
showing him/her several items encountered in their daily
activities, such as pens, glasses, and keys, and asking the
patient to recall the names of the previously presented
objects 5 min later or by guiding the patient to recall a
piece of information, repeating the information and repeat-
ing the process with extended durations. In addition, other
specific therapeutic techniques, such as vanishing cues,
errorless learning, and internal versus external memory
strategies, would be useful, but they are limited to the
transfer of memory training to daily functions. (2) Orien-
tation training: We recommend that orientation training is
incorporated into daily life. This can yield two results with
half the effort by choosing memories for training and
strengthening times, locations, and figures to which the
patient is emotionally attached and shows interest. (3)
Verbal communication skill training: Methods for commu-
nication and interaction that are acceptable to the patient
are recommended to help maintain their verbal communi-
cation skills. During this process, the patient should be
encouraged and praised. The ability to express oneself can
be trained by prompting the patient to name and describe
picture cards, starting with easy tasks and progressing to
more difficult tasks. Writing skills can be strengthened
through transcription, dictation, writing based on pictures,
and keeping a diary. The corresponding brain functions can
also be activated by reading and singing. (4) Visual space
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and executive ability training: The patient should undergo
targeted training on the items related to daily living
activities, such as getting dressed, going to the restroom,
bathing, identifying coins, making and receiving phone
calls, and turning the TV on and off. More complicated
items can also be included, such as using the washer and
withdrawing money from the bank. If the patient makes
mistakes during training, they should be taught in an
encouraging way and should not be blamed or forced to
make choices or recall things. (5) Calculation training: The
difficulty of the training should be incrementally increased
according to disease status. Simple arithmetic calculations
are more beneficial. If a patient is unable to complete all
the above training sessions, they are still beneficial for
producing a comprehensive cognitive improvement by
training a single cognitive area [20]. Better effects can be
achieved using computer-assisted cognitive training
[21, 22].

Daily Care

Individualized daily care that is centered on the patient and
takes the maximum advantage of the patient’s remaining
functions is recommended. A patient’s independence can
be promoted and maintained by allowing autonomous
behaviors. Patients should also be encouraged to participate
in meaningful and interesting activities, eat a healthy and
balanced diet, and engage in regular exercise.

Assessments

The daily living activities that can be assessed through
communication with the patient/caregiver and physical
examinations include vision, hearing, oral hygiene, phys-
ical ability, nutrition, function, and family environment.
The assessment of daily living activities includes two
aspects: basic activities of daily living, such as eating,
getting dressed and taking a shower, and instrumental
activities of daily living, such as managing money,
shopping, driving and taking medications. Common scales
for activity assessments include the Alzheimer’s Disease
Assessment Scale—Activities of Daily Living, the Instru-
mental Activities of Daily Living (IADL) scale and the
Disability Assessment for Dementia scale [23]. The Mini
Nutritional Assessment Short-Form is recommended as a
regular assessment of the patient’s nutritional status. If the
patient is at an advanced stage of cognitive impairment and
has an active eating disorder or behavioral symptoms, their
nutritional status can be assessed using the Aversive
Feeding Behaviors Inventory scale, the Edinburgh Feeding
Evaluation in Dementia questionnaire, and the Eating
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Behavior Scale to improve eating and nutrition issues
[12, 24]. Physical ability is typically assessed by measuring
grip strength, pace, and the Short Physical Performance
Battery scale.

Suggestions for Stratified Care
Mild Dementia

The daily living activities of patients at this stage of the
disease are partially impaired, and require assistance to
improve and maintain their instrumental activities of daily
living, such as managing money, taking public transporta-
tion, performing housework, and using appliances. Care-
givers should not provide excessive care but instead urge
patients to take care of themselves. Patients should have
regular lives; pay attention to their diets, nutrition, and
cleaning; exercise appropriately; and participate in social
activities they enjoy to ensure that they are able to maintain
independent living activities at a high level for as long as
possible.

Moderate Dementia

At this stage, cognitive functions gradually decline and the
patient’s daily living ability decreases. Caregivers must
assist patients with many types of obstacles encountered in
daily life. Patients should perform simple and regular self-
care tasks with the help of caregivers. Caregivers should
cultivate patients’ confidence and security.

Severe Dementia

At this stage, patients generally have lost their ability to
take care of themselves. Caregivers should particularly
focus on oral hygiene, nutritional status, and excretion to
avoid complications such as aspiration pneumonia, pres-
sure sores, and deep vein thrombosis.

Daily Care Measures
Basic Daily Living Activities

(1) Eating: For patients with any stage of cognitive
impairment, caregivers should provide a pleasant dining
environment, reasonable meals, and colorful, aromatic and
tasty dishes according to the patient’s preference. An
attempt to improve cognitive functions with nutritional
supplements is not recommended for patients without a
nutrient deficiency [18, 24]. Patients should be encouraged
to take food orally and avoid diet restrictions. If oral food

intake is <50% of the expected amount for >10 days due to
disease progression or irritation, the patient should undergo
tube feeding to provide enteral nutritional supplements
through an indwelling nasogastric tube or gastrostomy. If
contraindications exist or the patient is intolerant of tube
feeding, parenteral nutrition can be administered for a short
period of time [18]. Patients with dysphagia or who are fed
nasally should receive focused care to prevent aspiration
and choking risks. However, invasive treatments aiming to
“keep the patient alive at all costs” do not extend the
lifespan or improve the quality of life [25]. (2) Dressing:
The choice of clothing should be simplified, and patients
should be encouraged to dress and undress themselves.
Assistance should be provided to patients who experience
difficulty getting dressed. Patients should be informed, and
their privacy should be protected during this process [26].
(3) Cleaning and grooming: Patients should be encour-
aged and guided to complete cleaning and grooming
processes, such as hair combing, tooth brushing, shaving,
and nail clipping. Patients who are unable to complete oral
care procedures should be assisted in maintaining oral
hygiene. Patients’ teeth and dentures should be examined
regularly. (4) Outdoor activities and exercise: Exercise
should be based on long-term regular aerobic exercise and
resistance training. The form of exercise can be determined
individually according to the past preferences of the patient
[27]. Walking, jogging, aerobics, dancing, tai chi, and
progressive resistance exercises are all appropriate. During
exercise, patients should perform the exercises they are
capable of completing and move carefully to prevent
injuries. When patients with end-stage dementia have
difficulties in completing exercises, caregivers should help
the patients move their muscles and joints to prevent
complications such as joint deformation and muscle
atrophy. (5) Bathing and skin cleansing: Caregivers
should create a comfortable bathing environment and
respect patients’ habits. Patients should take baths regu-
larly. The bathing process should be simplified, and
scentless, low or neutral pH, and fat-containing soaps
should be used. The skin should be moisturized with body
Iotion to prevent itching caused by dryness. Caregivers
should also pay attention to skin damage. For patients who
refuse to take baths, caregivers should look for reasons,
such as fear of water, fear of being undressed, or the lack of
privacy, and address these fears in an appropriate manner.
(6) Using the bathroom and incontinence: Patients with
mild or moderate cognitive impairment should be encour-
aged to use the bathroom independently. Assistance should
be provided to patients with difficulties, such as ensuring
that the patient knows where the bathroom is located and
renovating the bathroom if needed [28]. In cases of
incontinence, caregivers should consider potential causes
and seek treatment. Patients with unknown causes of
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incontinence should use the bathroom regularly and change
their lifestyle to accommodate this condition. Diapers or a
waterproof mattress should be used when necessary.
Bedding should be changed and cleaned regularly.

Instrumental Living Activities

(1) Shopping: Patients should be encouraged to shop with
a shopping list. Caregivers should help patients find
shopping locations, and patients should choose the right
products themselves. Caregivers can help the patients with
payment [29]. (2) Driving and taking public transporta-
tion: When patients have basically normal cognitive
functions, they should be accompanied by caregivers when
driving. If a patient has a score >1 on the clinical dementia
rating scale, they should stop driving [30-32]. When
patients travel by public transportation, caregivers should
accompany them and help them find stations and routes. (3)
Cooking: Caregivers should know a patient’s cooking
habits and guide them in preparing cooking materials. The
patient can then complete the cooking steps according to
the recipe. When necessary, caregivers should remind the
patient about appropriate techniques and help ensure a safe
cooking process. (4) Housekeeping: Caregivers should
encourage and assist patients to participate in as many
housework activities as possible, such as washing dishes
and clothes, making the bed, and sweeping. (5) Telephone
use: Caregivers should know the patient’s past ability to
use a phone, remind them to search for phone numbers, and
encourage and guide them to make independent phone
calls. (6) Medication management: Caregivers should
supervise patients in taking medications, observe adverse
reactions, and prevent excessive use or misuse of medica-
tions. If patients refuse to take their medications, caregivers
should identify the causes and seek professional help when
necessary. (7) Financial management: Caregivers should
know their patient’s financial management capability and
remind or assist them in paying bills, such as water, power,
gas, and phone bills. Caregivers should assist legal
guardians in helping patients with financial issues.

Care and Management of Psychological Behaviors

Behavioral and psychological symptoms of dementia
(BPSD) are defined as abnormalities or disruptions of
perceptions, mood, and thoughts during the development
and progression of cognitive impairment, including hallu-
cinations, illusions, delusions, anxiety, depression, indif-
ference, irritability, impulsive behaviors, and behavioral
disinhibition [33]. BPSD is very stressful for patients but
also imposes a substantial burden on caregivers.
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BPSD Care Principles

1. Combine professional care and family care. 2. Under-
stand the patient’s characteristics, including personality,
hobbies, remaining abilities, and previous experiences, and
identify patient-centered care approaches. 3. Regularly
assess the effects of care and continuously improve them.
Care for the behavioral and psychological symptoms
should cover the entire disease course. 4. Non-pharmaco-
logical care interventions are preferred for BPSD care, and
drug treatments should also be combined with non-
medication interventions. The intervention methods should
be administered incrementally and assessed prior to and
after the intervention to ensure that the care methods are
continuously improved. 5. Protect the safety of patients and
keep them away from dangerous items.

BPSD Identification and Assessment

A prerequisite for alleviating BPSD is their correct
identification and assessment. The predisposing factors,
manifestations, duration, frequency, and intensity of the
symptoms and their effects on the patient and caregiver
should be recorded in detail. Assessment has been per-
formed using instruments such as the Narcissistic Person-
ality Inventory Questionnaire and the Global Deterioration
Scale [34, 35].

BPSD Interventions

(1) Delusion: Delusion is often a source of a patient’s
insecurity. Delusions of being robbed or persecuted are
common symptoms. Caregivers should provide support to
the patient through their speech and behavior, such as
giving the patient the “banking deposit book™ or “stolen
money”. Delusions can also be addressed through non-
pharmacological methods, such as music, art, and cognitive
therapies [36]. (2) Hallucination: Careful observation and
recording can help caregivers discover the triggers of
hallucinations. Gentle treatment of the patient, providing
distractions and reducing hostility and distrust are all
helpful in alleviating symptoms. Glasses and hearing aids
should be used for patients with visual and hearing
impairments. Dangerous items such as knives, scissors,
and ropes should be stored in safe places. Patients should
be kept away from gas, and the doors and windows should
be closed to prevent accidents. (3) Agitation/aggression:
The causes and precipitating factors for agitation/aggres-
sion should first be determined. Methods such as persua-
sion, explanation, or distraction can help calm the patient.
Safety measures should be implemented without restricting
a patient’s movements. The agitation symptoms and
aggressive behavior can be alleviated by providing ample
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opportunities to participate in games, music therapy [37],
touch therapy [38], aromatherapy [39], and daylight
exposure therapy [40]. (4) Depression/dysthymia: The
patient should remain in a safe and quiet environment.
Exposure to a sufficient amount of natural sunshine and
music and verbal communication can effectively prevent
and alleviate depression [41, 42]. Suicide and self-injury
should be prevented in patients with severe depression.
Patients should be treated by specialists in a timely manner.
(5) Anxiety: For patients with mild to moderate symptoms,
group reminiscence therapy, touch therapy, and play
therapy can provide opportunities to increase social
interactions, enhance their pleasure, and enrich their daily
life, which subsequently helps to alleviate anxiety [43]. (6)
Elation/euphoria: This symptom is manifested by excessive
happiness, satisfaction, increased talking, and patient’s
facial expressions of a naive and uncoordinated impression.
The caregiver should respect the patient and should not
force them to stop but instead listen patiently, gently
comfort and persuade them to ensure that their elation/
euphoria does not affect the safety of the patient or
surrounding people. The caregiver can adjust the environ-
ment as needed, shift the patient’s attention, and avoid
irritating language and behavior. The caregiver can also
increase the patient’s activity and arrange for them to listen
to music, watch TV, play chess, read newspapers, or
engage in other activities according to their hobbies and
interests to maintain a good state. (7) Apathy/indifference:
Apathy and indifference are common symptoms experi-
enced by patients with dementia. Caregivers must improve
the patient’s care in daily life [44], including the diet, daily
life, personal hygiene and assistance with performing
moderate physical exercise. (8) Disinhibition: For patients
who are impulsive, speak rudely, swear, or are sexually
hyper-excited, caregivers should prevent violent impulsive
behavior without arguing, correcting, or engaging face-to-
face conflict. The caregivers can distract a patient’s
attention and let them perform active exercises to minimize
the symptoms. Patients should be treated in a timely
manner if they have severe disinhibited behavior [45]. (9)
Irritability/emotional instability: The cause, triggers and
characteristics of this behavior must be identified, and
stimuli that easily trigger emotional fluctuations should be
avoided. A patient’s fluctuating emotions can also be
alleviated or calmed through non-drug treatments, such as
soothing music therapy, physical activities, or sunbathing.
(10) Abnormal activities: Patients with repetitive language
or other abnormal behaviors can be comforted, neglected,
or distracted. For patients with a tendency to leave safe
areas, the incidence of becoming lost can be reduced by
setting up an appropriate environment or arranging numer-
ous daytime activities [46]. (11) Sleeping/night behavior:
Patients with this type of symptom should avoid becoming

too hungry or too full before going to sleep, and their
daytime activities and physical exercise levels should be
increased. Night-time sounds and light stimulation should
be reduced and potentially accompanied by individualized
music therapy [47]. Patients with daytime rhythm disorders
and “sunset syndromes” can receive phototherapy [48, 49].
(12) Appetite and eating disorders: For patients with a
reduced appetite, causes should be actively sought and
treated in a timely manner. In addition, timely interventions
should be provided for patients with eating disorders.
Caregivers should help feed patients with end-stage
dementia. (13) Medications that improve the cognitive
function of patients with moderate to severe BPSD are the
basic treatment for dementia. Currently, commonly used
medications include cholinesterase inhibitors and
N-methyl-D-aspartate receptor antagonists, among which
memantine is highly effective in alleviating hallucinations,
agitation, aggressiveness, and severe stereotypic behaviors
[50]. Non-drug therapy is the primary option for BPSD. If
non-drug interventions are ineffective, a combination of
drug treatments and non-drug interventions is recom-
mended [41, 42]. Antipsychotics, antidepressants, and
benzodiazepines may be used for a short period, when
necessary.

Living Environment Setting
Principles in Establishing the Living Environment

Along with decreasing cognitive function, patients often
exhibit a decreased ability to orient and adapt to the
environment. Patients are more prone to falls and becoming
lost, and an unfamiliar environment and inappropriate
environmental stimulation can increase a patient’s insecu-
rity, which may induce agitation [51]. Therefore, friendly
living environments should be established for patients with
cognitive impairment according to the following princi-
ples: (1) ensure the safety of the environment to prevent
accidental injuries and getting lost or falling, (2) maintain
the stability and familiarity of the environment and avoid
sudden changes, (3) design time and orientation clues to
facilitate time and location orientation, and (4) provide
proper sensory stimuli.

Suggestions for Establishing the Living Environ-
ment Setting
Ensure Environmental Safety

(1) Prevent falls: Furniture should be as simple as possible,
and clutter and sharp corners should be minimized. Non-
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slip materials should be used for the floor, and the floor
should be quickly dried in the event of a spill. Stairs should
not be located in the active area, and small carpets should
be avoided to prevent tripping [52]. Handrails should be
installed next to the toilet and bath, and automatic night-
lights should be installed in the bedroom, hallway, and
bathroom [53]. (2) Prevent getting lost: Locks that the
patient is unable to open easily should be installed.
Curtains and pictures can be used to hide exits. Modern
electronics such as door and window sensing devices,
remote alarm systems, and electronic positioning devices
should be used [54, 55]. Caregivers should inform neigh-
bors and relevant personnel in the community about the
condition of the patient so they can receive timely
assistance. Care institutions can use circular or ring-shaped
architectural designs. (3) Manage hazardous items: Toxic,
harmful, sharp, or fragile items, such as medications,
knives, scissors, glass containers, detergents, expired food,
chopsticks, and toothbrushes, should be locked up. Gas and
power safety and alarm devices should be installed. We
recommend that the gas valve is shut off [56] and that
seasonings are stored properly in the kitchen to prevent the
patient from mistakenly eating them. The power sources of
small appliances such as ovens, microwaves, and electric
kettles should be turned off, and the temperature of the
water heater should be decreased. Mirrors should be
removed for patients with end-stage dementia.

Ensure that the Environment is Stable and Familiar

(1) Patients with cognitive impairment should live in an
environment with which they are as familiar as possible
and avoid sudden changes in the residence (such as
moving, intermittently staying at children’s homes, or
moving to care institutions), layout, and items in the living
space [51]. (2) If the patient must change their residence,
items with which they are familiar or like, such as small
pieces of furniture, photos, pictures, and souvenirs, should
be placed in the living area to help them identify their new
environment [52]. (3) Institutions that treat patients with
cognitive impairment should create small units and home-
like environments, such as letting the patients have their
own rooms and providing a living room, small kitchen, and
dining room resembling a home. Some of the patient’s own
furniture, photos, and items should be included in their
room, and frequent room changes should be avoided
[51, 57].

Design Orientation Clues
(1) Time and direction clues: Large clocks and calendars

should be placed in prominent locations in the active areas,
including the bedroom, living room, and dining room.
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Pictures showing the current season and upcoming holidays
should be designed to help patients identify time [58]. (2)
Directional guidance signs: Photos or pictures that the
patient is able to recognize should be attached to the door
to help them identify their own room. Simply designed
direction signs, such as words or patterns, to guide patients
in locating the bathroom, kitchen, or dining room, should
be used. Daily supplies should be placed in stable and
prominent locations, and the outsides of cabinets and
drawers should be labelled [59].

Provide Proper Sensory Stimulation

(1) Light stimulation: The active areas should maintain
bright and uniform natural or artificial light and avoid glare
or dim light. The mirror should be placed in a location that
will not easily produce reflections. Strong sunlight should
be blocked with curtains [52, 60]. (2) Color stimulation:
The walls, curtains and sheets should have warm and bright
colors. Brightly colored photos, pictures, decorations,
flowers, and plants should be hung or placed in the living
space. (3) Sound stimulation: Noises and excessive quiet
should be avoided. Appropriate sound stimulation should
be maintained based on the patient’s preference, such as
playing songs, music, plays, and comic dialogues the
patient likes [61]. For patients who are bedridden and
unable to leave their room/residence, the use of recording
or projection technology to allow the patient to listen to
sounds from nature, such as birds or ocean sounds, is
recommended [62]. (4) Tactile stimulation: Items evoking
different tactile sensations, such as sponges and sand,
should be placed in the living area [52]. Simulation dolls or
pets that the elderly patient likes should be provided
[63, 64]. (5) Olfactory stimulation: The windows should be
opened regularly for ventilation, to remove odors from the
room and maintain a supply of fresh air. (6) If possible,
care facilities should establish a multi-sensory stimulation
room that uses light, music, aroma, and various objects to
provide multiple sensory stimuli for patients with cognitive
impairment [65].

Maintain Privacy and Sociality

(1) Privacy: A private environment can provide physical
and psychological safety for the patient. The patient should
be provided with their own space according to past living
habits [66]. Curtains are recommended for care facilities or
2-person or multi-person rooms. (2) Sociality: Spaces
should be set up for group activities such as activity rooms,
living rooms, dining rooms, and reading rooms [67].
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Arrangements for Recreational Activities
Principles of Recreational Activity Arrangements

Active participation in recreational activities can provide
patients with cognitive impairment opportunities for self-
expression and social interaction, which is beneficial for
maintaining personal abilities and provides pleasant expe-
riences. The arrangement of recreational activities should
follow the principles described below. (1) Activities should
have a proper level of difficulty that matches the patient’s
existing physical function and cognitive ability. Activities
that are too difficult are frustrating and activities that are
too easy may be boring. (2) The activities should combine
a patient’s interests and preferences and make them happy.
Caregivers should note the patient’s reactions during and
after the activity, as well as the completion status, to draw
conclusions and help the patient find appropriate activities
in which to participate. (3) The difficulty and participation
mode of the activities should be flexibly adjusted. Turning
the activities into tasks and forcing the patients to
participate should be avoided. Patients should be encour-
aged and guided during the activities. (4) The duration of
each activity should not be too long, and the patients
should not be too “busy” [68].

Suggestions for Recreational Activity Arrangements

(1) Physical exercise: Physical exercise helps strengthen
the physique and maintain social functions. Caregivers
should guide patients with cognitive impairment in per-
forming regular activities [69] such as walking, strolling
around a park, hiking, performing tai chi, and other health
exercises. Caregivers can also lead the patients in limb and
finger activities, such as swinging the upper limbs and
performing finger exercises [52, 70]. (2) Family activities:
Family members are the most important social support
system for patients with cognitive impairment. Activities
performed with family members are the most familiar and
safest experiences for patients [71]. Therefore, caregivers
should create opportunities for patients and family mem-
bers to dine, chat, take walks, go shopping, and perform
simple household tasks, such as picking and washing
vegetables, cooking, dishwashing, cleaning the desk,
stuffing and addressing envelopes, and gardening. For
patients who are housed in care institutions, caregivers
should create more opportunities for family members to
visit [72]. The establishment of a simulated supermarket
that allows patients to buy their preferred daily necessities
with tokens is recommended. (3) Reminiscence activities:
If patients with cognitive impairment still have some
memory function, activities that stimulate their memories

of past events or experiences, such as looking through and
talking about old photos, listening to old songs, watching
old movies, talking about past events, and revisiting old
places, are recommended [42, 73]. (4) Sensory and
cognitive stimulation: Suitable sensory and cognitively
stimulating activities based on the patient’s preferences and
existing abilities are recommended, such as singing,
listening to music, following the beat of music, touching
flowers, smelling the scents of flowers or perfume [74],
receiving a massage or emotional touch [75], and interact-
ing with pets [42]. Patients can perform some manual
activities, such as origami, paper-cutting, flower-arranging,
weaving, beading, jigsaw puzzles, interacting with building
blocks, playing pick-up sticks, writing, drawing, and
coloring. Caregivers can also perform some activities
together with the patients such as simple calculations,
labelling and classifying items, and playing chess and
cards; however, patients should not be forced to perform
difficult calculations [71, 76].

Care and Management of Patients with End-Stage
Dementia

End-stage dementia is defined as the state at which the
dementia has progressed to the most severe stage. Memory
and other cognitive functions are severely impaired.
Patients have no autonomous needs, have lost the ability
to complete daily living activities, and have urinary and
fecal incontinence. Common complications include dys-
phagia, fever, and lung infections [26]. At this stage, the
clinical dementia rating scale score is 3 and patients have a
score of 7 on the Global Deterioration Scale. Patients with
end-stage dementia require complete care from others.
Palliative and soothing care is typically provided to these
patients.

Deciding on Care and Medical Treatment Plans

Soothing therapy and hospice care are usually administered
to patients with end-stage dementia. Both physicians and
guardians must coordinate to determine care and medical
treatment plans. The decision can be made through an open
family interview. The physician informs the patient’s
guardian of the prognosis, options, and medical principles
to be followed and answers any of the guardian’s questions.
The guardian can decide on a care and medical treatment
plan that is suitable for the patient based on the patient’s
will and family customs.

If soothing therapy and hospice care are determined to
be the appropriate management, these treatments can be
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provided at home or in a retirement home, nursing home,
hospice site, or other institution.

Suggestions for End-Stage Care

Under current Chinese law, if the guardian decides to
actively extend the patient’s life, the patient should be sent
to a medical institution that is able to provide nasal feeding,
gastrostomy, or parenteral nutrition as needed [77]. In the
presence of an infection or organ failure, necessary
treatments and rescue measures should be administered to
extend the patient’s life in an appropriate manner.

The adoption of soothing therapy and hospice care does
not mean that the patient is allowed to die, but instead, this
care is provided under the principles of reducing pain and
maintaining patient dignity [78]. If the guardian decides on
this option, the patient typically receives care through one
of the following methods:

(1) Eating difficulty: The patient should be fed small
amounts of food multiple times per day.

(2) Respiratory tract infection: The physician’s advice
should be followed. Caregivers should let the patient
inhale oxygen, turn him/her over, pat his/her back,
aspirate sputum, and administer the appropriate
medication.

(3) Urinary tract infection: The urethra, vulva, and
perineum must be cleaned regularly. The patient
should be replenished with a sufficient amount of
water. The patient’s bladder is flushed when
necessary.

(4) Pressure sores: The patient’s position must be shifted
regularly and the patient should be assisted with
some mild activities on the bed. The patient’s clothes
are changed regularly and the skin is kept clean and
dry to prevent pressure sores. If conditions allow, the
patient can use an air bed.

(5) Pain: Analgesic medication should be provided
according to the doctor’s advice.

(6) Oral care: The patient’s mouth should be kept clean
and moist.

(7)  Other: It should be determined whether the patient is
comfortable and peaceful. The patient’s dignity
should be maintained. The patient should be contin-
uously assessed and the care measures updated when
needed. Touch, music, and other means should be
used to pacify the patient.
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Suggestions for Addressing Stress in Caregivers

Definition and Classification of the Stress Experi-
enced by Caregivers of Patients with Cognitive
Impairment

Caregiver stress, also known as caregiver burden, refers to
various adverse effects on the emotions, economics, health,
and mentality of caregivers while caring for patients [79].
The main burdens on caregivers of patients with dementia
include psychological (including social psychology), phys-
ical, and economic burdens, among which the psycholog-
ical burden is the most important. Caregiver stress affects
the caregiver’s physical and mental health. Fifty-nine
percent of home-based caregivers of patients with dementia
have very high levels of psychological stress and 40% have
depression; only 5%—17% of caregivers of patients with
other disorders experience depression [80]. The ratio of
caregivers with depression increases as dementia pro-
gresses [81]. For many caregivers, the care provided often
affects their own health. Caregivers are more susceptible to
other diseases or complications when caring for patients
with dementia [82]. For example, caregivers have a higher
risk of hypertension and cardiovascular diseases [83, 84].

The Manifestation of Stress in Caregivers of Patients
with Cognitive Impairment

Although financial burdens are included in the stress
experienced by the caregivers of patients with cognitive
impairment, the most prominent manifestations are phys-
ical and psychological stress. Detailed manifestations
include an attitude of denial, anxiety, irritability, frustra-
tion, emotional instability, insomnia, social difficulties,
distraction, exhaustion, and fatigue. For example, care-
givers may deny the dementia diagnosis of their family
member. They are anxious about the future. They are angry
with the patient, themselves and others. Their beliefs are
shaken after a series of setbacks. They often wake in the
middle of the night or have nightmares. They are lonely but
are not willing to interact with friends. They have difficulty
in focusing their attention and cannot complete compli-
cated tasks. These stresses gradually cause mental and
physical damage, leading to weight loss or gain, and
caregivers often suffer from chronic diseases.

Factors Affecting the Stress Experienced by Care-
givers of Patients with Cognitive Impairment

Factors affecting the stress experienced by caregivers of
patients with dementia are complicated and related to the
characteristics of the caregiver, the disease status of the
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patient, and the care environment (family status). These
factors mainly include the closeness of the relationship
between caregiver and patient, the gender of the caregiver,
how they cope with stress, ethnic, and cultural differences,
the patient’s dementia symptoms and BPSD, and encour-
agement and support from other family members.

Addressing Caregiver Stress
Stress Assessment

According to the Basic Activities of Daily Living ques-
tionnaire and the IADL questionnaire, the time spent each
day providing care for a patient with dementia is an
important metric when studying the indirect financial
burden of dementia [85]. The Zarit Burden Interview
(ZBI]) scale is used to assess the stress of caregivers [69].
The short form or filtered version of this scale has also been
used to assess caregiver stress. In addition, caregiver stress
has been assessed using the Cardio Stress Index, the Screen
for Caregiver Burden, the Simplified ZBI scale, the
Positive Aspects of Caregiving scale and the Coping with
Stress Scale.

Methods of Addressing Caregiver Stress

The burden of the caregivers of patients with dementia can
be alleviated by providing effective and targeted interven-
tions and follow-up, which then conserve comprehensive
health resources (by delaying the time for which patients
visit a professional care institution) to achieve the eventual
goal of alleviating the financial burden and pressure of
dementia on society. The main methods for alleviating
caregiver stress are described below. (I) Adjusting psy-
chological and social stress: (1) Caregivers’ mental stress,
and physical and psychological status should be assessed
regularly by specialists. Medical personnel can become
involved in caring for the patient with dementia and
provide professional guidance, proactive health education
and psychosocial support to alleviate the care burden
[86, 87]. (2) Caregivers should adjust their attitude and
understanding and learn to effectively cope with stress.
Caregivers should block out some time for themselves and
perform activities that make them happy and fulfilled. (3)
Trust should be established between the caregiver, patient,
friends, and family members. The caregivers should not
blame themselves when the patient experiences a difficulty,
and they should understand that difficulties arise with
disease progression. The caregivers should also establish a
communication mechanism to ensure that they can seek
help in a timely manner when they are unable to cope with
the psychological pressure. (4) A professional team of

nurses, physiotherapists, and doctors should provide online
counselling services and support for the caregivers, while
caregivers can communicate with each other on a website.
(5) A complete social support system should be established
to reduce the burden on caregivers. Through social
gatherings or regular family meetings, caregivers can share
and discuss the difficulties they face and their experiences.
They can also seek help from social support agencies to
allow them some time to relax and take a break. (6) A
psychological education plan should be developed, and
cognitive behavioral therapy should be used to encourage
caregivers to learn psychological relaxation techniques,
which are beneficial to both the patients and caregivers
[88, 89]. (II) Addressing physical stress: (1) The caregivers
should be encouraged to pay attention to and maintain their
own health. (2) Physicians should anticipate potential
problems during patient care and interview the caregivers
during patient visits to assess the caregiver’s health status
and potential problems. Physicians can then provide
appropriate medical suggestions based on the caregiver’s
health status. (3) Attendance at some pleasant leisure
recreational activities is beneficial for the caregiver’s
physical and mental health. Caregivers should also choose
nutritious and preferred food. (4) Caregiver knowledge of
dementia should be improved, and they should be provided
care plans and coping techniques, such as training in proper
patient transportation methods. (5) The use of new
technologies can improve patient function and reduce
dependence on caregivers. For example, the use of
equipment to assist caregivers with moving patients who
are unable to move can reduce the physical burden on
caregivers. (6) Regular day and holiday care should be
arranged. Caregivers require vacations, rest, and recreation
time to ensure that they are physically and mentally rested.
(IIT) Addressing financial burdens: (1) The financial burden
and relevant factors related to the care of patients with
dementia should be assessed to provide a reference for the
development of proper medical care plans, new health care
policies, social resource support plans, and medical insur-
ance plans [90, 91]. (2) According to previous studies, anti-
dementia medication can reduce medical costs, which then
reduces the caregiver’s financial burden [92]. (3) Improv-
ing the care abilities and financial status of caregivers
might also alleviate their financial burden.

In the process of caring for patients with dementia,
medical staff should establish a communication mechanism
with caregivers and family members to jointly evaluate and
address various problems. Non-drug interventions should
be implemented as the main measure, and the principle of
individualization should be emphasized. In addition, while
focusing on patients, medical professionals should also
monitor the pressure and response of caregivers.
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Abstract Preterm infants are vulnerable to brain injuries,
and have a greater chance of experiencing neurodevelop-
mental disorders throughout development. Early screening
for motor and cognitive functions is critical to assessing the
developmental trajectory in preterm infants, especially
those who may have motor or cognitive deficits. The brain
imaging technology functional near-infrared spectroscopy
(fNIRS) is a portable and low-cost method of assessing
cerebral hemodynamics, making it suitable for large-scale
use even in remote and underdeveloped areas. In this
article, we review peer-reviewed, scientific fNIRS studies
of motor performance, speech perception, and facial
recognition in preterm infants. fNIRS provides a link
between hemodynamic activity and the development of
brain functions in preterm infants. Research using fNIRS
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has shown different patterns of hemoglobin change during
some behavioral tasks in early infancy. fNIRS helps to
promote our understanding of the developmental mecha-
nisms of brain function in preterm infants when performing
motor or cognitive tasks in a less-restricted environment.

Keywords Functional near infrared spectroscopy - Pre-
term infant - Motor performance - Speech perception -
Facial recognition - Cerebral hemodynamics

Introduction

In 2015, a survey of children under five showed that 2.7
million died during the neonatal period [1]. Preterm birth is
the leading cause of child mortality in almost all high- and
middle-income countries [2]. The complications of preterm
birth are the largest direct cause of neonatal mortality,
accounting for 35% of the world’s 3.10 million deaths each
year, and at least 50% of all neonatal deaths [3]. Although
advances in perinatal medical care have contributed to an
increase in the survival rate of newborns, disorders of
higher brain functions among surviving infants are still a
crucial issue in perinatal medicine [4-7]. The gestational
age (GA) of preterm neonates is generally <37 complete
weeks [8]. Incomplete development of some organs may
cause preterm infants to be unable to adapt to the outside
world and prone to hypoxia and infection [9]. These may
increase the risk of cerebral palsy, learning disabilities, and
visual impairment in preterm infants, affecting long-term
physical health and cognitive function [10]. The effects of
preterm birth may last a lifetime, placing a heavy burden
on the families, society, and medical institutions [11].
Brain imaging techniques can provide valuable infor-
mation about brain development, and opportunities to link
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brain development to human behavior [12]. The traditional
brain imaging techniques are mainly magnetic resonance
imaging (MRI), electroencephalography (EEG), and com-
puterized tomography (CT). However, CT scans generate
radiation, and frequent scanning may affect brain devel-
opment, so they are not recommended for preterm infants.
MRI scans are not suitable for motor or cognitive function
studies in preterm infants either. First, MRI has little
tolerance for head movements [13]. Since it is almost
impossible for a preterm infant to keep still for any length
of time, the MRI scan must be done while the infant is
asleep. The alternative is to sedate or anesthetize the infant
before performing the scan, which may make parents
reluctant to allow an MRI scan on their child. Second, a
cognitive task is the most effective method for studying
cognitive development, but sleeping infants cannot accom-
plish such tasks. Third, studying the brain function of
preterm infants while they are performing natural behav-
iors requires long-term bedside monitoring with an instru-
ment that is portable and possesses high ecological validity.
These goals are difficult to achieve using MRI. Finally, the
cost of MRI equipment is relatively high, and the
availability of MRI units in low-income countries remains
poor. A survey has shown that, in West Africa, 84 MRI
units serve a population of 372,551,411 [14]. The lack of
brain imaging equipment has led to higher mortality in
preterm infants in low-income countries. A report from the
World Health Organization showed that the mortality rate
of preterm infants in low-income countries is ~9 times
higher than that in high-income countries [15]. Although
EEQG is less restricted and more readily accepted by parents
than MRI or CT, it is not suitable for developmental studies
in preterm infants due to poor spatial localization. Accurate
localization of the active areas in the brain is vital in
studies of motor and cognitive function.

Functional near-infrared spectroscopy (fNIRS) is a brain
imaging technology that is much more suitable for preterm
infants than MRI, CT, or EEG. fNIRS devices are usually
attached to the participant’s scalp, where optodes (optical
sensor devices) emit near-infrared light. The light pene-
trates the soft tissues and bone and is absorbed by oxy- and
deoxy-hemoglobin. Light detectors absorb the scattered
light emitted by the optode and quantify the concentration
of hemoglobin. fNIRS captures changes in cerebral oxygen
saturation by measuring the intensity of scattered light in
the active areas of the brain. Compared with traditional
functional brain imaging technologies, fNIRS is less
susceptible to noise and requires less restriction of head
or body activity than MRI and CT [16]. Also, it has more
accurate spatial localization of the active cerebral areas
than EEG. In addition, fNIRS is relatively low-cost and so
can be promoted on a large scale. Some fNIRS studies in
resource-poor and remote areas have confirmed its
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suitability during infancy and its potential for field-based
neuroimaging research on cognitive function [17, 18]. If
fNIRS is widely used, more families with preterm infants
will have access to brain imaging, even in remote and
underdeveloped areas. Studies have shown that early
intervention is helpful for neurodevelopmental outcomes
in preterm infants, especially those who may have motor or
cognitive deficits [19-21]. The common use of fNIRS also
helps the early identification and diagnosis of these deficits,
so that the affected infants can benefit from -early
intervention.

Infancy is the most vigorous stage of growth and
development in a person’s life. Motor, hearing, and visual
skills are all developing at this stage. In the late 1970s to
mid-1980s, NIRS was first used to study infants [22-24]
and it is now widely used in research and -clinical
environments to monitor cerebral oxygen saturation in
preterm infants with various conditions, such as apnea [25],
intraventricular hemorrhage [26], and medication effects
[27]. Many studies have confirmed the feasibility of using
fNIRS to assess cerebral autoregulation [28, 29], and
researchers have found that developmentally linked or
acquired dysfunction of cerebral autoregulation is closely
associated with the occurrence of brain injury. In recent
years, some research has used fNIRS to compare cerebral
oxygenation in preterm and term infants and assess the
brain functions in preterm infants to explore their devel-
opmental trajectories.

There are already some reviews of fNIRS applications in
exploring the brain function of preterm or term infants.
Lloyd-Fox et al. [30] reviewed the achievements in
neurodevelopment and the advantages of fNIRS in infant
research. They focused on advances in techniques and the
progress of methods in research design and the analysis of
hemodynamic responses. Quaresima et al. [31] reviewed
studies of cortical activation in the classical language
region in newborns, children, and adults using fNIRS
instruments of varying complexity. Wolf et al [32]
overviewed the instrumentation available, compared the
advantages and limitations based on the underlying prin-
ciples, and reviewed the application of fNIRS to measure
oxygen saturation in the brain, liver, gastrointestinal tract,
and peripheral tissue. However, there is no systematic
review of fNIRS studies for the assessment of motor and
cognitive function in preterm infants while performing
tasks. In this review, we focused on studies assessing the
brain function of preterm infants using fNIRS and were
particularly interested in three functions: motor perfor-
mance, speech perception, and facial recognition. We
specifically concentrated on differences in cerebral hemo-
dynamic responses between preterm and term infants when
exposed to the same stimuli.
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fNIRS Studies in Preterm Infants

We conducted a literature search first using PubMed.
Subsequently, Google Scholar was used to supplement
relevant articles. The keywords used in the searches were
“near infrared spectroscopy”, “NIRS”, “preterm”, “pre-
mature”, “neonate”, “infant”, “speech”, “language”,
“motor”, “movement”, and “face”. Next, the “Related
Articles” function was used to broaden the search. The
reference sections of all relevant studies were examined to
identify additional papers. This literature search concluded
in May 2019. Studies were limited to articles in English.

Included studies involved the use of fNIRS to assess
brain function in preterm human neonates. Articles on
animal experiments did not fulfill the inclusion criteria.
Trials in both awake and sleep states were considered.
Studies that examined the effect of drugs or breastfeeding
on neonatal cerebral hemodynamics were excluded. In
addition, research assessing cerebral oxygenation during
hypoxic ischemic attacks or surgery in preterm infants was
not considered. The search strategy is summarized in
Fig. 1. Preterm infants were included as subjects in each
study. Their GA was <37 weeks, and chronological ages
were no more than one year. The brain function in preterm
infants was assessed at hospitals in all studies.

According to the papers meeting the inclusion criteria,
studies were classified into three areas: motor performance,
speech perception, and facial recognition (Table 1). Our
main concern was the cerebral hemodynamic responses in
preterm infants exposed to visual, auditory, or motor
stimuli. Also, we compared the cerebral hemodynamic
responses between preterm and term infants, and explored
the effect of preterm birth on different brain functions in
infants.

Motor Performance

The fetus develops rapidly between 20 and 37 weeks GA,
and many sensorimotor networks are established during the
second half of pregnancy. Therefore, motor development is
one of the most affected areas in preterm birth and may
cause many restrictions in later life. An fNIRS study
indicated that motor impairment might be associated with
cerebral hypoxia during the transition immediately after
birth in preterm infants [33]. A recent meta-analysis of 11
studies assessed the prevalence of motor impairments in
school-aged children born prematurely after the 1990s, and
reported it as ranging from 19.0% to 40.5% [34].
Neonatal motor performance is closely associated with
the development of the sensorimotor cortex. fNIRS is
practical for studying the role of cortical sensorimotor

function in motor behavior. Isobe et al. [35] performed
passive knee movements on healthy term infants and
preterm infants (GA: 24-35 weeks; median, 29.6 weeks)
on days 3-57 during sedated sleep. They found that
oxyhemoglobin (HbO) and total hemoglobin (tHb)
increased in the primary sensorimotor area of all neonates,
and the local deoxyhemoglobin (HHb) decreased in 6 of 7
neonates in response to contralateral knee movement.
However, during ipsilateral knee movement, HbO and tHb
showed slighter changes. To study this further, Kusaka
et al. [36] added the stimulation of passive elbow and knee
movement in term infants and preterm infants (GA:
24-41 weeks; median, 29.6 weeks) on days 3-99. The
fNIRS results showed a significant difference in the area
and degree of response between contralateral and ipsilat-
eral movements. They found that contralateral knee and
elbow movement caused a marked increase in HbO in a
larger area of the sensorimotor cortex, while ipsilateral
knee and elbow movement caused smaller changes in HbO
in a smaller area.

Apart from the passive motor behavior in a sleeping
state, researchers have demonstrated that fNIRS can be
used to identify the activation of sensorimotor areas in
awake infants. Kashou ef al. [37] compared the durations
of HbO changes in the left and right hemispheres of
preterm neonates (mean postmenstrual age (PMA):
41.6-47.0 weeks) between palmar, plantar, and oromotor
stimuli, and found that the oromotor stimuli resulted in a
50% greater response than the palmar or plantar stimuli. de
Oliveira et al. [38] compared motor performance between
term and preterm infants (GA <34 weeks) at 6 months
chronological age using fNIRS and the Bayley Scales of
Infant Development, Third Edition (Bayley-III). Motor
performance was similar in full-term and preterm infants,
but the hemodynamic responses were different. During
sensorimotor stimulation, the cerebral activation response
in full-term infants was contralateral, whereas the response
in preterm infants was predominantly bilateral. The
preterm group also exhibited a longer latency for the
hemodynamic response than the full-term group. In 2019,
de Oliveira et al. [39] conducted a longitudinal study with
preterm and full-term infants at 6 and 12 months of age. In
response to sensorimotor stimulation, preterm infants
showed wider bilateral activation at 6 months, and an
exclusively contralateral and more local activation
response at 12 months. However, the 12-month-old pre-
term group continued to show a larger activation area than
the full-term group of the same age. This may indicate that
the brains of preterm infants are less specialized. Allievi
et al. [40] saw a maturational trend toward faster, higher
amplitude, and more spatially dispersed functional
responses in the brains of preterm neonates (PMA:
32-45 weeks). They also found that, in preterm infants at
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Fig. 1 Literature search strat-
egy. The systematic search
strategy highlights the number
of articles acquired in the orig-
inal search, the justification for
rejection of certain articles, and
the total number of articles
included for systematic review,
data extraction, and analysis.

a PMA equivalent to full-term infants, there was a decrease
in both response amplitude and interhemispheric functional
connectivity, and an increase in spatial specificity, culmi-
nating in the establishment of a sensorimotor functional
response similar to that seen in adults.

The above studies show that in both the awake and
sedated sleep states, the sensorimotor functions in preterm
infants can be imaged and evaluated with fNIRS. More-
over, fNIRS can detect real-time activation responses in
cortex, and this can be complimentary to movement
assessment scales such as Bayley-III. Therefore, fNIRS
has the potential to supplement the developmental assess-
ment of behavioral responses.

Speech Perception

Many studies have shown that preterm infants have speech
perception abilities. Mahmoudzadeh et al. [41] recorded
cortical responses in the temporal and frontal areas using
fNIRS in preterm infants at ~30 weeks PMA. The results
showed that these infants could discriminate two syllables
(/ba/versus/ga/) and the gender of a human voice (male vs
female). When preterm infants were exposed to auditory
stimuli in the form of utterances made by their mothers and
female nurses, the active response in the right frontal area
was different. In addition, they could discriminate between
their mothers’ utterances and those of female nurses [42].

Language disorder is a major concern among preterm
infants. fNIRS studies are important for understanding the
physiological mechanisms underlying brain functions in
preterm infants. A study conducted by Naoi et al. [43]
examined cerebral activation and functional connectivity in
response to infant-directed speech and adult-directed
speech in term and preterm infants (mean PMA:
275.4 days) using a 94-channel NIRS instrument. Cerebral
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activation in response to speech stimuli in preterm infants
was higher in the right temporal region and inter-hemi-
sphere connectivity was higher than in full-term controls.
This was especially evident in regions known to be
involved in speech processing, such as the temporal and
temporo-parietal regions, suggesting that preterm infants
follow different developmental trajectories due to differ-
ences in intrauterine and extrauterine development.

Studying the cerebral hemodynamics of speech percep-
tion in preterm infants is valuable for early diagnosis and
intervention for speech development deficits. fNIRS
research on adults and infants has indicated that speech
stimulation typically causes an increase in HbO and a slight
simultaneous decrease in HHb [44]. However, Arimitsu
et al. [45] found that preterm infants (GA: 26-36 weeks)
do not always have the same patterns of hemoglobin
change as full-term infants in response to phonemic or
prosodic contrasts. They further found that the proportion
of preterm infants with atypical hemodynamic patterns
decreased, and finally became the same as that of term
infants when they reached a corrected age of 38 weeks.
These results reflected that the cerebral cortices of preterm
infants may not initially be fully functional and the higher
brain functions of preterm infants develop gradually before
the projected due date. Arimitsu et al. [46] tested 80 infants
(GA: 2641 weeks) from 33 to 41 weeks PMA, and found
that as PMA increased, hemodynamic regulation and the
functional system for phonemic and prosodic processing
developed and became consistent with term infants by the
projected due date. The maturity of the hemodynamic
response may reflect the development of language func-
tions in preterm infants. Results also suggested that hearing
infant-directed speech is helpful for the development of
speech function in preterm infants, and that early inter-
vention has a positive effect on speech perception disorders
[46].
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Table 1 Summary of fNIRS studies on motor and cognitive functions in preterm infants.

Study fNIRS System Method Key finding
Motor performance
Isobe et al. [34] NIR topography, Flexed and extended the right or left leg at the HbO and tHb increase during contralateral knee
Hitachi knee joint movement
Kusaka et al. 24 multichannel Flexed and extended the knee or elbow joint  Significant difference in the area and degree of
[35] NIRS, Hitachi response between contralateral and ipsilateral

Kashou et al. NIRScout imaging
[36] system, NIRx
Pansy et al. [32] INVOS Cere-
bral/somatic
oximeter monitor
de Oliveira et al. NIRScout Tandem
[37] 1616, NIRx
de Oliveira et al. NIRScout Tandem
[38] 1616, NIRx

come by GMA

hand

Speech perception

Saito et al. [41] NIRO200, Hama-

Palmar, plantar, and oromotor stimulation

crSO,; assessed short-term neurological out-

Micro-direct-current motor held against right

Micro-motor grasped in hand

Auditory stimuli (mother’s voice, nurse’s

movement

Oromotor stimulus resulted in a 50% greater response
than palmar or plantar stimuli

Motor impairment possibly associated with cerebral
hypoxia

Activation response bilateral and latency longer in
preterms

12-month old preterm infants showed a contralateral
response but the activation area was larger than
12-month-old term infants

Preterm infants reacted differently to different voice

matsu Photonics

Mahmoudzadeh
et al. [40]

Imagent, ISS

voice, or white noise)

Four syllables/ba/and/ga/produced by French
male and female speakers; standard, deviant
voice, and deviant phoneme trials

stimuli

Preterm infants discriminated two syllables (/ba/vs/
ga/) and human voice (male vs female).

Naoi et al. [42] ETG-7000, Hitachi

Arimitsu et al. Not mentioned
[44] contrast (/itta/and/itta?/)

Arimitsu et al. ETG 4000, Hitachi
[45] contrast (/itta/and/itta?/)

Facial recognition

Carlsson et al. NIRO 300, Hama-

[57] matsu Photonics
Frie et al. [59] NIRO 300 or Gray background, mother’s face, an unknown
NIRO 200, face
Hamamatsu
Photonics

Speech and non-speech auditory stimuli

Phonemic contrast (/itta/vs/itte/), and prosodic

Phonemic contrast (/itta/vs/itte/), and prosodic

Pictures of the mothers and unknown women

Preterm infants: decreased activity in response to
speech stimuli in the right temporal region, and
increased interhemispheric connectivity

Hemoglobin change pattern became the same as that
of term infants at 38 weeks CGA

Alterations in hemodynamic regulation and the
functional system for phonemic and prosodic
processing in preterm infants catch up by their
projected due dates

Alteration or delay of the maturation of the occip-
itotemporal pathway may cause difficulties in face
recognition in preterms

Different cortical face recognition processes than
term-born infants

Abbreviations: HbO, oxyhemoglobin; tHb, total hemoglobin; crSO,, cerebral regional oxygen saturation; GMA, general movement assessment;

CGA, corrected gestational age.

Facial Recognition

The ability to distinguish and recognize faces is necessary
for social interaction. At birth, infants are able to distin-
guish between facial and non-facial patterns and prefer
face-like patterns [47]. This ability is likely associated with
cortical circuits [48—50]. The infant is exposed to faces and
the cortical circuits begin to develop at 2 months [51].
Between 6 and 8 months, an infant can identify a face
[52, 53]. fMRI studies suggest that the right temporal lobe,

prefrontal cortex, and fusiform gyrus are the most impor-
tant areas for facial recognition processes [54, 55]. Injury
of these areas may be associated with impaired facial
recognition in preterm infants. Such an impairment could
affect social interactions, and may lead to depression or
anxiety.

fNIRS provides a way to measure cerebral activity
during face processing by monitoring changes in HbO,
HHb, and tHb concentrations [56, 57]. It also offers a
method of exploring the neurodevelopmental mechanism
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of facial recognition. A study by Carlsson et al. [58] found
that infants at 6-9 months exhibit a higher activation-
related hemodynamic response in the right fronto-temporal
cortex when exposed to an image of their mother’s face
than to an unknown face. The results suggested that the
right fronto-temporal cortex is involved in facial recogni-
tion processes at this age. They further hypothesized that
an alteration or delay in the maturation of the occipitotem-
poral pathway may cause facial recognition impairments
[59]. Frie et al. [60] compared cortical hemodynamic
responses to known and unknown facial stimuli between
extremely preterm infants (corrected age: 6—10 months)
and full-term infants. They found that preterm infants had a
significantly smaller hemodynamic response in the right
frontotemporal areas when looking at their mother’s face
compared to an unknown face, which was opposite to the
response of term infants [60]. These results suggest that
preterm infants have different cortical facial recognition
processes than term infants, possibly due to disruption of
the subcortical system associated with an innate ability to
prioritize face-like patterns over non-face-like patterns.

Summary and Perspectives

The studies reviewed above analyzed the relationships
between hemodynamic activity and motor and cognitive
development in preterm infants. We focused on three
aspects of brain development (motor performance, speech
perception, and facial recognition), and found that preterm
infants have different, even opposite responses to the same
stimuli when compared to term infants. These differences
may have a few different causes. First, during the last
3 months of pregnancy, the fetal auditory system under-
goes functional development [61, 62]. Preterm infants have
a shorter GA, so the hemodynamic response to speech
stimuli may be affected by their immature brains after
birth. Second, differences in intra- and extra-uterine
developmental environments may cause differences in
hemodynamic patterns between preterm and term infants.
Compared to a term infant, a preterm infant at an
equivalent PMA has less intrauterine experience and more
extrauterine experience. In addition, preterm infants are
generally treated in neonatal intensive care units and
receive more facial and sound stimuli than their term
counterparts. In the first few weeks after birth, over-
stimulation in the neonatal intensive care unit may have
long-term effects on brain size and function in preterm
infants [63]. This experience could affect cerebral hemo-
dynamic responses to speech or facial stimuli. Finally,
these differences between pre- and full-term infants may be
caused by immature neural networks and angiogenesis in
preterm infants. After oxygen consumption accompanying
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neuronal activity, the supply of oxygen is not efficiently
delivered to the area of active neurons in the cerebral
cortex [64], leading to abnormal changes of HbO and HHb
in certain brain regions of preterm infants.

Different hemodynamic responses in preterm infants
suggest that their brain functions may not develop at first.
However, these functions gradually develop before the
projected due date and eventually become the same as
those of term infants at an equivalent PMA. In motor
performance, the differences in lateralization of evoked
sensorimotor cortex responses in term and preterm infants
indicate that a considerable degree of functional lateral-
ization develops during the first months of postnatal life.
Similar phenomena have been found in the auditory cortex.
As for phonemic and prosodic perception, the phoneme is
generally processed in the left-temporal area, while
prosody activates the right-temporal area in term infants
and adults [65, 66]. After 39 weeks PMA, preterm infants
begin to show functional laterality in the auditory cortex
and gradually resemble term infants [46]. The research
reviewed above also suggests that early intervention
facilitates the development of cognitive functions. fNIRS
is useful for early screening and intervention in the
developmental problems of preterm infants.

The preterm infant is at elevated risk of cognitive
deficits and developmental disorders. The fNIRS studies in
preterm infants described in this article mainly focused on
the first year after birth, which is the critical development
period. Over the past 40 years [67], fNIRS has continu-
ously developed and much progress has been made [68].
This is mainly due to its advantages. fNIRS will continue
to develop as a methodology because its potential is still far
from fully utilized.

Although fNIRS has apparent advantages, there are
several challenges that limit its applications. fNIRS has
poor spatial resolution and limited penetration depth
[69, 70]. When assessing cerebral oxygenation saturation,
the distance between the optode and the detector is at least
2 cm, which limits the spatial resolution [71]. In addition,
the signal-to-noise ratio (SNR) in fNIRS is lower than in
MRI. Many research groups have tried novel methods to
overcome these shortcomings, such as combining fNIRS
with other imaging methods. Chiarelli et al. [72] integrated
fNIRS with EEG to monitor the neonatal brain, and showed
that this provides additional information about the electri-
cal and metabolic hemodynamic activities of the cerebral
cortex, and has higher sensitivity and specificity. In
preterm infants, combined techniques can provide new
insights into brain function and help us better understand
impairments.

In addition to poor spatial resolution, limited penetration
depth, and a low SNR, there are other challenges when
using fNIRS to study brain functions in preterm infants.
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Although fNIRS does not have strict head-movement
limitations like MRI, sliding of the probe or changes in the
intensity of the near-infrared light can result in spurious
signals (motion artifacts) at the corresponding detector
[73]. Motion artifacts may affect study results by masking
actual changes of HbO and HHb. These artifacts may also
influence baseline data. Motion artifacts can be reduced
with hardware and software optimization, as well as by
calming the preterm infant during the experiment, thereby
reducing unnecessary motion caused by anxiety. Another
challenge is that the results of fNIRS studies of the same
brain function in preterm infants may be different [74].
This may be because different experimental designs are
used in different studies [75]. In addition, differences in
chronological ages and developmental levels among dif-
ferent studies also influence the results. Future research
needs to weigh the comfort of the subjects, spatial
resolution of the hardware, and potential for motion
artifacts. At the same time, larger sample sizes are needed
to replicate experiments.

As an imaging technique, fNIRS establishes a corre-
spondence between brain activity and brain areas by
measuring HbO and HHb concentrations, and promotes our
understanding of brain development in preterm infants.
This will inevitably help us to identify critical periods for
intervention in atypical development, thereby reducing the
risk of motor and cognitive disorders and minimizing the
impact of preterm birth on infants. However, the current
fNIRS research in preterm infants still has many limita-
tions. Apart from the three areas reviewed, the develop-
mental mechanisms of other brain functions are still
unclear. Further studies with fNIRS are needed to better
understand the mechanisms of brain functions in preterm
infants.
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