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ORIGINAL ARTICLE

Injury of Muscular but not Cutaneous Nerve Drives Acute
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Abstract Acute pain is a common complication after

injury of a peripheral nerve but the underlying mechanism

is obscure. We established a model of acute neuropathic

pain via pulling a pre-implanted suture loop to transect a

peripheral nerve in awake rats. The tibial (both muscular

and cutaneous), gastrocnemius–soleus (muscular only), and

sural nerves (cutaneous only) were each transected.

Transection of the tibial and gastrocnemius–soleus nerves,

but not the sural nerve immediately evoked spontaneous

pain and mechanical allodynia in the skin territories

innervated by the adjacent intact nerves. Evans blue

extravasation and cutaneous temperature of the intact skin

territory were also significantly increased. In vivo electro-

physiological recordings revealed that injury of a muscular

nerve induced mechanical hypersensitivity and sponta-

neous activity in the nociceptive C-neurons in adjacent

intact nerves. Our results indicate that injury of a muscular

nerve, but not a cutaneous nerve, drives acute neuropathic

pain.

Keywords Muscular nerve � Cutaneous nerve � Acute

neuropathic pain

Introduction

Acute neuropathic pain is a common complaint in clinical

practice, but it is often underappreciated and undertreated

in patients who experience trauma, surgery, and illness. In

about one-half of patients, acute neuropathic pain develops

into chronic neuropathic pain lasting for years, which

greatly damages physical and mental health [1].

Growing evidence in animal models has demonstrated

that it is injury of the muscular nerve, not the cutaneous

nerve that matters in chronic neuropathic pain [2–4]. A

significant proportion of patients who recover from

poliovirus infection, which mainly targets muscular nerves

and leads to progressive muscle weakness, suffer from

chronic neuropathic pain, indicating that pathology of

muscular nerves contributes to chronic pain [5, 6]. Besides,

the sural nerve, a cutaneous branch of the sciatic nerve, is

widely harvested in nerve repair surgery and most patients

report no chronic pain after grafting [7].

However, it remains unclear whether muscular nerves

also play a significant role in the generation of acute

neuropathic pain. Some limitations have restricted the

research on acute pain in animal models. To ensure that

animals are awake and avoid the influence of anesthetics,

pain-related behaviors are usually observed at least hours
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or days after surgery, leaving the acute neuropathic pain

that occurs immediately after nerve injury rarely investi-

gated. Previous studies have demonstrated that chronic

neuropathic pain is associated with the release of inflam-

matory cytokines and the overexpression of sodium

channels [8–15]. In fact, it usually takes hours or even

days for significant neurophysiological changes to develop,

implying that different mechanisms drive acute neuro-

pathic pain. In a previous study, we applied a novel method

to transect the L5 spinal nerve in awake rats to study acute

neuropathic pain. Using this novel method, we observed

the rapid onset of spontaneous pain and evoked pain

hypersensitivity. The outburst of pain-related behavior was

synchronous with the spontaneous activity and hyperex-

citability of nociceptive neurons in the adjacent intact L4

dorsal root ganglion (DRG) [16].

In this study, we continued to apply this modified

surgical method to transect peripheral nerves in awake rats

to investigate the role of muscular nerves in acute

neuropathic pain. The tibial (both muscular and cutaneous),

gastrocnemius–soleus (GS) (muscular only), and sural

(cutaneous only) nerves were each transected in awake

rats by quickly pulling a pre-implanted suture loop

surrounding the nerve. Then we measured the paw

withdrawal threshold (PWT) to mechanical stimuli and

the duration of spontaneous foot lifting, investigated the

hypersensitivity of nociceptive C-neurons by in vivo elec-

trophysiological recording, and evaluated neurogenic

inflammation by Evans blue extravasation. This study

was designed to help unravel the mechanisms underlying

acute neuropathic pain.

Materials and Methods

Animals

Adult female Sprague-Dawley rats (180 g–200 g) provided

by the National Institutes for Food and Drug Control,

China, were housed under a 12-h light/12-h dark cycle at

room temperature (23 �C ± 2 �C). All rats had free access

to rodent chow and water. All experiments were performed

in Peking Union Medical College, Beijing, China and were

approved by the Institutional Animal Care and Use

Committees of the Chinese Academy of Medical Sciences

and the Institute of Basic Medical Sciences (Project #211-

2014). A total of 137 rats were used: 33 for PWT

measurement, 36 for spontaneous foot lifting measurement,

32 for in vivo electrophysiological recording, 21 for Evans

blue extravasation, and 15 for cutaneous temperature

measurement.

Surgery

The day of acute nerve transection was defined as day 0.

On day - 2 (2 days before transection), after the behav-

ioral test, rats were anesthetized with pentobarbital sodium

(50 mg/kg intraperitoneally; Sigma-Aldrich Corp., St.

Louis, MO). Under sterile conditions, a longitudinal

incision was made in the lateral skin of the right thigh,

then the biceps femoris muscle was bluntly separated to

expose and isolate the sciatic nerve with its three branches:

tibial, common peroneal, and sural. The GS is a branch of

the tibial nerve that innervates the gastrocnemius and

soleus muscles. A suture loop was placed around the target

branch with its two ends running through a 2 mm-long

sterilized transparent tube. A knot in the distal end of the

tube was made to prevent the tube from slipping out. The

tube was embedded under the skin and then the incision

was closed in layers. To assess the influence of the surgery

itself, the behavioral test was repeated 1 day before

transection (day - 1). On day 0, the target nerve was

transected in awake rats by quickly pulling the pre-

implanted suture loop while holding the transparent tube

steady (Fig. 1A). When the target nerve was completely

transected by the suture loop, the intact loop was pulled

out. After all experiments, we checked the target nerve to

confirm it was completely transected.

Behavioral Test

Paw Withdrawal Threshold

Before all tests, rats were placed in an acrylic glass box to

habituate to the environment and observed for 1 h/day for

3 days. Before each test, habituation was allowed for

10 min.

The plantar surface of the rat hind paw can be divided

into three territories: medial (saphenous nerve receptive

field), middle (tibial nerve receptive field), and lateral

(sural nerve receptive field), with overlaps between adja-

cent territories [17]. A calibrated electronic von Frey

filament (Electronic von Frey 2390-5 Anesthesiometer;

IITC Life Science, Woodland Hills, CA) was applied

perpendicular to each of the sites 1, 2, and 3 on the plantar

surface, and held for * 3 s (Fig. 1B). The PWTs of sites

1, 2, and 3 represented those of the lateral, middle, and

medial territories, respectively. Sharp paw withdrawal with

licking or shaking was regarded as a positive response. The

average of three repeated measurements was taken as the

final PWT. The average PWTs for days - 4, - 3, and - 2

were defined as the baseline.
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Spontaneous Pain Duration

The habituation process in spontaneous pain assessment

was the same as for the PWT test. Behaviors such as

spontaneous foot lifting, biting, and licking were regarded

as indicators of spontaneous pain [18]. To observe the

behaviors clearly, a mirror was placed below the glass box

at an angle of 45� to the experimental platform. A high-

definition camera was placed in front of the box to capture

direct images and indirect inverted images in the mirror.

The cumulative duration (in seconds) of spontaneous foot

lifting, biting, and licking the right hind paw per 30 min

was recorded as the quantitative assessment of spontaneous

pain. The average of spontaneous pain duration on days

- 3 and - 2 (before implanting the loop) was defined as

the baseline.

Electrophysiological Recording

L4 Dorsal Root Ganglion Exposure

L4 DRG exposure and in vivo electrophysiological record-

ing were as previously reported [19]. Briefly, rats were

anesthetized with pentobarbital sodium (initial dose of

50 mg/kg intraperitoneally followed by supplementary

doses of 20 mg/kg as needed), the L5 transverse process

was removed, and a laminectomy was made from L1 to L6.

Oxygenated artificial cerebrospinal fluid at 35 �C was

dripped onto the surface of the L4 DRG during surgery and

recording. Under a dissecting microscope, the perineurium

and epineurium of the L4 DRG were carefully removed,

then the rat was transferred to the recording platform. A

pool was made by attaching the skin to a metal ring.

Identification of C-neurons and Their Receptive Fields

The receptive field of a neuron was identified by applying

peripheral stimuli. Axonal conduction velocity was deter-

mined by dividing the distance between the receptive field

and the cell body by the latency of the action potential.

A C-neuron was identified by a velocity\ 2 m/s, then

mechanical (50 mN von Frey filament for 3 s), warm

(51 �C fine tube for 5 s), and cold stimuli (0 �C ice-water

for 10 s) were applied to identify the subtype of the

C-neuron.

Mechanical stimuli were applied to the C-neuron

receptive field using a Q-tip, light brush, and von Frey

filaments in ascending order (5 mN, 10 mN, 30 mN, and

50 mN). In vivo recording started 20 min before nerve

transection and lasted for 2 h. If action potentials were

recorded in C-neurons when mechanical stimuli were

delivered, the stimuli were labeled as positive.

Criteria for Defining a Spontaneously Active C-neuron

For an identified C-neuron, a continuous recording started

5 min before transection and lasted for 4 h without any

external stimulation. If an identified C-neuron discharged

continuously during this period, it was classified as

spontaneously active. Any discharge associated with elec-

trode insertion and lasting\ 30 s was classified as ‘‘injury

discharge’’ and terminated as a failure.

Compensatory A-fiber Input

After identifying a spontaneously active C-neuron, stimu-

lation mimicking A-fiber strength (10 Hz, 0.5 mA for

Fig. 1 Nerve branches and plantar territories. A Diagram of the

sciatic nerve and its branches: tibial (both muscular and cutaneous),

gastrocnemius-soleus (GS; muscular only) and sural (cutaneous only).

In nerve transection, the transparent tube was held steady and the

suture loop was pulled rapidly. B The plantar hind paw is divided into

three territories: lateral, middle, and medial, innervated by the sural,

tibial, and saphenous nerves, respectively. Paw withdrawal thresholds

were measured at sites 1, 2, and 3 (dashed circles) in the

corresponding territories.
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3 min) was delivered to the proximal segment of the

transected nerve through a pair of silver hook electrodes.

Evans Blue Extravasation

Evans blue (1%, 2 mL in saline, intravenously; Sigma-

Aldrich, St. Louis, MO) was injected into the caudal vein

2 min before nerve transection. Transcardial perfusion with

0.1 mol/L phosphate-buffered saline was carried out

30 min after transection. After perfusion, photographs of

the dorsal paws were taken, and then the dorsal skin of the

ipsilateral and contralateral paws was removed. Extra-

vasated dye was measured using a previously reported

method [20]. Briefly, the removed skin was incubated

overnight with N, N-dimethylformamide at 55 �C to

completely dissolve the Evans blue into the solvent. Then,

the Evans blue absorbance value was measured by a

microplate spectrophotometer at 630 nm. The concentra-

tion of Evans blue was normalized to a reference sample

(0 lg/mL–9.6 lg/mL).

Cutaneous Temperature Measurement

Rats were placed prone with an electrical temperature

sensor in the rectum to measure the rectal temperature.

Another two electrical temperature sensors were closely

attached to the skin surface on different plantar territories

of the hind paw with adhesive tape. The nerves were

exposed as described above and were transected using fine

scissors. Temperature recording started 5 min before

transection and ended 30 min later.

Statistical Analysis

All data are presented as the mean ± SEM. Differences of

PWT at different time points were analyzed using one-way

analysis of variance (ANOVA) followed by the Bonferroni

post hoc test. Student’s t test was applied to compare the

mechanical threshold of C-neuron discharge and Evans

blue extravasation between different groups. The v2 test

was applied to compare the incidence of spontaneous

discharge between different groups. Two-way (time and

group) ANOVA with the Bonferroni post hoc test was

applied to compare repeated measurements of cutaneous

temperature at different time points among different

groups. A statistically significant difference was defined

as a two-sided P value\ 0.05. IBM SPSS Statistics for

Windows (version 21.0, Armonk, NY) was used for

analysis.

Results

Animal Behavior

When rats were awake on the day after implanting the tube

(day - 1), they behaved almost normally, except for

occasionally licking at the wound. On day 0, after acute

transection of the tibial nerve and GS nerve, the rats

immediately became restless, walked around clumsily and

limped on the injured right hind paw with licking and

biting. Hours later, there was a tendency to recover with a

decreased licking and biting frequency. In contrast, rats

behaved normally after sural nerve transection and sham

transection.

Mechanical Allodynia of the Lateral Plantar Paw

(Sural Nerve Receptive Field)

Compared with baseline, the PWTs of the lateral territory

showed no significant changes on day - 1 in the four

groups (P[ 0.05). After tibial nerve transection, the PWT

of the lateral territory decreased dramatically, from base-

line (13.6 g ± 0.4 g) to the range of 1.2 g ± 0.3 g to

2.4 g ± 0.9 g (P\ 0.05, n = 9). After GS nerve transec-

tion, a moderate decline in the PWT of the lateral territory

occurred, from baseline (14.1 g ± 0.2 g) to the range of

4.5 g ± 0.8 g to 6.8 g ± 0.7 g (P\ 0.01, n = 10). After

sural nerve transection, only the PWTs at 5 h, 3 days, and

7 days slightly but significantly decreased (P\ 0.05,

n = 8). In the sham group, the PWTs in the lateral territory

were between 12.9 g ± 0.5 g and 14.3 g ± 0.8 g with

significant differences at 5 h and 7 days (P\ 0.05, n = 6)

(Fig. 2A).

Mechanical Allodynia of the Medial Plantar Paw

(Saphenous Nerve Receptive Field)

Compared with baseline, the PWTs of the medial territory

on day - 1 showed no significant differences in the four

groups. After tibial nerve transection, the PWT of the

medial territory was significantly lower than baseline at 5 h

post-transection with a threshold of 8.6 g ± 0.8 g

(P\ 0.05, n = 9). After GS nerve transection, the PWTs

of the medial territory dropped from baseline

(12.8 g ± 0.3 g) to the range of 5.8 g ± 0.6 g to

8.9 g ± 0.5 g (P\ 0.01, n = 10). After sural nerve tran-

section, the PWTs at most time points were not signifi-

cantly changed. Only the PWT on day 3 was significantly

decreased to 10.2 g ± 0.5 g (P\ 0.01, n = 8). In the sham

group, there were no significant changes in the PWTs of the

medial territory (P[ 0.05, n = 6) (Fig. 2B).
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Mechanical Allodynia of the Middle Plantar Paw

(Tibial Nerve Receptive Field)

Compared with baseline, the PWTs of the middle territory

were not significantly changed on day - 1 in all groups.

After tibial nerve transection, rats lost sensation to

mechanical stimuli applied to the middle territory. Because

of paralysis and numbness, the rats did not respond to

mechanical stimuli even if the force of the von Frey

filament was up to 20 g. Paws were elevated passively by

the von Frey filament with PWTs between 18.6 g ± 1.4 g

and 23.1 g ± 0.4 g (P\ 0.05, n = 9). After GS transec-

tion, the PWTs of the middle territory declined signifi-

cantly from baseline 14.8 g ± 0.3 g to the range of

6.9 g ± 0.9 g to 12.8 g ± 1.5 g (P\ 0.05, n = 10). In

the sural group, the PWTs of the middle territory at

different time points were not significantly changed

(P[ 0.05, n = 8). In the sham group, the PWTs of the

middle territory remained between 13.4 g ± 0.8 g and

15.7 g ± 0.6 g with only that on post-transection day 7

higher than baseline (P\ 0.05, n = 6) (Fig. 2C).

Extended Spontaneous Pain Duration After

Muscular Nerve Transection

In all four groups, no spontaneous pain appeared on the day

after implanting the tube (day - 1), and there was no

significant difference in spontaneous pain duration between

baseline and day - 1. Rats exhibited pain behaviors and

high facilitation of spontaneous pain immediately after

Fig. 2 Paw withdrawal thresholds (PWTs) in each territory and

spontaneous pain duration. A PWTs of the lateral territory. In the

tibial and GS transection groups, PWTs significantly decreased

immediately after transection and lasted for 14 days. In the sural and

sham groups, PWTs showed no significant change at most time

points. B PWTs of the medial territory. PWTs decreased significantly

after GS nerve transection. In the tibial, sural, and sham groups, the

PWTs at most time points showed no significant change. C PWTs of

the middle territory. PWTs increased significantly after tibial nerve

transection and dropped after GS nerve transection with a potential

recovery tendency after 1 day. D Spontaneous pain duration. After

tibial nerve transection and GS nerve transection, the spontaneous

pain duration extended significantly, and a recovery tendency

occurred over time. In the sural and sham groups, spontaneous pain

duration did not significantly change at most time points [time points

vs baseline, *P\ 0.05, **P\ 0.01 (tibial group); #P\ 0.05,
##P\ 0.01 (GS group); &P\ 0.05, &&P\ 0.01 (sural group);
^P\ 0.05, ^^P\ 0.01 (sham group); arrowheads, implantation of

suture loop and tube without nerve transection on day - 2; arrows,

nerve transection].
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tibial nerve transection (P\ 0.05, except for P = 0.05 on

day 5, n = 10). The most frequent spontaneous pain

occurred immediately after tibial nerve transection, with

an extremely long duration of 319.9 s ± 51.1 s (P\ 0.01).

Then, rats tended to recover and spontaneous pain duration

was attenuated to 39.6 s ± 14.4 s on post-transection day

7. After GS nerve transection, spontaneous pain duration

was moderately extended (P\ 0.05, except for P[ 0.05

on day 7, n = 9), and the longest duration (89.1 s ± 19.6 s)

occurred immediately after transection with a tendency to

decline afterwards. Compared with baseline

(1.1 s ± 1.1 s), spontaneous pain duration slightly

increased to 10.0 s ± 5.0 s immediately after sural nerve

transection (P\ 0.05 at 0 h, n = 9), but no significant

spontaneous pain behaviors were observed thereafter

(P[ 0.05). No spontaneous pain behaviors were observed

in the sham group (P[ 0.05, n = 8) (Fig. 2D).

Sensitization of Nociceptive C-neurons After Mus-

cular Nerve Transection

We made in vivo extracellular recordings from C-neuron cell

bodies in L4 DRGs after nerve transection, noting the

conduction velocity and responses to mechanical, warm,

and cold stimuli of 22 nociceptive C-neurons (Fig. 3A–G).

The receptive fields of nociceptive C-neurons after tibial

nerve transection were mainly in the adjacent lateral (sural

nerve receptive field) and medial (saphenous nerve receptive

field) territories (Fig. 3F). The mechanical threshold to evoke

C-neuron discharge significantly decreased within 5 min after

tibial nerve transection (post-transection 5.6 mN ± 2.3 mN

vs pre-transection 31.4 mN ± 5.9 mN, P\ 0.01, n = 6) and

GS nerve transection (post-transection 11.6 mN ± 2.9 mN

vspre-transection 32.7 mN ± 3.7 mN,P\ 0.01,n = 5). The

mechanical threshold did not significantly change after sural

nerve transection (post-transection 28.5 mN ± 4.9 mN vs

pre-transection 30.8 mN ± 5.1 mN, P[ 0.05, n = 5)

(Fig. 3H).

Increased Spontaneous Activity of Nociceptive

C-neurons After Muscular Nerve Transection

The spontaneous activity of L4 DRG C-neurons became

evident * 3 min after tibial or GS nerve transection

(Fig. 4A–C). The percentage of C-neurons with sponta-

neous activity was significantly higher after tibial (37%,

21/57, P\ 0.01) and GS transection (18%, 7/38, P\ 0.01)

than in the sham group (3%, 1/38) (Fig. 4D). Spontaneous

activity was rarely recorded in C-neurons after sural nerve

transection (1%, 1/80, P[ 0.05). Spontaneous activity was

suppressed when continuous A-fiber-strength electrical

Fig. 3 In vivo responses of nociceptive C-neurons to mechanical

stimuli in the tibial, GS, and sural nerve transection groups. A Bright-

field image of the L4 DRG surface showing a neuron cell body

(arrow) and an extracellular recording electrode (dashed lines) (scale

bar, 50 lm). B Conduction velocity (CV) was measured by electri-

cally stimulating the peripheral receptive field on the dorsal surface of

the paw (black dot) (bar, 100 ms). C Typical response of the

C-neuron to 50 mN mechanical stimulation. Action potentials (APs)

in the original recording trace (Ie) are presented as corresponding tic

marks below. D Representative response of the C-neuron to

nociceptive thermal stimulation (51 �C for 5 s). E Representative

response of the C-neuron to cold stimulation (0 �C for 10 s).

F Receptive fields of nociceptive C-neurons after tibial (4), GS

(9), sural (h), and sham (s) transection. G Action potentials

(vertical lines) evoked by different mechanical stimuli—Q-tip (Q),

light brush (Br), and von-Frey filaments with 5 mN, 10 mN, 30 mN,

and 50 mN bending forces—immediately after nerve transec-

tion. H Mechanical thresholds to evoke the discharge of nociceptive

C-neurons (*P\ 0.05, **P\ 0.01, post-transection vs pre-

transection).
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stimulation (10 Hz, 0.5 mA for 3 min) was applied to the

proximal tibial or GS nerve (Fig. 4B, C).

Increased Evans Blue Extravasation After Muscular

Nerve Transection

Evans blue extravasation was evident in the ipsilateral

affected skin * 10 min after tibial (Fig. 5A) and GS

(Fig. 5B) transection. Compared with 6.25 lg/

g ± 1.02 lg/g in the contralateral intact skin, the Evans

blue concentration was significantly increased to 21.24 lg/

g ± 3.26 lg/g in the ipsilateral affected skin after tibial

nerve transection (P\ 0.01, n = 7). After GS nerve

transection, the Evans blue concentration in the ipsilateral

affected skin was significantly higher than that the

contralateral intact skin (ipsilateral 14.34 lg/g ± 2.08 lg/

g vs contralateral 6.12 lg/g ± 1.35 lg/g, P\ 0.01, n = 7)

(Fig. 5D). After sural nerve transection, there was no

significant difference in Evans blue concentration between

the ipsilateral affected and contralateral intact skin

(P[ 0.05, n = 7) (Fig. 5C, D).

Increased Cutaneous Temperature Following Mus-

cular Nerve Transection

In the tibial and sural nerve transection groups, the

cutaneous temperature of the lateral and middle territories

of the ipsilateral plantar paw was simultaneously recorded.

Ten minutes after tibial transection, the temperature of the

lateral territory was significantly increased (P\ 0.05,

n = 5), with no significant change in the middle territory

(Fig. 5A). The temperature of the lateral and middle

territories was not significantly changed after sural nerve

transection (P[ 0.05, n = 5) (Fig. 5C).

In the GS transection group, the cutaneous temperature

of the middle territory on the ipsilateral and contralateral

paws was simultaneously measured. Transection of the GS

nerve did not induce a significant temperature change

(P[ 0.05, n = 5) (Fig. 5B).

Discussion

In clinical practice, acute neuropathic pain frequently

occurs after trauma and surgery, and may progress to

chronic pain. A pathological muscular nerve is critical in

the development of chronic neuropathic pain in rodent

models and human subjects [2–7]. Due to the impact of

anesthetics, it is difficult to study acute pain in rodent

models and it remains unclear whether muscular nerves

also play a significant role in acute neuropathic pain. In this

study, we successfully applied a modified surgical method

to investigate acute neuropathic pain by transecting the

nerve with a pre-implanted suture loop, and found that the

transection of a muscular nerve, but not a cutaneous nerve,

led to the rapid onset of mechanical allodynia of the

adjacent skin territory supplied by intact nerves. Sponta-

neous pain and mechanical allodynia were accompanied by

spontaneous discharges and hypersensitivity of nociceptive

C-neurons. These findings have important clinical impli-

cations. To relieve acute neuropathic pain and prevent

chronic pain, muscular nerves should be carefully protected

during surgery. Muscular nerves may be a potential target

in the management of acute neuropathic pain.

Fig. 4 Rapid-onset of spontaneous C-neuron discharges in the L4

DRG following muscular nerve transection. A Schematic of the

recording setup. B, C An initially quiescent C-nociceptive neuron

showed spontaneous activity within 3 min after tibial and GS nerve

transections, with inhibitory modulation by A-fiber strength stimuli

(horizontal bar, electrical stimulation at 10 Hz, 0.5 mA for 3 min;

arrowheads, mechanical stimulation in the receptive field). D Percent-

age of C-neurons exhibiting spontaneous discharges after nerve

transection. The number of neurons exhibiting spontaneous dis-

charge/total neurons recorded is indicated above each column

(*P\ 0.05, **P\ 0.01, tibial, GS, and sural groups vs sham).
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The inflammatory cytokine TNF-a is known to play a

key role in the initiation of nerve injury-induced neuro-

pathic pain, but this occurs at least several hours after the

injury [13–15]. It also takes hours to days for the aberrant

expression of voltage-gated sodium channels to dominate

ectopic activity [8–10]. Evidently, previous evidence on

inflammatory cytokines, ion channels, and Wallerian

degeneration may not provide an appropriate explanation

for this rapid onset of pain following muscular nerve

transection. Chronic neuropathic pain is common in

patients with Guillain-Barré syndrome and diabetic neu-

ropathy, diseases leading to peripheral demyelination in

myelinated A-fibers [21, 22]. In a rat model of acute

demyelination of the sciatic nerve by cobra venom,

C-fibers discharge spontaneously several minutes after

selectively blocking the A-fiber afferents [23]. These

findings suggest that the loss of tonic A-fiber inputs may

lead to the activation of nociceptive C-fibers and the

Fig. 5 Evans blue extravasa-

tion and cutaneous temperature

after nerve transection. A Evans

blue clearly extravasated in the

affected skin 30 min after tibial

nerve transection (left), and the

temperature of the lateral terri-

tory of the plantar hind paw

increased significantly after the

transection (right) (*P\ 0.05,

**P\ 0.01, lateral vs middle

territory). B Evans blue extra-

vasated significantly after GS

nerve transection (left), but with

no significant change in the

temperature of the ipsilateral

paw (right) (*P\ 0.05,

**P\ 0.01, ipsilateral middle

vs contralateral middle terri-

tory). C No significant Evans

blue extravasation (left) and

cutaneous temperature change

(right) were found following

sural nerve transection

(*P\ 0.05, **P\ 0.01, lateral

vs middle territory). D Concen-

tration of Evans blue dye in the

dorsal skin after tibial, GS, and

sural nerve transections

(*P\ 0.05, **P\ 0.01, ipsi-

lateral vs contralateral skin).
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generation of neuropathic pain. Besides, electrical stimu-

lation of deep tissue Ab afferent fibers, but not cutaneous

Ab afferents, relieves the hyperalgesia evoked by knee

joint inflammation in rats [24]. Deep acupuncture also has

a better short-term anti-hyperalgesic effect than superficial

acupuncture in patients with lateral epicondylalgia [25],

suggesting that external stimulation of A-fiber muscular

afferents may compensate for the loss of tonic A-fiber

inputs and relieve neuropathic pain.

We hypothesize that the sensitization of adjacent intact

sensory neurons occurs through a spinal mechanism

involving gate-control and the dorsal root reflex, so that

the absence of deep tissue A-fiber inputs following

muscular nerve transection leads to acute neuropathic pain.

According to gate-control theory, there is an interactive

balance between myelinated large-diameter afferents and

unmyelinated small-diameter afferents, and the large-

diameter fibers inhibit small-diameter fibers in the

inhibitory substantia gelatinosa [26]. Low-threshold

mechanoreceptive primary afferent A-fibers indirectly

inhibit neighboring nociceptive C-fibers via inhibitory

gamma-aminobutyric acid (GABA)-ergic and glycinergic

interneurons [27–29]. The inhibitory neurotransmitters

GABA and glycine are released onto the central terminals

of C-fibers, resulting in their hyperpolarization and the

inhibition of C-fiber discharges. When the tonic discharges

from deep tissue (muscular) A-fiber inputs are blocked,

such as by transection or demyelination, the disinhibited

C-fiber central terminals may depolarize and discharge

antidromically to the peripheral terminals. The antidromic

discharge of polymodal C-fibers in the intact nerves may

therefore induce neurogenic inflammation by releasing

substance P and calcitonin gene-related peptide from the

nerve terminals [30]. Neurogenic inflammation, in reverse,

may further sensitize peripheral terminals of the adjacent

C-fibers and evoke orthodromic discharges, evoking spon-

taneous pain and cutaneous sensitivity. In this study, when

the muscular nerve was transected, C-fibers in the nerve

were also blocked. Only the C-fibers in the adjacent intact

nerves could be activated and induce neurogenic inflam-

mation in the receptive fields via the mechanisms proposed

above, leading to spontaneous pain, mechanical allodynia,

and a temperature increase in the hindpaw skin territories.

This hypothesis can be further explored using spinal

electrophysiological recordings. It is also possible that the

neighboring nerve fibers might be sensitized by local

inflammation from the transected nerve. However, since

the spontaneous pain and mechanical allodynia were

evoked almost immediately (within minutes) after nerve

transection, it is unlikely that local inflammation plays a

major role in this process.

In conclusion, injury of muscular nerves, but not

cutaneous nerves, drives acute neuropathic pain. Neurons

innervating the muscle may be a potential target in the

management of acute neuropathic pain.
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Abstract Chemical stimulation of the kidney increases

sympathetic activity and blood pressure in rats. The

hypothalamic paraventricular nucleus (PVN) is important

in mediating the excitatory renal reflex (ERR). In this

study, we examined the role of molecular signaling in the

PVN in mediating the capsaicin-induced ERR and sympa-

thetic activation. Bilateral PVN microinjections were

performed in rats under anesthesia. The ERR was elicited

by infusion of capsaicin into the cortico-medullary border

of the right kidney. The reflex was evaluated as the

capsaicin-induced changes in left renal sympathetic nerve

activity and mean arterial pressure. Blockade of angioten-

sin type 1 receptors with losartan or inhibition of

angiotensin-converting enzyme with captopril in the PVN

abolished the capsaicin-induced ERR. Renal infusion of

capsaicin significantly increased NAD(P)H oxidase activity

and superoxide anion production in the PVN, which were

prevented by ipsilateral renal denervation or microinjection

of losartan into the PVN. Furthermore, either scavenging of

superoxide anions or inhibition of NAD(P)H oxidase in the

PVN abolished the capsaicin-induced ERR. We conclude

that the ERR induced by renal infusion of capsaicin is

mediated by angiotensin type 1 receptor-related NAD(P)H

oxidase activation and superoxide anion production within

the PVN.

Keywords Renal reflex � Sympathetic activity � Blood
pressure � Paraventricular nucleus � Angiotensin � Reactive
oxygen species

Introduction

Sympathetic over-activity contributes to the development

of chronic heart failure, hypertension, and chronic kidney

disease [1–3], and the kidneys play important roles in the

sympathetic activation in these diseases [4, 5]. It is well

known that the renal nerve contains both afferents and

efferents. Chemoreceptors in the kidney can be activated

by capsaicin, bradykinin, adenosine, and hypertonic NaCl

in the renal tissue and pelvis, while mechanoreceptors

mainly respond to changes in pelvic pressure [6]. The renal

afferent sensory signals contribute to the sympathetic

activation in hypertension and chronic heart failure [7, 8].

Renal denervation has been used as an interventional

approach to chronic kidney disease and some cardiovas-

cular diseases [9, 10]. Recently, we showed that renal

infusion of capsaicin, angiotensin II (Ang II), bradykinin,

or adenosine activates renal afferents, and then causes

increases in sympathetic activity and blood pressure,

indicating that chemical stimulation of the kidney results

in an excitatory renal reflex (ERR) in rats, resulting in

sympathetic activation and pressor responses [11].

Afferent activity from the kidneys is closely associated

with several brain sites involved in the modulation of

cardiovascular and sympathetic activity, including the

nucleus of the solitary tract, rostral ventrolateral medulla,
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paraventricular nucleus of the hypothalamus (PVN), pre-

optic area, and subfornical organ [4]. The PVN receives

inputs from various visceral receptors including arterial

baroreceptors and pulmonary/cardiac vagal afferents [12],

cardiac sympathetic afferents [13], adipose afferents [14],

and renal afferents [11]. The PVN is critical in the

integration and regulation of sympathetic and cardiovas-

cular activity by sending its descending projections to the

rostral ventrolateral medulla and spinal intermediolateral

column [15, 16]. Renal afferent inputs increase sympa-

thetic activity [7], and renal nerve stimulation excites some

neurons in the PVN [17]. An imbalance of excitatory and

inhibitory synaptic inputs in the PVN is the basis of the

enhanced sympathetic activity in hypertension [7, 18]. We

recently showed that chemical stimulation of the kidneys

promotes c-Fos expression in the PVN, and lesioning PVN

neurons with kainic acid abolishes the sympathetic activa-

tion and pressor responses to renal infusion of capsaicin,

suggesting that the PVN is a crucial central nucleus in the

ERR pathway [11]. Angiotensin type 1 receptors (AT1Rs)

are densely distributed in the PVN, and are involved in the

control of sympathetic activity [19, 20]. We previously

showed that AT1Rs in the PVN mediate the cardiac

sympathetic afferent reflex (CSAR), a sympatho-excitatory

reflex induced by chemical stimulation of sympathetic

afferent endings innervating the heart [13, 21]. Both

N-methyl-D-aspartate receptors (NMDARs) and non-

NMDARs in the PVN mediate the adipose afferent reflex

(AAR), by which afferent activity from white adipose

tissue increases sympathetic outflow and blood pressure

[22]. However, the molecular signaling in the PVN that

mediates the ERR was not known. The aim of this study

was to determine the molecular signaling mechanism in the

PVN that mediates the ERR.

Methods

Animals and General Procedures

Experiments were carried out on 196 male Sprague-

Dawley rats weighing 280 g–320 g. The experimental

procedures were approved by the Experimental Animal

Care and Use Committee, and complied with the Guide for

the Care and Use of Laboratory Animals. The animals were

kept under a 12-h dark-light cycle with free access to tap

water and chow. The experiments were performed on rats

anaesthetized by intraperitoneal injection of a-chloralose
(40 mg/kg) combined with urethane (800 mg/kg). Corneal

and paw withdrawal reflexes were used to assess the depth

of anesthesia [23]. The right carotid artery and trachea

were exposed via a midline neck incision, the trachea was

cannulated, and positive-pressure ventilation was applied

with a small animal ventilator (model 51600, Stoelting,

Chicago, IL). The right carotid artery was cannulated to

record pressure. The blood pressure, heart rate, and renal

sympathetic nerve activity (RSNA) were simultaneously

recorded with a data acquisition system (8SP, ADInstru-

ments, Bella Vista, NSW, Australia). Following the

surgery, the animal was allowed to stabilize for at least

30 min. At the end of each experiment, animals were

euthanized by overdose with pentobarbital sodium (100

mg/kg, i.v.).

PVN Microinjection

Each rat was fixed prone in a stereotaxic frame (Stoelting,

Chicago, IL). The coordinates for microinjections into the

PVN were 1.8 mm caudal to bregma, 0.4 mm lateral to the

midline, and 7.9 mm below the dorsal surface [21]. Glass

micropipettes with tip size 50 lm were used for bilateral

PVN microinjections of 50 nL on each side completed in 1

min. After experiments, the same volume of Evans Blue

was microinjected into the PVN for histological identifi-

cation of the injection sites [24]. The visible spread of dye

was \ 300 lm in diameter. Data were excluded for

microinjection sites outside the PVN.

RSNA Recording

Recordings were made for the left RSNA as we reported

previously [25]. Briefly, the left flank was incised to expose

the renal artery and nerve. The nerve was carefully isolated

and cut at its distal end to abolish afferent activity. The

central end of the nerve was laid on silver electrodes

immersed in mineral oil at 37�C and its activity was

amplified with a band-pass filter at 100-3000 Hz using a

differential amplifier (model DP-304, Warner Instruments,

Hamden, CT). The signals were integrated at a 100-ms

time constant using LabChart 8 (ADInstruments). After

each experiment, the background noise was recorded after

cutting the central end of the nerve. The RSNA value was

calculated as the measured RSNA value minus the

background noise value. The effects of chemicals on

RSNA were calculated as a percentage change of the

control value.

Renal Infusion of Capsaicin to Induce the ERR

As we previously reported, the ERR was elicited by renal

infusion of capsaicin [11]. Briefly, the right flank was

incised to expose the right kidney. A stainless-steel tube

(0.31 mm OD) was horizontally inserted into the kidney

from right to left for renal infusion. The insertion was

stopped when the tube encountered a slight resistance,

indicating that its tip had reached the cortico-

123

464 Neurosci. Bull. May, 2020, 36(5):463–474



medullary border, about 2 mm below the renal surface. The

outer end of the tube was connected to a programmable

pressure injector (Model PM2000B, MDI Inc., Lakewood,

NJ) through a PE50 polyethylene catheter. The ERR was

elicited by infusion of capsaicin (1 nmol/lL) into the

kidney at 1.0 lL/min for 20 min. An equal amount of

vehicle was infused as a control. The ERR was evaluated

by the capsaicin-induced RSNA and mean arterial pressure

(MAP) responses.

Measurement of Superoxide Anions and NAD(P)H

Oxidase Activity

Coronal sections 450 lm thick were cut at the PVN level

on a cryostat microtome (Model CM1900, Leica, Wetzlar,

Germany), and the bilateral PVN areas were punched out

using a 15-gauge needle. The punched tissue was homog-

enized and centrifuged in lysis buffer. Total protein

concentration was determined with the Bradford assay

(BCA; Pierce, Santa Cruz, CA).

Superoxide anion content was assessed by the lucigenin-

derived chemiluminescence method [26–28]; the photon

emission was started by adding dark-adapted lucigenin (5

lmol/L). NAD(P)H oxidase activity was determined by the

same method [29–31]; the photon emission was started by

adding both dark-adapted lucigenin and NAD(P)H (100

lmol/L). Light emission was measured ten times in 10 min

using a luminometer (Model 20/20n, Turner, CA). The

values were expressed as relative mean light units/min per

mg protein. Background chemiluminescence in the buffer

containing lucigenin (5 lmol/L) was also measured.

Detection of Superoxide Anions in the PVN

Superoxide anions in the PVN were detected with the

specific fluorogenic probe dihydroethidium (DHE), as we

reported previously [32, 33]. Experimental samples and

corresponding control samples were processed in parallel.

The settings of the detector and laser were kept constant

during experiments. The DHE fluorescence was detected

under a fluorescence microscope (DP70, Olympus Optical,

Tokyo, Japan).

Chemicals

Capsaicin was from MedChem Express (Monmouth Junc-

tion, NJ). Ang II, losartan, captopril, tempol, apocynin,

N-acetylcysteine (NAC), diethyldithiocarbamic acid

(DETC), capsazepine, diphenyleneiodonium (DPI), and

allopurinol were from Sigma (St. Louis, MO). AP5 and

CNQX were from Apexbio (Houston, TX). Capsaicin,

captopril, apocynin, or DPI was dissolved in PBS with 1%

DMSO. The vehicle (Veh) was used as control. All other

chemicals were dissolved in PBS, and PBS served as

control. The concentrations of losartan, captopril, and other

compounds were selected according to their dose-effect

relationships or our previous data [21, 24].

Statistics

RSNA and MAP changes were assessed by averaging the

values for 1 min at the maximal chemically-induced

responses. The statistical significance of differences

between groups was evaluated by one-way analysis of

variance (ANOVA) followed by the Bonferroni post hoc

test. Data are expressed as the mean ± SEM. A P-value

\ 0.05 was considered statistically significant.

Results

Effects of Ang II, Losartan, and Captopril

on the ERR

Microinjection of PBS, Ang II (0.3 nmol), losartan (10

nmol), or captopril (10 nmol) into the PVN was carried out

10 min before renal infusion of vehicle or capsaicin (1 nmol/

min, 20 min). The renal infusion site, rate, and duration as

well as the dose of capsaicin were determined based on our

previous study [11]. Representative recordings showed that

renal infusion of capsaicin induced the ERR, as evidenced

by increased RSNA and MAP (Fig. 1A), which were

prevented by pretreatment of the PVN with losartan, an

antagonist of AT1Rs (Fig. 1B).Microinjection of Ang II into

the PVN increased the baseline RSNA and MAP, but

losartan or the angiotensin-converting enzyme inhibitor

captopril had no significant effects on these baseline values

(Fig. 2A). To compare the renal infusion-induced RSNA

and MAP changes, they were calculated as the difference

between the values before and after the renal infusion.

Microinjection of Ang II into the PVN failed to have a

greater effect on the capsaicin-induced RSNA and MAP

changes than those caused by microinjection of PBS

(RSNA: ? 14.1% ± 3.5% versus ? 18.2% ± 2.3%, P[
0.05; MAP:? 5.9± 1.5 mmHg vs? 8.1± 2.0 mmHg, P[
0.05; Fig. 2B). To compare the RSNA and MAP changes

caused by PVN microinjection plus renal infusion, the total

RSNA and MAP changes were calculated as the difference

between the values before the PVNmicroinjection and those

after the renal infusion. The total RSNA and MAP changes

due to PVN microinjection of Ang II plus renal infusion of

capsaicin were also not significantly greater than those

caused by PVNmicroinjection of PBS plus renal infusion of

capsaicin (RSNA: ? 23.5% ± 3.6% vs ?18.9% ± 3.6%,

P[ 0.05; MAP:? 11.7± 1.7 mmHg vs?8.0± 1.8 mmHg,

P [ 0.05). Importantly, the capsaicin-induced ERR was
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almost abolished by PVN pretreatment with losartan or

captopril (Fig. 2B). These findings suggest that the cap-

saicin-induced ERR is mediated by Ang II and its AT1Rs in

the PVN. Microinjection of losartan into anterior hypotha-

lamic areas close to the PVN failed to abolish the ERR,

suggesting that the effect of losartan on the ERR is not due to

diffusion.

Effects of Tempol, NAC, and DETC on the ERR

Our previous study has shown that reactive oxygen species

(ROS) in the PVN mediate the effect of Ang II on the

CSAR in hypertensive rats [24]. In this study, microinjec-

tion of PBS, tempol (20 nmol), NAC (40 nmol), or DETC

(10 nmol) into the PVN was carried out 10 min before renal

infusion of vehicle or capsaicin (1 nmol/min, 20 min).

Microinjection of the ROS scavenger tempol or NAC into

the PVN reduced the baseline RSNA and MAP values,

while DETC, a superoxide dismutase inhibitor, increased

these values (Fig. 3A). The capsaicin-induced ERR was

almost abolished by pretreatment with PVN microinjection

of tempol or NAC. Microinjection of DETC into the PVN

failed to have greater effects on the capsaicin-induced

RSNA and MAP changes than those caused by microin-

jection of PBS (RSNA: ?12.7% ± 2.7% vs ?17.9% ±

3.3%, P[ 0.05; MAP: ?5.4 ± 1.7 mmHg vs ?8.0 ± 1.7

mmHg, P [ 0.05; Fig. 3B). The total RSNA and MAP

changes due to PVN microinjection of DETC plus renal

infusion of capsaicin were significantly greater than those

caused by PVN microinjection of PBS plus renal infusion

of capsaicin (RSNA: ?29.6% ± 3.5% vs ?19.4% ± 2.8%,

P\0.05; MAP: ?11.9 ± 1.4 mmHg vs ?7.1 ± 1.4 mmHg,

P\ 0.05). These results suggest that superoxide anions in

the PVN mediate the capsaicin-induced ERR.

Fig. 1 Representative recordings showing the capsaicin-induced

excitatory renal reflex. A Renal infusion of capsaicin at 1 nmol/min

for 20 min causes reflex changes of arterial blood pressure (ABP),

mean arterial pressure (MAP) and contralateral renal sympathetic

nerve activity (RSNA). B Effect of pretreatment with PVN microin-

jection of losartan (10 nmol) on the reflex. The pretreatment was

carried out 10 min before renal infusion of vehicle (PBS) or capsaicin.
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Fig. 2 Roles of Ang II in the PVN in the capsaicin-induced

excitatory renal reflex. The reflex was induced by renal infusion of

capsaicin (Cap) at 1 nmol/min for 20 min. The PVN microinjection

was carried out 10 min before renal infusion. A Baseline RSNA and

MAP changes caused by the PVN microinjection of Ang II (0.3

nmol), losartan (10 nmol), or captopril (10 nmol) (*P\ 0.05 vs PBS

or Veh). B Effects of PVN microinjection of Ang II, losartan, or

captopril on the capsaicin-induced reflex (*P\0.05 vs PBS ? Veh;
�P\ 0.05 vs PBS ? Cap or Veh ? Cap). Values are the mean ±

SEM; n = 6 per group.

Fig. 3 Roles of reactive oxygen species in the PVN in the capsaicin-

induced excitatory renal reflex. The reflex was induced by renal

infusion of capsaicin (Cap) at 1 nmol/min for 20 min. The PVN

microinjection was carried out 10 min before renal infusion.

A Baseline RSNA and MAP changes caused by the PVN

microinjection of tempol (20 nmol), NAC (40 nmol), or DETC (10

nmol) (*P \ 0.05 vs PBS). B Effects of PVN microinjection of

tempol, NAC, or DETC on the reflex (*P\0.05 vs PBS ? Veh; �P\
0.05 vs PBS ? Cap). Values are the mean ± SEM; n = 6 per group.
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Effects of Losartan and Renal Denervation on Su-

peroxide Anion Production

Superoxide anion production in the PVN was determined in

order to provide further evidence about their importance in

mediating the capsaicin-induced ERR. The PVN microin-

jection of PBS or losartan (10 nmol) was carried out 10 min

before renal infusion of capsaicin (1 nmol/min for 20 min),

and tissue samples for measurements were prepared

immediately after the infusion. Renal infusion of capsaicin

promoted superoxide anion production in the bilateral

PVN, and this was prevented by bilateral losartan pretreat-

ment (Fig. 4A and B). Furthermore, right renal denervation

(RD) was carried out 60 min before ipsilateral renal

infusion of capsaicin, and tissue samples were prepared

immediately afterwards. Ipsilateral RD abolished the

increase in superoxide anions in the bilateral PVN elicited

by renal infusion of capsaicin, indicating that this super-

oxide anion production mediates the effects of renal

infusion of capsaicin via afferent signals from the kidney

rather than changes in circulating hormones or other

secondary effects (Fig. 4C).

Effects of Apocynin, DPI, and Allopurinol

Inhibitors of NAD(P)H oxidase and xanthine oxidase were

each used to determine the origin of superoxide anions in

the PVN. Microinjection of PBS, vehicle, apocynin (1

nmol), DPI (1.5 nmol), or allopurinol (10 nmol) into the

PVN was carried out 10 min before renal infusion of

vehicle or capsaicin (1 nmol/min, 20 min). Microinjection

of the NAD(P)H oxidase inhibitor apocynin or DPI reduced

the baseline RSNA and MAP, but the xanthine oxidase

inhibitor allopurinol had no significant effects on these

values (Fig. 5A). Bilateral microinjection of apocynin or

DPI attenuated the capsaicin-induced ERR, while allop-

urinol had no significant effect (Fig. 5B). These results

suggest that the capsaicin-induced ERR involves NAD(P)H

oxidase rather than xanthine oxidase in the PVN.

Effects of Losartan and Renal Denervation

on NAD(P)H Oxidase Activity

Microinjection of PBS, losartan (10 nmol), or apocynin (1

nmol) into the PVN was carried out 10 min before renal

infusion of vehicle or capsaicin (1 nmol/min, 20 min). A

right RD was carried out 60 min before the ipsilateral renal

infusion and tissue samples were prepared immediately

afterwards. Renal infusion of capsaicin increased

NAD(P)H oxidase activity in the bilateral PVN, and this

was prevented by bilateral losartan pretreatment (Fig. 6A).

Ipsilateral RD abolished the NAD(P)H oxidase activation

in the bilateral PVN induced by renal infusion of capsaicin

(Fig. 6B). Moreover, pretreatment with apocynin abolished

the capsaicin-induced superoxide anion production in the

PVN (Fig. 6C). These results indicate that the NAD(P)H

oxidase is responsible for the capsaicin-induced production

of superoxide anions in the PVN.

Effects of PVN Microinjection of AP5 or CNQX,

or Renal Infusion of Capsazepine, on the ERR

Ionotropic glutamate receptors are divided into NMDARs

and non-NMDARs. Our previous studies have shown that

both types in the PVN mediate the AAR [22], so it was of

interest to determine whether they are also involved in the

ERR. Renal infusion of capsaicin (1 nmol/min, 20 min)

was carried out to induce the ERR 10 min after treatment

with the NMDAR antagonist AP5 (9 nmol) or the non-

NMDAR antagonist CNQX (9 nmol). We found that either

AP5 or CNQX inhibited the baseline RSNA and reduced

the baseline blood pressure (Fig. 7A), but had no signif-

icant effect on the ERR (Fig. 7B). These results indicate

that ionotropic glutamate receptors are not involved in the

capsaicin-induced ERR. On the other hand, transient

receptor potential vanilloid subtype 1 receptors (TRPV1Rs)

act as sensory mediators, and are activated by capsaicin,

heat, and endogenous ligands [34–36]. We therefore used

capsazepine, a competitive antagonist of TRPV1Rs to

determine whether the capsaicin-induced ERR is mediated

by these receptors. Capsaicin (1 nmol/min for 20 min) was

infused into the kidney to induce the ERR immediately

after the renal infusion of capsazepine (20 nmol/min for 10

min). Capsazepine had no significant effect on the baseline

RSNA and MAP (Fig. 7C), but almost completely abol-

ished the ERR (Fig. 7D), suggesting that the capsaicin-

induced ERR is mediated by renal TRPV1Rs.

Discussion

We recently showed that chemical stimulation of the

kidney with capsaicin elicits the ERR, leading to increases

in sympathetic activity and blood pressure. Stimulation of

renal afferents with capsaicin promotes c-Fos expression in

the bilateral PVN, while lesioning of the bilateral PVN

with kainic acid abolishes this capsaicin-induced reflex.

Thus, the PVN is an important component of the ERR

neural circuitry [11]. The primary novel findings in this

study are that the ERR induced by renal infusion of

capsaicin is mediated by AT1Rs in the hypothalamic PVN.

AT1R-dependent NAD(P)H oxidase activation and super-

oxide anion production in the PVN contribute to the ERR.

It is known that Ang II in the PVN causes sympathetic

activation and a pressor response via the activation of

AT1Rs [37]. Abundant AT1Rs have been found in the
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bilateral PVN [38], and they are upregulated in chronic

heart failure [39] and hypertension [21]. We found that

blockade of AT1Rs or inhibition of Ang II production in

the PVN abolished the ERR, indicating that the reflex is

mediated by endogenous Ang II and AT1Rs in the PVN.

Although PVN microinjection of Ang II increased the

baseline RSNA and MAP, it failed to further augment the

sympathetic activation and pressor response induced by

renal infusion of capsaicin. A possible explanation is that,

given the administration of exogenous Ang II, release of

endogenous Ang II due to renal infusion of capsaicin may

be unable to induce a further large increase in the Ang II

Fig. 4 Effects of losartan and renal denervation (RD) on superoxide

anion production in the PVN. A Effects of PVN microinjection of

losartan (10 nmol) or PBS 10 min before renal infusion of capsaicin at

1 nmol/min for 20 min (*P \ 0.05 vs Veh; �P \ 0.05 vs PBS).

B Representative images of dihydroethidium staining showing the

changes in ROS levels in the PVN after renal infusion of capsaicin.

C Effects of right RD 60 min before ipsilateral renal infusion of

capsaicin (*P \ 0.05 vs Veh; �P \ 0.05 vs Sham). Values are the

mean ± SEM; n = 6 per group.
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Fig. 5 Roles of NAD(P)H oxidase in the PVN in the capsaicin-

induced excitatory renal reflex. The reflex was induced by renal

infusion of capsaicin (Cap) at 1 nmol/min for 20 min. The PVN

microinjection was carried out 10 min before renal infusion.

A Baseline RSNA and MAP changes caused by PVN microinjection

of apocynin (1 nmol), DPI (1.5 nmol), or allopurinol (10 nmol) (*P\
0.05 vs PBS or Veh). B Effects of PVN microinjection of apocynin,

DPI, or allopurinol on the reflex (*P\0.05 vs PBS ? Veh; �P\0.05

vs PBS ? Cap). Values are the mean ± SEM; n = 6 per group.

Fig. 6 Effects of losartan and

renal denervation (RD) on

NAD(P)H oxidase activity in

the PVN and effects of apocynin

on superoxide anion production

in the PVN. Renal infusion of

capsaicin was carried out at 1

nmol/min for 20 min. A Effects

of PVN microinjection of

losartan on NAD(P)H oxidase

activity in the PVN. The

microinjection of PBS or losar-

tan (10 nmol) was carried out 10

min before renal infusion of

capsaicin. B Effects of right RD

on NAD(P)H oxidase activity in

the PVN. The RD was carried

out 60 min before ipsilateral

renal infusion of capsaicin.

C Effects of apocynin on the

capsaicin-induced superoxide

anion production in the PVN (*P

\ 0.05 vs Veh; �P\ 0.05 vs

PBS or Sham; MLU, mean light

units). Values are the mean ±

SEM; n = 6 per group.
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content of the PVN. This might be why the total changes

caused by the PVN microinjection of Ang II plus renal

infusion of capsaicin were not significantly greater than

those caused by Ang II or capsaicin alone. These results

support the idea that Ang II in the PVN is involved in the

ERR. It has been shown that Ang II and AT1Rs in the PVN

mediate the CSAR [40], but this does not mean that most

sympatho-excitatory reflexes due to peripheral afferent

activity are mediated by Ang II and its AT1Rs in the PVN.

An exception is that the AAR induced by infusion of

capsaicin into white adipose tissue causes sympathetic

activation that is mediated by ionotropic glutamate recep-

tors in the PVN rather than AT1Rs [22].

Tempol mimics the role of superoxide dismutase in

scavenging superoxide anions [41], and NAC is another

antioxidant with superoxide scavenging properties [42].

Ang II is an important stimulus for superoxide anion

production in the brain [43] and vasculature [44], and

superoxide anion production in the PVN plays a role in the

sympathetic activation in hypertension [45]. Furthermore,

our previous study has shown that superoxide anions in the

PVN contribute to the enhanced CSAR in chronic heart

failure [25], so we further investigated whether this

mechanism is involved in the ERR. PVN microinjection

of tempol or NAC reduced the baseline RSNA and MAP,

and prevented the capsaicin-induced ERR. Inhibition of

superoxide dismutase with DETC increased the baseline

Fig. 7 Effects of PVN microinjection of AP5 or CNQX, or renal

infusion of capsazepine, on the capsaicin-induced excitatory renal

reflex. The reflex was induced by renal infusion of capsaicin (Cap) at

1 nmol/min for 20 min. A Baseline RSNA and MAP changes caused

by PVN microinjection of AP5 (9 nmol) or CNQX (9 nmol).

B Effects of PVN microinjection of AP5 or CNQX on the capsaicin-

induced reflex. The PVN microinjection was carried out 10 min

before renal infusion. C Baseline RSNA and MAP changes caused by

the renal infusion of capsazepine. D Effects of renal infusion of

capsazepine on the reflex. Renal infusion of Veh or capsaicin for 20

min was carried out immediately after renal infusion of PBS or

capsazepine for 10 min (*P\0.05 vs PBS; �P\0.05 vs PBS ? Veh;
�P\ 0.05 vs PBS ? Cap). Values are the mean ± SEM; n = 6 per

group.
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RSNA and MAP rather than the capsaicin-induced ERR.

However, the total RSNA and MAP responses to DETC

plus capsaicin were significantly greater than those caused

by Ang II or capsaicin alone. More importantly, renal

infusion of capsaicin increased superoxide anion produc-

tion in the PVN, which was prevented by pretreatment with

bilateral microinjection of losartan into the PVN or

ipsilateral renal denervation. These findings provide evi-

dence that the capsaicin-induced ERR is mediated by the

AT1R activation-dependent production of superoxide anion

in the PVN.

NAD(P)H oxidase is expressed in neurons throughout

the brain [46], and ROS derived from it play a major role in

Ang II signaling [47]. Apocynin prevents the assembly of

NAD(P)H oxidase, thereby inhibiting its oxidase activity

and superoxide anion formation [48]. Inhibition of

NAD(P)H oxidase with apocynin in the PVN reduced the

baseline RSNA and MAP, and almost completely abol-

ished the ERR. Similar results were obtained after PVN

microinjection of another NAD(P)H oxidase, DPI. How-

ever, inhibition of xanthine oxidase with allopurinol in the

PVN had no significant effects on the ERR. Renal infusion

of capsaicin increased NAD(P)H oxidase activity in the

PVN, which was prevented by the bilateral microinjection

of losartan or ipsilateral RD. Furthermore, apocynin

abolished the superoxide anion production induced by

renal infusion of capsaicin. These findings indicate that

NAD(P)H oxidase is a key source of the AT1R-mediated

superoxide anion production in the PVN. It is notable that

the ERR is mediated by Ang II–AT1R–NAD(P)H oxidase–

ROS rather than NMDARs and non-NMDARs in the PVN,

similar to the signaling pathway of the CSAR [21].

However, the signaling pathway of the ERR is different

from that of the AAR, which is mediated by both

NMDARs and non-NMDARs. In this study, we only

focused on the signaling pathway in the PVN, but other

central nuclei such as the rostral ventrolateral medulla and

the nucleus of the solitary tract may also be involved in the

ERR, and this deserves further investigation.

Sympathetic over-activity contributes greatly to the

pathogenesis and development of several diseases includ-

ing chronic kidney disease, chronic heart failure, and

hypertension [6]. It has been shown that enhanced renal

afferent activity in 2-kidney 1-clip hypertensive mice

increases blood pressure and sympathetic nerve activity

[49], while renal afferent denervation in the rat prevents the

progression of chronic renal failure [50]. Chronic inter-

mittent hypobaric hypoxia attenuates renal vascular hyper-

tension [51], while renal afferent signaling plays a role in

chronic intermittent hypoxia-induced hypertension, which

is involved in human obstructive sleep apnea syndrome

[52]. Increased afferent activity from the kidney might play

important roles in the sympathetic over-activity in these

diseases, and this needs further investigation. Ang II,

AT1Rs, NAD(P)H oxidase and superoxide anion produc-

tion in the PVN may be critical targets in interventions for

ERR-related sympathetic activation, and might attenuate

some cardiovascular diseases with excessive sympathetic

activation.

In conclusion, the capsaicin-induced ERR is mediated

by Ang II and AT1Rs, and their downstream production of

NAD(P)H oxidase-derived superoxide anion in the PVN.
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Abstract Increased microglial activation and neuroinflam-

mation within autonomic brain regions such as the rostral

ventrolateral medulla (RVLM) have been implicated in

stress-induced hypertension (SIH). Prorenin, a member of

the brain renin-angiotensin system (RAS), can directly

activate microglia. The present study aimed to investigate

the effects of prorenin on microglial activation in the

RVLM of SIH rats. Rats were subjected to intermittent

electric foot-shocks plus noise, this stress was administered

for 2 h twice daily for 15 consecutive days, and mean

arterial pressure (MAP) and renal sympathetic nerve

activity (RSNA) were monitored. The results showed that

MAP and RSNA were augmented, and this paralleled

increased pro-inflammatory phenotype (M1) switching.

Prorenin and its receptor (PRR) expression and the NLR

family pyrin domain containing 3 (NLRP3) activation were

increased in RVLM of SIH rats. In addition, PLX5622 (a

microglial depletion agent), MCC950 (a NLRP3 inhibitor),

and/or PRO20 (a (Pro)renin receptor antagonist) had

antihypertensive effects in the rats. The NLRP3 expression

in the RVLM was decreased in SIH rats treated with

PLX5622. Mito-tracker staining showed translocation of

NLRP3 from mitochondria to the cytoplasm in prorenin-

stimulated microglia. Prorenin increased the ROS-trigger-

ing M1 phenotype-switching and NLRP3 activation, while

MCC950 decreased the M1 polarization. In conclusion,

upregulated prorenin in the RVLM may be involved in the

pathogenesis of SIH, mediated by activation of the

microglia-derived NLRP3 inflammasome. The link

between prorenin and NLRP3 in microglia provides

insights for the treatment of stress-related hypertension.

Keywords Stress � NLRP3 � Prorenin � Microglia �
Hypertension

Introduction

Evidence shows that chronic psychosocial stress is directly

linked to the development of hypertension, cardiovascular

disease, and stroke [1]. The activation of various neuro-

genic pathways, such as stimulation of the sympathetic

nervous system (SNS), mediates not only short-term

increases in blood pressure (BP), but also the elevation of

chronic BP in response to specific stresses [2]. The

sympathetic outflow is controlled by key cerebral nuclei
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and neural circuits in the central nervous system (CNS),

predominantly the rostral ventrolateral medulla (RVLM)

[3–5], the nucleus tractus solitarius, and the hypothalamic

paraventricular nucleus (PVN), all of which are associated

with the activities of the autonomic nervous system [2].

It is well established that increased SNS outflow and

enhanced renin-angiotensin system (RAS) activity are

common features of hypertension and various pathological

settings that predispose individuals to hypertension. In an

animal experiment, it has been reported that chronic foot-

shock stress upregulates the expression of the RAS

components in the CNS and the circulatory system,

thereafter increases vasopressin, oxidative stress, and stress

hormone levels, which are involved in the development of

hypertension [1]. More recently, hypertension has been

recognized as an immune condition and evidence suggests

that reciprocal communication between the RAS, SNS, and

immune systems plays a role in the establishment of

hypertension [4, 5]. Increased SNS activity plays the roles

of altering immune system responses in pathophysiological

settings. Moreover, microglia, the resident central immune

cells, also contribute to the increased SNS activity in

rodents [6]. However, the cause-effect relationship between

central inflammatory responses and the centrally-triggered

sympathetic drive remains elusive.

Microglia maintain normal neuronal physiology and

homeostasis in the CNS in their resting or immuno-

surveillant stages [7]. There are M1/pro-inflammatory and

M2/immune-regulatory microglial phenotypes. Our previ-

ous study showed that the centrally administered anti-

inflammatory agent minocycline significantly alleviates

M1 microglia activation and hypertension in SIH rats [6].

The main component of RAS, angiotensin II (Ang II) itself,

is a powerful inducer of increased pressure. It also triggers

microglial activation and boosts the production of pro-

inflammatory cytokines [2] and reactive oxygen species

(ROS) through mitochondrial damage, which subsequently

contributes to the activation of sympathetic nerve activity

in hypertension development [8–10]. It has been confirmed

that the Ang II/AT1 receptor axis or prorenin directly

activates microglia into the M1 immunophenotype. Ang II

triggers the immune system via shifting the microglia from

the M2 to the M1 phenotype by binding to the Ang II

receptor type 1 (AT1) [9].

Prorenin as the precursor of renin can directly stimulate

microglial activation and pro-inflammatory cytokine pro-

duction, apart from initiating the RAS cascade, and this

may contribute to activation of the pro-inflammatory

phenotype (M1) [11–14]. It has been reported that

microinjection of human prorenin and activation of the

(pro)renin receptor (PRR) in the PVN contribute to the

increased sympathetic nerve activity in rats [15]. A PRR

agonist can bind both renin and prorenin, which leads to

the non-proteolytic activation of prorenin and local Ang II

formation [16]. In addition, it has been noted that while the

PRR-(pro)renin complex plays its roles independent of Ang

II, it also actives downstream signal transduction pathways

such as the NF-jB and Wnt signaling pathway [11, 17].

Our previous in vitro study showed that prorenin induces

the disintegration of mitochondria and M1 phenotype

switching via ROS-overproduction in microglia [18], while

its roles in BP regulation warrant further investigation.

The NLR family pyrin domain containing 3 (NLRP3)

inflammasomes are multi-protein complexes that comprise

the NLRP3 protein, the adaptor molecule apoptosis-asso-

ciated speck-like protein containing a CARD (caspase

recruitment domain) (ASC), and cysteine protease caspase-

1 components [19]. NLRP3 inflammasomes are responsible

for the maturation of pro-inflammatory cytokines such as

interleukin-1b (IL-1b) and IL-18 involved in host defense

and cellular stress responses [20, 21]. NLRP3 inflamma-

somes are activated by many mechanisms, such as K?

efflux, endoplasmic reticulum stress, intracellular Ca2? and

ROS. ROS might activate NLRP3 inflammasomes both as

a trigger and an effector, resulting in pathological processes

[22]. Zhou et al. first reported that the accumulation of

damaged mitochondria increases the activation of NLRP3

inflammasomes [23]. NLRP3 was originally thought to be a

cytosolic receptor, but it translocates to mitochondria in

hypoxic settings [24]. Whether prorenin activates NLRP3

via triggering ROS and its translocation profile in the

RVLM of SIH rats remain unknown.

Here, we investigated the mechanisms involved in the

local effect of prorenin on microglial activation in SIH rats.

We demonstrated that stress induced prorenin and PRR

upregulation in the RVLM, which triggered microglial

activation. We then confirmed that the prorenin-NLRP3

inflammatory signaling in microglia mediated the SNS

activation during stress-induced pathology.

Materials and Methods

Drugs and Reagents

N-acetylcysteine (NAC; A7250), dimethyl sulfoxide, 40,6-
diamidino-2-phenylindole, and anti-b-actin (A1978) were

from Sigma-Aldrich (St. Louis, MO). Recombinant human

prorenin was from Abcam (ab93266; Cambridge, MA) and

MCC950 (sc-505904) was from Santa Cruz Biotechnology

(Santa Cruz, CA). The ROS fluorescent probe-DCFH-DA

kit (S0033) and caspase 1 activity assay kit (C1101) were

from the Beyotime Institute of Biotechnology (Nanjing,

China). The following antibodies were used: sheep mon-

oclonal antiserum against prorenin/renin (GTX7967, Gene

Tex, San Antonio, TX); rabbit polyclonal antiserum against
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PRR (bs-7691R, Bioss, Beijing, China); rabbit polyclonal

antiserum against caspase-1 (D7F10); rabbit anti-ASC

monoclonal antibody (#13833), anti-CD86 (#91882), and

anti-CD206 (#91992) were from Cell Signaling Technol-

ogy (Beverly, MA); mouse monoclonal antiserum against

CD11b/c (OX42, ab1211), mouse monoclonal to IL-6

(ab9324), iNOS (ab15323), Arg (ab60176), Iba-1

(ab153696), GFAP (ab7260), PGP 9.5 (ab10410), and

rabbit polyclonal antiserum against NLRP3 (ab214185)

were from Abcam. Donkey anti-sheep IgG H&L Alexa

Fluor 555 (ab150178), goat anti-rabbit IgG H&L Alexa

Fluor 594 (ab150080), and goat anti-mouse IgG H&L

Alexa Fluor 488 (ab150117) were from Abcam. MCC950

was from Adipogen Corp. (San Diego, CA). PLX5622 was

from Plexxikon (Berkeley, CA).

Generation of the PRR Peptide Ligand

PRO20 was synthesized by Sangon Biotech (Shanghai)

Co., Ltd. (Shanghai, China) as previously described [25].

Animals

Adult Sprague-Dawley rats (male, 8 weeks old,

250–300 g) were purchased from the Animal Laboratory

Center of Fudan University. Altogether, 140 animals were

used in this study, with a morality rate of 5% due to

intolerance of brain surgery, or death during stress. All

experimental procedures were approved by Fudan Univer-

sity Animal Care Committee and conformed to the

guidelines of the Institutional Ethics Committee; all efforts

were made to minimize the number of animals used and

their suffering. The rats were housed under a 12-h

light/dark cycle in a temperature-controlled room at

24 �C with standard food and tap water ad libitum. They

were divided into the following groups (6 rats each):

(i) normotensive (Ctrl); (ii) stress-induced hypertensive

(SIH); (iii) SIH ? aCSF (artificial cerebrospinal fluid); (iv)

SIH ? MCC950 (a selective NLRP3 inhibitor),

(v) Ctrl ? MCC950; (vi) SIH ? PRO20 (a newly-devel-

oped PRR antagonist, 200 lmol/L); and (vii)

Ctrl ? PRO20. PLX5622 was used to eliminate microglia

in SIH rats. MCC950 was released into the cisterna magna

at 0.15 lL/h from an osmotic mini-pump to maintain a

total final concentration of 0.5 lmol/L in the brain [10].

PRO20 or MCC950 was delivered by osmotic minipump

once daily for 1 week (from stress day 8 to day 15).

PLX5622 was formulated in standard chow by the

Department of Laboratory Animal Science, Fudan Univer-

sity, at 1200 ppm, and administered for 7 consecutive days

(days 8–15 of stress). Molecular studies were replicated at

least 3 times.

In preliminary experiments, we assessed the M1 polar-

ization in the rats. The results showed that the inflamma-

tory microglial marker CD86 and their secreted proteins

(iNOS, Arg, and IL-6) did not differ between control and

drug treatment (MCC950 or PRO20) groups, implying that

the drugs themselves did not have pro- or anti-inflamma-

tory effects in normal rats (Fig. S1). In accord with the

guidelines of the Institutional Ethics Committee to mini-

mize the number of animals used and their suffering,

further molecular experiments were conducted in the Ctrl,

SIH, SIH ? vehicle (aSCF), SIH ? MCC950, and SIH ?

PRO20 groups.

SIH was induced as described in our previous publica-

tions [4, 5]. Briefly, rats were placed in a cage (22 cm 9

22 cm 9 28 cm) and received intermittent electric shocks

(35–75 V, 0.5 ms in duration) every 2–30 s randomly

controlled by a computer. Meanwhile, noise (range,

88–98 dB) produced by a buzzer was given as the

conditioned stimulus [6]. The rats were subjected to stress

for 2 h twice daily for 15 consecutive days. The control

group underwent sham stress. Systolic blood pressure

(SBP) was recorded in conscious rats using the tail-cuff

method. SBP measurements were repeated three times and

the average value was taken.

General Procedures for Acute Experiments

As in our previous study [6], rats were anesthetized with

sodium pentobarbitone (50 mg/kg) intraperitoneally (i.p.).

A catheter was placed in the femoral vein. BP was

measured via a femoral artery cannula connected to a

pressure transducer and a polygraph (PowerLab system,

AD Instruments, Bella Vista, NSW, Australia). The HR

was automatically derived from the phasic arterial BP

wave. Body temperature was maintained at 37 �C by a

heating pad.

Implantation of Intracisternal Osmotic Minipump

The procedures were performed as described in our

previous study [6]. Briefly, the rats were anesthetized with

pentobarbital sodium (50 mg/kg, i.p.). After a midline

dorsal neck incision, the dura was perforated with a

22-gauge steel needle and following cerebrospinal fluid

leakage, a PE-5 catheter (Clay Adams, Sparks, MD) was

advanced 5 mm into the cisterna magna and sealed to the

dura with tissue glue. The outer end of the catheter was

connected to a micro-osmotic minipump (Alzet 1007D,

Durect Co., Cupertino, CA). The PRR antagonist (PRO20)

or MCC950 was delivered by osmotic minipump. The rats

received procaine penicillin injection (1,000 IU, i.m.)

postoperatively. Rats that had progressive weight gain
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and were in normal physiological condition after the

operation were used in subsequent experiments.

Renal Sympathetic Nerve Activity (RSNA)

Recording

We recorded RSNA when the general procedures for acute

experiments were ready. Before a renal sympathetic nerve

was exposed, the trachea was cannulated with polyethylene

tubing and connected to a pneumotachograph (SAR-830/P,

CWE Inc., Ardmore, PA) to maintain normal ventilation.

Then, the head was fixed in a model 920 Kopf stereotaxic

frame with bars and the body was placed in the lateral

position on a heating pad. This approach is similar to that

used by Huber and Basu [15]. Briefly, rats were anaes-

thetized as above and the left kidney was exposed through

a retroperitoneal incision. A pair of silver recording

electrodes was placed on the isolated left renal sympathetic

nerve (Teflon 786500, A-M Systems Inc., Sequim, WA).

Subsequently, the exposed nerve and the electrodes were

secured with Kwik-Sil gel (World Precision Instruments)

and a Grass P55C preamplifier was used to amplify and

filter (bandwidth: 100–3,000 Hz) the nerve activity. The

maximum activity occurred 1–2 min after the rat was

overdosed by narcotic euthanasia. Baseline nerve activity

was taken as the percentage of maximum after the noise

level was subtracted; the background noise level was

recorded 15–20 min after the rat was euthanized using the

unit conversion of the PowerLab Chart system (AD

Instruments).

Primary Culture of Rat Microglial Cells and In

Vitro Experimental Design

Primary cultures of microglial cells were prepared as

previously described [26]. Briefly, the medulla oblongata

covering the RVLM was removed from 1–2-day-old

Sprague-Dawley rats after decapitation as we described

previously [6]. The RVLM was identified according to the

atlas of Watson and Paxinos [27]. Both sides of the RVLM

(about 1.5- to 2.5-mm lateral to the midline and medial to

the spinal trigeminal tract) were collected using microp-

unches with a 1-mm inner diameter burr. Next, Hanks

balanced salt solution dissecting medium containing glu-

cose, bovine serum albumin (BSA) and HEPES, as well as

0.025% trypsin was used to incubate the minced tissue at

37 �C for 20 min. Then, cells were plated at 3 9 105 cells/

cm2 in Dulbecco’s modified Eagle’s medium (DMEM)

with GlutaMax and high glucose (4.5 g/L), supplemented

with 10% fetal bovine serum, 0.1 mg/mL streptomycin and

100 U/mL penicillin in poly-L-lysine-coated 75 cm2 cul-

ture flasks. After 3 days, the culture medium was removed

and replaced with fresh medium and kept at 37 �C under

95% O2/5% CO2. On day 9, the cells were re-suspended

after centrifugation (150 9 g for 10 min) [28]. Cell

viability was evaluated by trypan blue exclusion

(Fig. S2). The purity of cultured microglia was [95%

when evaluated by flow cytometry.

For the in vitro experiments, microglia were divided into

to 6 groups: (i) control (Ctrl, vehicle); (ii) prorenin

(20 nmol/L for 24 h) treatment (PRO) [13, 18]; (iii)

Ctrl ? NAC (5 mmol/L); (iv) Ctrl ? MCC950 (10 lmol/

L); (v) PRO ? NAC (5 mmol/L); and (vi) PRO ?

MCC950 (10 lmol/L). The concentrations of NAC [29]

and MCC950 were determined as described previously

[30]. We preliminarily investigated the effects of MCC950

and/or NAC on M1 polarization and the release of pro-

inflammatory factors (IL-1b and TNF-a) from microglia in

the control group. There results showed no significant

differences between the vehicle (Ctrl) and drug-treatment

(MCC950 and NAC) groups, which implied that the drugs

themselves did not affect control-group microglia

(Fig. S3). Therefore, further molecular experiments were

mainly conducted in the Ctrl, PRO, PRO ? NAC, and/or

PRO ? MCC950 groups.

Flow Cytometry

In order to measure M1 and M2 polarization, primary

culture of microglia was carried out as described previ-

ously [18, 31]. Microglia were harvested by re-suspension

in cold phosphate-buffered saline (PBS) containing 0.5%

BSA/0.05% NaN3, then incubated in 20% DMEM/F12

medium. M1 and M2 phenotype microglia were recognized

using monoclonal antibodies specific for CD86-PE and

antibodies specific for CD206-APC, respectively. For

immunophenotypic analysis, the number of purified micro-

glia was adjusted to 1 9 106/mL. Primary microglia were

incubated for 30 min with 10% fetal bovine serum,

followed by incubation with the antibody mixtures for

30 min on ice. Microglia were washed and re-suspended in

PBS twice, and then immediately assessed by flow

cytometry (Becton Dickinson, Swindon, UK) and analyzed

using Flowing software v2.5.1. Flow cytometry analysis of

the expression profiles of CD86 and CD206 allowed us to

distinguish M1 (CD86?) from M2 (CD206?) [32].

Double Immunofluorescence Staining and Confocal

Microscopic Imaging

Immunofluorescence was performed as described previ-

ously [5, 6], to determine the co-localization of NLRP3

with microglia CD11b/c (OX42), astrocytes (GFAP), and

neurons (NeuN). Rats were anesthetized with 10% chloral

hydrate and perfused through the left ventricle with

200 mL of 0.01 mol/L PBS (pH 7.4), followed by
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200 mL of freshly-prepared 4% paraformaldehyde in

0.1 mol/L PB. RVLM sections were collected, post-fixed

for 4 h, then placed in 20% and 30% sucrose at 4 �C to

dehydrate overnight. Free-floating 30-lm coronal sections

containing the RVLM were cut on a cryostat (Microm,

Walldorf, Germany) [33]. The sections were washed in

PBS and incubated with 0.3% Triton X-100 for 30 min

followed by incubation with 5% horse serum for 1 h at

37 �C to block non-specific protein. The sections were

incubated with the polyclonal antibodies CD86, CD206,

NLRP3, CD11b/c, GFAP, and PGP9.5 overnight at 4 �C.
We used goat anti-mouse IgG H&L Alexa Fluor 488,

donkey anti-sheep IgG H&L Alexa Fluor 647, and donkey

anti-rabbit IgG H&L Alexa Fluor 594 secondary antiserum.

NLRP3 co-localization with mito-tracker was investigated

in vitro. The fluorescent signals were monitored under a

Fluorview FV300 laser scanning confocal microscope

(Olympus, Tokyo, Japan); immunoreactivity manifested

as specific green or red fluorescence.

Western Blot Analysis

Total RVLM tissue (see Fig. S4 for location of microp-

unctures) from each rat was homogenized in lysis buffer

with 1% NP40 and 1 mmol/L PMSF. Protein samples of

the same amount from each rat were extracted from RVLM

homogenates to analyze protein expression by western blot.

In brief, the protein samples (20 lg each) were subjected to
SDS/PAGE in 8%–12% gradient gel (Invitrogen, Carlsbad,

CA) and transferred to PVDF membrane. Prorenin, PRR,

NLRP3, ASC, caspase-1, pro-IL-1b, IL-1b, Iba-1, and M1

markers [CD86, IL-6, iNOS, and Arg] in the RVLM and/or

cultured microglia were measured. This was followed by

incubation with horseradish peroxidase-conjugated goat

anti-rabbit IgG or goat anti-mouse IgG. The amount of

protein was assessed by ECL detection reagents

(WBKLS0050; Millipore) and the immunostaining band

was visualized and quantitated by an automatic chemilu-

minescence image analysis system (Tanon-5200; Tanon

Science & Technology, Shanghai, China). The data were

normalized by developing the b-actin as loading control.

The concentration of all the antibodies was 1:1000 except

for b-actin (1:5000).

RNA Extraction and Quantitative Real-Time Poly-

merase Chain Reaction (PCR)

Total RNA extraction reagent (TaKaRa, Dalian, China)

was used to extract the total RNA from the RVLM. The

mRNAs of prorenin, PRR, NLRP3, pro-Casp-1, ASC, IL-

1b, TNF-a, IL-10, and TGF-b were analyzed by quanti-

tative real-time PCR. Isolated mRNA was quantified by

spectrophotometry and the 260/280 nm optical density

ratio was calculated. The cDNA was synthesized using a

high-capacity cDNA reverse transcription kit (Applied

Biosystems, ABI). The relative quantification of gene

expression was expressed as fold-change via normalization

against b-actin by using the 2DDCT method. The

sequences of primers were designed using Primer Express

2.0 and are listed in Table S1.

DCFH-DA Fluorescent Imaging to Analyze Intra-

cellular ROS Production in Microglia

The ultrastructural mitochondrial morphology showed that

prorenin-induced mitochondria had disorientation and

cristae breakage (Fig. S5), so we measured ROS production

in microglia. Microglia were seeded in a 6-well plate

overnight and treated as previously described. DCFH-DA

is a ROS-specific fluorescent probe, which we used to

measure total intracellular ROS levels. The microglia were

incubated with 10 lmol/L DCFH-DA at 37 �C in a dark

room. After washing 3 times with serum-free medium,

microglia were analyzed under a Fluorview FV300 laser

scanning confocal microscope (Olympus), with an excita-

tion wavelength of 488 nm and an emission wavelength of

525 nm.

Statistical Analysis

Experimental data are expressed as the mean ± SEM

(standard error of the mean). Student’s unpaired t test was

used for experiments that contained two groups of samples.

For comparative purposes, one-way or two-way analysis of

variance with repeated measures was used to determine

differences between groups. This was followed by the

Tukey’s multiple range tests for post hoc assessment of

individual means. P\ 0.05 indicated that the differences

were statistically significant. Statistical data were analyzed

with GraphPad Prism 5 software.

Results

Prorenin and/or PRR Expression is Upregulated

in the RVLM of SIH Rats

We measured the protein and mRNA levels of prorenin

and/or PRR in the RVLM to determine whether stress

caused their abnormal expression. We found that their

mRNA levels were increased (Fig. 1A, P\ 0.05) in the

RVLM of SIH rats. Representative immunoblot bands of

prorenin and/or PRR in the RVLM are shown in Fig. 1B.

Western blotting analysis showed that the protein levels of

prorenin and/or PRR were increased 2.1 and 2.5-fold
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respectively (Fig. 1C, D, P\ 0.05) in SIH rats compared

with controls.

Mean Arterial Pressure (MAP) and RSNA are

Augmented in SIH rats, and are Attenuated

by the PRR Antagonist PRO20

Given the increased prorenin and PRR in the RVLM of

SIH rats, we speculated that prorenin/PRR play a potential

role in BP regulation. Next, we investigated whether MAP

and RSNA are regulated by prorenin/PR. aCSF and the

PRR antagonist PRO20 were infused into the cerebel-

lomedullary cistern in SIH rats. Hemodynamic measure-

ments and RSNA recordings showed that the arterial BP,

mean MAP and RSNA were higher in the SIH group than

in the control group, and these increases were attenuated by

cerebellomedullary cistern infusion of PRO20 (P\ 0.05,

Fig. 2).

M1/M2 Ratio and Pro-inflammatory Factors are

Increased in the RVLM of SIH Rats, and are

Attenuated by the PRR Antagonist PRO20

Activated microglia can be polarized to M1 and/or M2

phenotype [26], and the M1 phenotype indicates neuroin-

flammatory activity. The immunofluorescent staining

showed that activated microglia were present in the

RVLM, and we used the CD86 or CD206 antibody to

identify the M1 or M2 phenotype of microglial activation

(Fig. 3A). Immunofluorescence analysis showed that the

ratio of M1 phenotypes was increased and that of M2

phenotypes was decreased in SIH rats (Fig. 3B, P\ 0.05).

Furthermore, neuroinflammation was identified by the

release of pro-inflammatory and immune-regulatory factors

(Fig. 3C). To determine the effect of PRO20 on neuroin-

flammation following SIH, we performed qRT-PCR and

confirmed that the pro-inflammatory factor release was

increased in SIH rats (Fig. 3C, P\ 0.05), but further

decreased in PRO20-treated SIH rats (Fig. 3D, P\ 0.05).

Fig. 1 Expression of prorenin/

PRR in the RVLM of rats.

A qRT-PCR showing both pro-

renin and PRR are increased in

the RVLM of SIH rats. B Rep-

resentative western blots of

prorenin and PRR in the RVLM

of SIH rats. C, D Densitometric

quantification showing prorenin

and PRR are higher in the SIH

group than in controls. Data are

presented as the mean ± SEM.

*P\ 0.05 vs Ctrl, n = 6/group.
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Immunofluorescence analysis confirmed that PRO20 treat-

ment significantly reduced the M1 microglia, as shown by

decreased CD86 staining (Fig. 3E, F, P\ 0.05). These

results indicated that PRO20 effectively inhibits the

polarization of the M1 phenotype and reduces neuroin-

flammation in the RVLM of SIH rats.

NLRP3 Inflammasome Expression is Increased

in Both Microglia and Neurons in the RVLM of SIH

Rats, and is Decreased by the PRR Antagonist

PRO20

We first examined the role of PRO20 in NLRP3/ASC/cas-

pase-1 mRNA expression using qRT-PCR analyses. Com-

pared with those of SIH group, the mRNA levels of

NLRP3, ASC, and caspase-1 p20 were significantly

decreased in the PRO20-treated group (all P\ 0.05,

Fig. 4A). We then assessed the protein expression profiles

of NLRP3 inflammasome components in the RVLM, and

found that the NLRP3, ASC, and caspase-1 p20 protein

levels (Fig. 4B, C) were significantly increased in SIH rats.

Based on these results, double immunofluorescence stain-

ing was then performed to investigate which cell type

expressed the upregulated NLRP3. We stained NLRP3

along with the microglia, neuron, and astrocyte markers,

OX42, PGP9.5, and GFAP, respectively. The double

immunofluorescent staining showed that NLRP3 mainly

co-localized with microglia (Fig. 4D–F) and/or neurons

(Fig. 4G–I) but was not co-expressed with the astrocyte

marker GFAP (Fig. 4J, K). Immunofluorescence analysis

confirmed that stress induced strong microglial activation

and upregulation of NLRP3 expression in the RVLM

(Fig. 4D–K, P\ 0.05), while PRO20 significantly reduced

the immunofluorescence density of NLRP3 both in

microglia and neurons (Fig. 4F, I, P\ 0.05). These results

indicated that PRO20 effectively inhibits activation of the

NLRP3 inflammasome in the RVLM of SIH rats.

Fig. 2 Effects of intracisternal infusion of PRO20 on the MAP and

RSNA in SIH rats. A Representative original traces demonstrating the

effect of PRO20 infusion on RSNA, MAP, and HR (1, basal RSNA;

2, maximum RSNA; 3, noise level). The maximum occurred 1–2 min

after the rat was euthanized. Note that the maximum RSNA did not

significantly differ among the 3 groups, while the SIH/SIH ? aCSF

rats had a greater basal RSNA level than control and/or PRO20-

treated SIH rats, and intracisternal infusion PRO20 attenuated the

MAP and baseline RSNA level of SIH rats. B Statistical data for

MAP. C Statistical data for baseline nerve activity. Data represent the

mean ± SEM; n = 6; *P\ 0.05 vs Ctrl; #P\ 0.05 vs SIH. ABP,

arterial blood pressure; MAP, mean arterial pressure; HR, heart rate;

RSNA, renal sympathetic nerve activity; SIH, stress-induced hyper-

tensive rats; aCSF, artificial cerebrospinal fluid.
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The Anti-hypertensive Effects of MCC950 Depend

on the Presence of Microglia

Since microglia were the predominant cell type expressing

NLRP3 following SIH, we further explored whether

MCC950, the NLRP3 inflammasome inhibitor, had an

anti-hypertensive effect by targeting microglia. We used a

specific CSF1R inhibitor, PLX5622, to eliminate microglia

as previously reported [34] after 7 successive days of SIH

induction. The effect of microglial depletion by PLX5622

was identified using western blot analysis (Fig. 5A, B) and

immunofluorescent staining for the microglia marker Iba-1

Fig. 3 The ratio of M1/M2 polarization and release of pro-inflam-

matory/immune-regulatory factors in the RVLM of SIH rats. A Im-

munofluorescence detection of M1 and/or M2 phenotype microglia in

the RVLM showed robust switching to M1 phenotype in SIH rats.

B Relative ratio of M2 versus M1 phenotype microglia in the RVLM

expressed as a percentage. C, D qRT-PCR showing the release of pro-

inflammatory/immune-regulatory factors was increased in the RVLM

of SIH rats. E, F The PRR antagonist, PRO20, decreased the M1

polarization in SIH rats. Data represent the mean ± SEM; n = 6;

*P\ 0.05 vs Ctrl; #P\ 0.05 vs SIH; scale bars, 200 lm in (A) and
(E).
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(Fig. 5C, D). Western blot analysis showed that PLX5622

treatment resulted in the elimination of*85% of microglia

and decreased NLRP3 expression in the RVLM of SIH rats

(Fig. 5A, B). Immunofluorescent staining also confirmed

that microglia were depleted by *85%. Of note, we found

that microglial elimination by PLX5622 attenuated the

augmented blood pressure in SIH rats compared with the

SIH ? aCSF group. In addition, a depressor effect of

Fig. 4 Expression of NLRP3 is downregulated by PRO20, a PRR

antagonist. A Effect of PRO20 on the mRNA expression of NLRP3/

ASC/caspase-1 using qRT-PCR analyses. B, C Representative

immunoblots and quantitative analysis showing that NLRP3, ASC,

caspase-1, and pro-IL-1b expression in the RVLM of SIH rats was

upregulated, while PRO20 treatment downregulated their expression.

D Representative images showing that NLRP3 (red) co-localized with

the microglial marker (OX42). E, F Relative fluorescence intensity

calculation of NLRP3-immnoreactivity with or without OX42-

immnoreactivitiy in different groups. G–I Representative images

and quantitative analysis showing co-localization of PGP 9.5

(neuronal marker, green) and NLRP3 (red) in the RVLM. J,
K Representative images of double immunofluorescent staining for

GFAP (astrocyte marker, green) and NLRP3 (red) and densitometric

quantification of immunoreactivity in the RVLM. Notably,

immunofluorescence staining analysis showed that NLRP3 mostly

localized with microglia and neurons (arrows). Data represent the

mean ± SEM; n = 6; *P\ 0.05 vs Ctrl; #P\ 0.05 vs SIH; scale

bars, 200 lm in (D), (G), and (J).
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MCC950 was observed in SIH rats (Fig. 5E, all P\ 0.05).

These results implied that microglia partially contribute to

the anti-hypertensive effect of MCC950 in SIH rats.

Prorenin Promotes the M2–to–M1 Polarization

Transition Via NLRP3 Over-activation In Vitro

To investigate whether prorenin regulates microglial polar-

ization via NLRP3 activation, we incubated primary

microglia cultured from rats with recombinant human

prorenin (20 nmol/L) for 24 h. The purity of cultured

microglia was[ 94% when evaluated by flow cytometry

(Fig. 6A). The M1 and M2 phenotypes were assessed by

flow cytometry in the Ctrl, prorenin, and prorenin ?

MCC950 groups (Fig. 6B). There was a significant

increase in the proportion of M1/M2 in prorenin-treated

microglia (from 0.67% to 31.52%, n = 6, P\ 0. 05), while

co-treatment with prorenin and MCC950 reversed the M1/

M2 proportion (from 31.52% to 3.97%, n = 6, P\ 0.05,

Fig. 6C). qRT-PCR analysis showed that prorenin in

microglia increased the inflammatory factors TNF-a and

IL-b (Fig. 6D, P\ 0. 05). Conversely, interference with

NLRP3 by its inhibitor MCC950 in microglia resulted in a

decrease in M1-related inflammatory factors (Fig. 6D,

P\ 0. 05). These results indicated that suppressing

NLRP3 activation reduces the ratio of M1 to M2 polariza-

tion and pro-inflammatory factor release, which implies

Fig. 4 continued
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that prorenin promotes M2–to–M1 polarization via NLRP3

over-activation in vitro.

Prorenin Increases NLRP3 Activation, and This is

Mediated by ROS Overproduction

To investigate whether prorenin directly activates NLRP3

via oxidative stress, the ROS scavenger NAC was

administered along with prorenin. Incubation of microglia

with prorenin for 24 h elicited a significant increase in

ROS prodnot the inflammasomes ofuction (n = 6,

P\ 0.05; Fig. 7A, B). The immunoblot results showed

that components of the NLRP3 inflammasome (NLRP3,

ASC, caspase-1), pro-IL-1b, and its mature product IL-1b
were increased in the prorenin-treated group (n = 6,

P\ 0.05, Fig. 7C, D). Furthermore, there was increased

Fig. 5 The NLRP3 inhibitor,

MCC950, has an anti-hyperten-

sive effect on SIH, which might

be associated with microglia-

derived NLRP3. A, B Represen-

tative immunoblots and densit-

ometric analysis showing that

NLRP3 expression is decreased

in both MCC950 (NLRP3 inhi-

bitor) and PLX5622 (CSF1R

inhibitor)-treated SIH rats. C,
D The efficiency of microglia

elimination by PLX5622 evalu-

ated by decreased microglia

marker of Iba-1 using

immunofluorescent staining.

E SBP measurements showing

that both MCC950 and

PLX5622 had a depressor effect

in SIH rats. Data represent the

mean ± SEM; n = 6;

*P\ 0.05 vs Ctrl; #P\ 0.05 vs
SIH.
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inflammasome activation in prorenin-treated microglia

compared with controls (n = 6, P\ 0.05), as indicated

by increased caspase-1 activity (Fig. 7E), and these effects

were attenuated by co-treatment with the ROS scavenger

NAC. This implied that prorenin increases NLRP3 activa-

tion, which is mediated by oxidative stress.

Immunofluorescent staining showed that the co-local-

ization of NLRP3 and ASC components was increased in

the prorenin-treated group (n = 6, P\ 0.05, Fig. 8A–C),

which was another profile of inflammasome activation. Co-

staining for mito-tracker and NLRP3 showed much more

NLRP3 translocation from the rest of cytoplasm to

mitochondria, which meant that NLRP3 was activated to

some extent (n = 6, P\ 0.05, Fig. 8D, E), while the

increased co-localization and translocation were attenuated

by co-treatment with prorenin and NAC, which resulted in

decreased ROS. The above results showed that prorenin

increases ROS-mediated M1 phenotype-switching and

NLRP3 activation in microglia in vitro.

Discussion

The main purpose of the present study was to study the

roles of prorenin in cardiovascular regulation by the

RVLM, and further to identify the mechanisms underlying

the pressor effect of prorenin. To this end, we measured the

expression of endogenous prorenin and NLRP3 complexes

in the RVLM of SIH rats. The roles of prorenin in the

pathogenesis of SIH were identified using the centrally-

administered PRR inhibitor PRO20 [35]. The effect of

NLRP3 on BP was investigated using the selective NLRP3

inhibitor MCC950, which specifically inhibits the activa-

tion of NLRP3 but not the inflammasomes of AIM2,

NLRP4, or NLRP1 [36]. However, with in vivo studies it

Fig. 6 NLRP3 mediates M1 polarization in prorenin-treated micro-

glia. A Analysis of the expression profile of CD11b by flow

cytometry confirming that the purity of isolated primary microglia

was[ 94%. B Representative fluorescence-activated cell sorting

plots showing the M1 (CD86?) and M2 (CD206?) phenotypes by

flow cytometry in Ctrl, prorenin, and prorenin ? MCC950-treated

microglia. C Statistical data showing the proportions of M1/M2

phenotypes in Ctrl, prorenin, and prorenin ? MCC950-treated

microglia. D qRT-PCR analysis showing that the pro-inflammatory

factors TNF-a and IL-b are increased in prorenin-treated microglia,

while co-treatment with prorenin and MCC950, an NLRP3 inhibitor,

decreases the release of TNF-a and IL-b. Data represent the

mean ± SEM; n = 6; *P\ 0.05 vs Ctrl; #P\ 0.05 vs prorenin.
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Fig. 7 ROS mediate the prorenin-induced activation of the NLRP3

inflammasome. A Representative images of cytoplasmic ROS pro-

duction in control, prorenin, and prorenin with NAC groups using

DCFH-DA-associated fluorescence assays. B ROS quantification

indicated by fluorescent intensity in the different groups. C Im-

munoblots of the components of the NLRP3 inflammasome (NLRP3,

ASC, and caspase-1), pro-IL-1b, and its mature product IL-1b in

prorenin with or without the ROS scavenger NAC. D Statistics for

experiments as in C. E Caspase-1 activity. Data represent the

mean ± SEM; n = 6, *P\ 0. 05 vs Ctrl; #P\ 0. 05 vs prorenin, one-
way ANOVA with unpaired t test; scale bar, 15 lm.
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has been difficult to reconcile whether these effects are

associated with microglia. Accordingly, we used the

microglial depletion agent PLX5622 to address this

question as reported in the literature [37]. Furthermore,

the effect of ROS on triggering NLRP3 activation was

elucidated using the ROS scavenger NAC [38] in prorenin-

treated microglia in vitro. We used intracisternal infusion

to chronically administer pharmacological agents in order

to assess their effects as in similar studies [6, 39, 40]. Our

major findings were the following: SIH rats manifested

increased BP and RSNA, implying increased sympathetic

overactivity consistent with stress-induced neurogenic

Fig. 8 The increased NLRP3 inflammasome activation and NLRP3

translocation from cytoplasm to mitochondria are attenuated by co-

treatment with prorenin and NAC. A Representative images of

primary microglia co-stained with NLRP3 (red) and ACS (green).

B Densitometric quantification of immunofluorescent staining for

NLRP3 in different groups. C Co-localization of NLRP3 and ASC in

control, prorenin, and prorenin plus NAC groups. D Representative

images of primary microglia stained with NLRP3 (red) and mito-

tracker (green). E Percentage co-localization of NLRP3 imunoreac-

tivity with mitochondria. Data represent the mean ± SEM; n = 6;

*P\ 0.05 vs Ctrl; #P\ 0.05 vs prorenin, one-way ANOVA with

unpaired t test; scale bars, 15 lm in A and D.
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hypertension; intra-RVLM prorenin and PRR were upreg-

ulated, with increased M1 phenotype-switching and

NLRP3 inflammasome activation in the RVLM of SIH

rats. The microglia-depleting agent PLX5622, the NLRP3

inhibitor MCC950, or the PRR antagonist PRO20 had an

antihypertensive effect in SIH rats. NLRP3 in the RVLM

was decreased when rats were treated with PLX5622.

Furthermore, NLRP3 with mito-tacker staining showed

much more NLRP3 translocation from mitochondria to the

cytoplasm in prorenin-stimulated microglia in vitro. Pro-

renin increased ROS-triggered M1 phenotype-switching

and NLRP3 activation, while MCC950 decreased M1

polarization in prorenin-challenged microglia. We con-

cluded that increased intra-RVLM prorenin might be

involved in the pathogenesis of SIH, and is mediated by

microglia-derived NLRP3 inflammasome activation.

Microglia supervise and respond rapidly to a change of

homeostasis, and play the role of immune response by

transition of immune phenotype. Stress in the internal or

external environment has profound effects on microglial

activation. Microglia express different receptors that allow

them to respond to stress hormones including glucocorti-

coids, epinephrine, and norepinephrine, from both periph-

eral and central sources [41]. Changes in microglia and

related hormones might change the activity of neurons in

the CNS. During acute and chronic repetitive psychogenic

stress, neural activity might change; for example, restraint

water-immersion stress alters the neural activity in the

central nucleus of the amygdala in rats [42]. The RVLM is

the location of pre-sympathetic neurons. It is a structure

that integrates multiple descending fibers and projections to

sympathetic preganglionic neurons to regulate sympathetic

outflow [43, 44], and our previous study demonstrated that

microglia in RVLM of SIH rats are activated, and this

contributed to the neuroinflammation in SIH [6].

Stress can activate the local RAS in the brain. The

critical importance of brain RAS in regulating sympathetic

activity and BP is an emerging field of research [45]. It has

been reported that bilateral microinjection of human

prorenin into the PVN significantly increases splanchnic

sympathetic nerve activity [15]. Shi et al. [13] demon-

strated that prorenin, the precursor of renin in the RAS

component, directly activates hypothalamic microglia

in vitro, showing that RAS-induced neurogenic hyperten-

sion is independent of Ang II. Huber et al. found that

prorenin incubation with brain neurons dramatically

enhances the ROS-AP-1-iNOS signaling pathway; they

also suggested that PRR activation in the PVN exerts a

sympathoexcitation effect. They provided alternative per-

spectives on the Ang II-independent effect of local RAS

[15]. Given the presence of the blood–brain barrier, brain

RAS activity depends on the local synthesis of (pro)renin

in the brain rather than uptake from blood.

It has been suggested that the brain synthesizes large

quantities of prorenin, the inactive precursor of renin [9]. In

the brain, it is assumed that prorenin binds to the PRR,

which results in prosegment unfolding, thus allowing Ang-

I-generating activity without prosegment removal (non-

proteolytic activation) [10, 11]. Contrepas et al. [46] using

in situ hybridization showed a wide distribution of PRR

mRNA in adult mouse brain, including the RVLM, PVN,

supraoptic nucleus, nucleus of the tractus solitarius, and

subfornical organ critical for their involvement in the

central regulation of cardiovascular function and fluid

volume homeostasis. Although neither our studies nor

those of others can conclude that pro(renin) is generated in

the CNS, they support the hypothesis that pro(renin) plays

roles in the brain.

Takahashi et al. [47] using immunocytochemistry

showed that (P)RR protein is expressed in the paraventric-

ular and supraoptic nuclei of the human hypothalamus, and

in anterior pituitary cells of the human brain. Evidence for

the presence of PRR in the human brain, both in neurons

and microglia, and its positive correlation with SBP

provides a foundation for future functional studies on

brain PRR in human hypertension. Functionally, it has

been demonstrated that PRR antagonists are effective in

animal models of hypertension [10]. Furthermore, the

expression of PRR in neurons and microglia suggests its

possible role in regulating not only neuronal activity but

also inflammation and hypertension, a new research avenue

in humans [48].

Previous investigators have demonstrated that prorenin

and PRR are involved in the pathogenesis of renal and

cardiac hypertrophy, accompanied by local oxidative

stress, inflammation, and NLRP3-IL-1b-related signals

[48, 49]. In chronic inflammation, NLRP3 acts as the

primary activator of inflammation, which can trigger the

cascade production of other pro-inflammatory cytokines

[50, 51]. In salt-induced pre-hypertensive rats, NLRP3

inflammasome activation is associated with hypertension in

the PVN [36, 52]. We found that prorenin increased ROS

production and triggered microglial M1 phenotype-switch-

ing and NLRP3 activation in primary cultured microglia.

Furthermore, NLRP3 with mito-tacker staining showed

that the translocation of NLRP3 from mitochondria to the

cytoplasm was increased in prorenin-challenged microglia.

These effects were abolished by co-treatment with the ROS

scavenger NAC, an anti-oxidant and anti-inflammatory

agent [53]. It should be noted that NAC directly scavenges

ROS via its sulfhydryl active group; in addition, NAC acts

as a glutathione precursor which induces production of the

endogenous antioxidant glutathione, thereby reducing the

formation of mitochondrial reactive nitrogen species

(mROS) [54]. So, NAC can ameliorate mitochondrial

dysfunction and decrease oxidative stress in microglia.
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Ultrastructural microscopic imaging showed swollen mito-

chondria with disorientated and broken cristae in prorenin-

stimulated microglia, while NAC attenuated this injury

(Fig. S5). However, the relationship between mROS and

NLRP3 activation requires further investigation.

In summary, external environmental stress upregulates

prorenin and PRR expression in the RVLM of stress-

exposed rats. ROS overproduction from injured mitochon-

dria induces activation of the microglial NLRP3 inflam-

masome, after which much more inflammatory factors are

released. The neuroinflammation couples with the

increased sympathetic flow to underline the pathogeneses

of SIH. Blockade of the prorenin-ROS-NLRP3 pathway

attenuates this effect (Fig. 9).
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Abstract The caudal forelimb area (CFA) of the mouse

cortex is essential in many forelimb movements, and

diverse types of GABAergic interneuron in the CFA are

distinct in the mediation of cortical inhibition in motor

information processing. However, their long-range inputs

remain unclear. In the present study, we combined the

monosynaptic rabies virus system with Cre driver mouse

lines to generate a whole-brain map of the inputs to three

major inhibitory interneuron types in the CFA. We

discovered that each type was innervated by the same

upstream areas, but there were quantitative differences in

the inputs from the cortex, thalamus, and pallidum.

Comparing the locations of the interneurons in two sub-

regions of the CFA, we discovered that their long-range

inputs were remarkably different in distribution and

proportion. This whole-brain mapping indicates the exis-

tence of parallel pathway organization in the forelimb

subnetwork and provides insight into the inhibitory pro-

cesses in forelimb movement to reveal the structural

architecture underlying the functions of the CFA.

Keywords Forelimb area � Input circuit � Interneuron �
Parvalbumin � Somatostatin � Vasoactive intestinal peptide

Introduction

Complex movement patterns, such as forelimb motion,

require the coordination of many muscles and joint

movements that is specifically associated with neural

activity in the cortical forelimb area (CFA) [1–3]. Cytoar-

chitectonic, electrophysiological, and behavioral experi-

ments have shown that forelimb movements are regulated

by several cortical areas, including the CFA [4, 5]. In mice,

the CFA includes a portion of the primary motor cortex

(CFAMOp) and somatosensory cortex (CFASSp), which are

organized into two central nodes of the cortical forelimb

subnetwork [6]. Each cortical area is significantly associ-

ated with different muscle groups and specific phases of

forelimb motor tasks [3, 4, 7–9].

GABAergic neurons in the neocortex can be classified

into three main groups: parvalbumin-positive (PV?),

somatostatin-positive (SOM?), and vasoactive intestinal

peptide-positive (VIP?). Physiological and functional

studies have shown that different cortical interneuron types

exhibit distinct and diverse activities in different behavioral

states [10] and the long-range inputs to GABAergic

interneurons are important in visual, auditory, and

somatosensory cortical circuits [11–13]; however, the

long-range inputs to different interneuron types in the

CFA remain unclear. To illuminate their connective circuit

mechanisms in mammalian forelimb subnetworks, it is

imperative to map the synaptic inputs to CFA interneurons,

including both local and long-range inputs, at the whole-

brain level. Conventional neural tracing using retrograde

chemical tracers has indicated that the CFA integrates
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long-range inputs from several sources including cortical

areas and subcortical nuclei [6]; however, these methods

have not demonstrated any input connections to specific

types of neuron. Mouse lines with different kinds of Cre

driver in conjunction with the monosynaptic rabies virus

(RV) system [14, 15] provide a stable and reliable approach

to map the long-range inputs to GABAergic neurons in the

target region at the whole-brain level [16–20]. Therefore,

we used monosynaptic RV in the CFAMOp and CFASSp of

three GABAergic Cre lines to investigate the long-range

inputs to different interneurons in the CFA.

Materials and Methods

Animals

VIP-Cre [B6J.Cg-Viptm1(cre)Zjh/AreckJ], PV-Cre

[B6;129P2-Pvalbtm1(cre)Arbr/J], and SOM-Cre [B6N.Cg-

Ssttm2.1(cre)Zjh/J] transgenic mice were purchased from

The Jackson Laboratory (Bar Harbor, ME). All mice were

housed in an experimental animal barrier environment with

a 12-h light/dark cycle and food and water ad libitum. Only

adult mice (2–3 months old) were used. All experimental

procedures were approved by the Animal Experimentation

Ethics Committee of Huazhong University of Science and

Technology.

Surgery and Stereotaxic Viral Injection

The mice were anesthetized by intraperitoneal (i.p.)

injection of 10% ethylurethane, 2% chloral hydrate, and

1.7 mg/mL xylazine mixed in 0.9% NaCl (0.1 mL/10 g

body weight). Then the anesthetized mice were mounted on

a stereotaxic holder (item 68030, RWD Life Science,

Shenzhen, China), and the angle of the skull was adjusted

before craniotomy. We set the bregma and lambda points at

the same level and the left and right hemispheres were

symmetrical with the center line on the plane. A small hole

(*0.5 mm diameter) was bored through the skull above the

target region using a dental drill. All the viral tools were

injected through a glass micropipette connected to a

pressure injection pump (Nanoject II: Drummond Scientific

Co., Broomall, PA) at 35 nL/min. After the operation, the

wound was treated with lincomycin hydrochloride to

prevent inflammation.

The monosynaptic RV system was as described previ-

ously [14, 21], and all the viral tools used were provided by

BrainVTA Co., Ltd. (Wuhan, China). We first injected 150

nL adeno-associated helper viruses (AAV helper) into the

CFAMOp upper limb region [antero-posterior (AP), 1.34

mm from bregma; medio-lateral (ML), 1.75 mm; dorso-

ventral (DV), -1.5 mm], or the CFASSp upper limb region

(AP, 0.14 mm; ML, 2.2 mm; DV, -1.4 mm) in PV-Cre,

SOM-Cre, and VIP-Cre mice. The AAV helper was mixed

with rAAV2/9-Ef1a-DIO-BFP-2a-TVA-WPRE-pA and

rAAV2/9-Ef1a-DIO-RG-WPRE-pA at a ratio of 1:2, and

the final titer was 2.30 9 1012 viral genomes/mL. Three

weeks later, we repeated the operation and injected 300 nL

RV-DG-EnvA-EGFP in the same area at a titer of

2.00 9 108 infectious units/mL.

Histology

Approximately one week after RV injection, mice were

anesthetized and perfused with 0.01 mol/L phosphate-

buffered saline (PBS; Sigma-Aldrich, St. Louis, MO) and

4% paraformaldehyde (PFA; Sigma-Aldrich) in 0.01 mol/L

PBS. The perfused brains were immersed in 4% PFA for 24

h and then placed in 0.01 mol/L PBS for 4 h at 4 �C before

embedding. The procedures of agarose embedding were

based on previous research [22]. Briefly, agarose type I

(Sigma-Aldrich) was oxidized by stirring in 10 mmol/L

sodium periodate (Sigma-Aldrich) for 3 h at room tem-

perature and the oxidized product was then washed

repeatedly in PBS at a final concentration of 5%. The

brains were embedded in melted oxidized agarose using a

silicone mold and maintained at 4 �C for solidification. The

embedded brains were sectioned at 50 lm on a vibrating

microtome (Leica VT1200S; Leica Microsystems, Wetzlar,

Germany).

For immunohistochemistry, selected sections were

blocked with 5% bovine serum albumin (BSA) containing

0.3% Triton in 0.01 mol/L PBS. One hour later, the

following primary antibodies were added and incubated for

*12 h at 4 �C: anti-PV (1:1,000, mouse, Millipore,

MAB1572; Burlington, MA), anti-SOM (1:200, goat, Santa

Cruz, sc-7819; Dallas, TX), and anti-ChAT (1:500, goat,

Millipore, AB144P). After rinsing five times in PBS, these

sections were incubated with the following fluorophore-

conjugated secondary antibodies for 2 h at room temper-

ature: donkey anti-goat (Alexa Fluor 647, 1:500, Invitro-

gen, Waltham, MA) and goat anti-mouse (Alexa Fluor 647,

1:500, Invitrogen). All the antibodies were diluted in 5%

BSA. DAPI at 5 lg/mL was used to stain nuclei.

Microscopy and Analysis

For whole-brain input counting, 50-lm sections were

mounted with 50% glycerol and visualized using a slide-

scanning microscope (9 4, 0.2 NA objective; Nikon,

Tokyo, Japan). For imaging starter cells and immunohis-

tochemistry, selected sections were mounted with 50%

glycerol and then imaged on an inverted confocal micro-

scope (9 10, 0.45 NA objective, Zeiss LSM 710; 9 20,
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0.75 NA objective Zeiss LSM 710; Oberkochen,

Germany).

The RV-GFP-labeled input neurons were manually

counted using the Fiji (NIH, Bethesda, MD) Cell Counter

plug-in, and their locations were defined according to the

Allen brain atlas [23]. All the abbreviations for brain

region used here are listed in Supplementary Table S1. The

proportion of input from each brain area was normalized to

the total number of long-range inputs.

Statistics

All the graphs were generated in GraphPad Prism v.8.02

(GraphPad Software, San Diego, CA) and statistical results

are presented as the mean ± SEM. The individual data

points are shown in histograms and though the data

distributions were assumed to be normal, this was not

formally tested. The two-tailed Student’s t-test and one-

way analysis of variance (ANOVA) followed by Tukey’s

post-hoc tests were performed using SPSS (version 23;

IBM, Armonk, NY). To quantify the similarity in input

patterns, we calculated Pearson’s correlation coefficients

and the significance level was set to P\ 0.05.

Results

Tracing Monosynaptic Inputs to Different

Interneuron Types in the CFA

To label the whole-brain input connection patterns of three

interneuron types in the CFA, we used three Cre lines that

expressed Cre recombinase in PV?, SOM?, and VIP?

neurons. We delivered AAV as a helper virus carrying

specific DNA sequences that coded TVA, BFP, and G

proteins (AAV-DIO-BFP-TVA and AAV-DIO-RG) into

mouse brains (Fig. 1A,B). The injection sites of all samples

were concentrated in the CFA (Fig. 1C). The interneurons

that demonstrated Cre recombinase expressed BFP, the

avian receptor TVA, and rabies glycoprotein (RG). Three

weeks later, we delivered RV-EnvA-GFP into the same

region (Fig. 1A,B). Only neurons that expressed TVA and

RG simultaneously were infected by RV and spread the

virus retrogradely to presynaptic cells. One week after RV

injection, we imaged the brains. In each group, the

distribution of the majority of starter cells was restricted

to the CFA (Fig. 1D). Local input cells in the CFA were

labeled with EGFP, while the neurons that co-expressed

BFP and EGFP were defined as starter cells (Fig. 1E).

To dissect the layer-specific distribution of starter cells

across the three major interneuron types, we measured the

distance between each starter cell and the pial surface

(Fig. 1F). PV? starter cells were found throughout the

cortical layers with most located in superficial layers;

SOM? starter cells were primarily distributed in layer V,

consistent with the known distribution of SOM? interneu-

rons in the neocortex [24]; and VIP? starter cells in the

CFA were primarily detected in the superficial layers.

Whole-brain Mapping of Long-range Inputs

to Three Interneuron Types in the CFA

Whole-brain mapping of the monosynaptic input neurons

was accomplished in 62 discrete nuclei in the three kinds of

mice. Representative coronal sections showed that all three

interneuron types in the CFA received major long-range

inputs from ipsilateral cortical, thalamic, and cerebral

nuclei and contralateral cortex that had already been

identified (Fig. 2A). We quantified the GFP-labeled neu-

rons in coronal sections of labeled mice. According to the

standard mouse brain atlas [23], there were 48,249 PV-Cre

(3 mice), 24,706 SOM-Cre (4 mice), and 11,925 VIP-Cre

(3 mice) long-range input neurons. Although the CFAMOp

contained a large number of GFP-labeled neurons, we

could not confirm that these were directly rabies-infected

interneurons (TVA? only) at the injection site.

The ipsilateral cortex was the most important source of

long-range input to the three types of interneuron in the

CFAMOp, accounting for *75% of the total long-range

inputs (VIP-Cre, 74.5% ± 6.4%; PV-Cre, 74.4% ± 4.2%;

SOM-Cre, 75.0% ± 4.1%; Fig. 2B). The majority of the

ipsilateral input was derived from the motor-sensory cortex

and the thalamus, while fewer input neurons were located

in the frontal pole cortex, orbital cortex, cerebral nuclei,

hypothalamus, midbrain, pons, and other cortical regions

(Fig. 2B). The input neurons in the contralateral hemi-

sphere were mainly distributed in the motor-sensory and

orbital cortex; however, almost no RV-GFP-labeled neu-

rons were found in the subcortical area (Fig. 2A, C).

Cortical Input to Three Interneuron Types

in the CFA

The cortical PV?, SOM?, and VIP? interneurons were

preferentially located in different cortical layers (Fig. 1E),

and previous studies established that cortico-cortical pro-

jections have layer-specific patterns [25]. To further

analyze the layer-specific patterns of cortical inputs to

the CFA, we separated the main motor-sensory cortical

inputs into superficial (layers II and III) and deep (V and

VI) populations. Deep and superficial cortical inputs were

detected in multiple regions, such as the secondary motor

cortex, the nose and mouth areas of primary sensory cortex,

the upper and lower limb areas of primary sensory cortex,

the secondary somatosensory area (SSs), and the barrel

cortex (Fig. 2D). A few input neurons were found in layer

123

Z. Duan et al.: Whole-brain Map of Long-range Inputs to GABAergic Interneurons 495



IV, particularly in the nose and mouth areas of primary

sensory cortex and SSs, and we clustered them into the

superficial input group. Our quantitative analysis showed

no significant difference between the proportion of deep

and superficial cortical inputs to each interneuron type

(Fig. 2D). Intra-telencephalic neurons, which projected to

Fig. 1 Strategies for tracing monosynaptic inputs to three interneu-

ron types in the CFA. A Recombinant AAV helper viruses and

genetically-modified RV. B Experimental design. C Diagram showing

the central coordinates of every injection site in the CFA. Each

colored spot indicates one animal, and different colors indicate

different Cre lines. D Coronal sections showing the injection site and

the distribution of starter cells in each group (scale bars, 100 lm).

E Starter cells of the three interneuron types (arrowheads, scale bars,

50 lm). F Individual layer-specific distribution of starter cells in the

three interneuron types. Each line indicates one coronal section (upper

x-axis, distance from pia; lower x-axis, layer distribution of each

starter cell; each colored spot indicates a single starter cell; blue,

PV?; red, SOM?; orange, VIP? starter cells).
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the cerebral cortex and striatum, were distributed in layers

II/III and V/VI [26]. This result indicates that all three

types of CFA interneurons received uniform input from

deep and superficial intra-telencephalic neurons.

We also found that SOM? neurons were most closely

associated with the limb-related sensory cortex and

received more direct input connections than PV? (P =

0.023) and VIP? (P = 0.018) neurons (Fig. 2D). Moreover,

compared to VIP? neurons, SOM? and PV? neurons

received more inputs from the orbital cortex and agranular

insular area, which are associated with somatosensory and

emotional control. Sparse or negligible long-range input

neurons were detected within the isocortex, olfactory areas,

hippocampal formation, and cortical subplate (Fig. 2E).

Subcortical Input to Three Interneuron Types

in the CFA

Subcortical mapping of the RV-GFP-labeled neurons

showed that the thalamus and cerebral nuclei were

prominent long-range subcortical input sources for CFA

interneurons (Fig. 2B), consistent with previous structural

studies of CFA pyramidal neurons [25]. In our data, the

striatal input was weak or negligible, while major direct

input neurons were observed in the pallidum, especially in

the external segment of the globus pallidus (GPe). We

found that SOM? neurons received more input from the

GPe than PV? neurons (P = 0.033) (Fig. 3A). A similar

pattern of GPe input distribution was evident in the

different Cre lines, in that RV-GFP-labeled neurons were

concentrated in the rostrolateral and caudoventral regions

(Fig. 3B). As the pallidum is the main source of the

corticopetal cholinergic projection [26, 27], we assessed

the proportions of neurons co-labeled with choline acetyl-

transferase (ChAT) antibodies and RV-GFP in PV-Cre (2

mice, 26 cells) and SOM-Cre (2 mice, 7 cells) mice. The

results demonstrated proportions [80% in both groups

(Fig. 3C, D), suggesting that the majority of GPe inputs to

the CFA SOM? and PV? interneurons are corticopetal

cholinergic neurons.

The thalamic input accounted for *10% of the whole-

brain input to CFA interneurons (VIP-Cre, 13.8% ± 3.1%;

PV-Cre, 9.7% ± 0.9%; SOM-Cre, 12.6% ± 1.8%). Whole-

thalamus analysis revealed that CFA interneurons received

equal proportions of thalamic input from the sensory-motor

cortex-related thalamus and polymodal association cortex-

related thalamus (Fig. 3E). In the latter, each interneuron

type received similar proportions of input from all major

thalamic input structures, such as the posterior medial

nucleus (PO), mediodorsal nucleus, nucleus reuniens,

central medial nucleus, paracentral nucleus, and parafasci-

cular nucleus (PF). In the sensory-motor cortex-related

thalamus, the major inputs came from the ventral anterior-

lateral nucleus (VAL) and the ventral medial nucleus (VM)

of the thalamus. Each CFA interneuron type received

similar input from the VM, while VIP? neurons received

more inputs from the VAL than the PV? neurons (P =

0.048) (Fig. 3E). This result suggested that higher-order

thalamic nuclei forward information equally to each

interneuron type in the CFA, while VAL activation might

promote the disinhibition of neuronal activity in forelimb

movement via VIP? interneurons.

Moreover, we detected a few RV-GFP-labeled neurons

in the lateral hypothalamic area, lateral preoptic area, and

zona incerta of the hypothalamus; periaqueductal gray,

ventral tegmental area, dorsal raphe nucleus, substantia

nigra pars compacta, and pedunculopontine nucleus of the

midbrain; and the pontine reticular nucleus, superior

central raphe nucleus, parabrachial nucleus, laterodorsal

tegmental nucleus, and locus ceruleus of the pons

(Fig. 3F). These nuclei might be part of the source of

cortically-modulated signals.

Distinct Whole-brain Long-range Input to CFAMOp

and CFASSp Interneurons

We divided the CFA into two sub-regions to explore the

structural connections between forelimb motor and fore-

limb sensory activity. We labeled whole-brain monosy-

naptic input to the interneurons in CFASSp, which were

mainly located in SSp-ul, another somatic sensorimotor

node in the upper limb subnetwork [6]. Compared with

CFAMOp, we found that interneurons in CFASSp also

received major inputs from the cerebral cortex, cerebral

nuclei, and thalamus. Most of CFASSp input sources also

had projections to the CFAMOp (Fig. 4A); however,

quantitative analysis indicated that the proportions of input

to CFAMOp and CFASSp were remarkably different in

different brain areas (Fig. 4B–F).

Notably, in the cerebral cortex the motor-sensory cortex

had the strongest connectivity with both CFAMOp and

CFASSp; however, nose and mouth areas of primary

sensory cortex and barrel cortex preferentially projected

to the interneurons in the CFAMOp rather than in the

CFASSp, consistent with the actual movement patterns of

the mice (Fig. 4B). Furthermore, neurons in anterior

cortical regions, such as the frontal association cortex,

bFig. 2 Overview of whole-brain input connections to three interneu-

ron types in the CFA. A Representative coronal sections showing the

main long-range inputs to PV?, SST?, and VIP? interneurons in the

CFA (yellow, cortical regions; orange, subcortical regions; scale bar,

2 mm). B–E Proportions of input from the ipsilateral hemisphere (B),
contralateral hemisphere (C), deep and superficial ipsilateral motor-

sensory cortex (D), and ipsilateral cortex except motor-sensory cortex

(E) to each interneuron type (mean ± SEM).
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orbital cortex, agranular insular area, and secondary motor

cortex provided more direct projections to the interneurons

in the CFAMOp; however, neurons in caudal cortical

regions, such as SSs, primary auditory cortex, and the

ectorhinal area, had more direct projections to the CFASSp,

which followed the topological structure of the two CFA

sub-regions (Fig. 4B). We did not observe CFASSp

interneurons receiving input from the frontal pole and

orbital cortex of the contralateral cortex (Fig. 4A, C).

In the cerebral nuclei, we did not observe any striatal

input neurons in CFASSp RV-labeled samples (n = 3); in the

pallidum, we detected similar proportions of input to the

CFAMOp and CFASSp (Fig. 3D). In the thalamus, the

CFAMOp interneurons received input primarily from the

VAL (P = 0.002), paracentral nucleus (P = 0.002), and PF

(P = 0.011), while the CFASSp interneurons preferentially

received input from the VPL (P = 0.006) and PO (P =

0.008) (Fig. 4E). In other brainstem regions, the proportion

of input to the CFA was\0.2%. The midbrain, especially

the ventral tegmental area, is known to contain a high

density of dopaminergic neurons and provided more direct

projections to the interneurons in the CFASSp (P = 0.022),

while few RV-GFP-labeled neurons were detected in the

substantia nigra pars compacta (Fig. 4A, F). This result

suggests that the dopamine signal in the forelimb subnet-

work might primarily arise from the ventral tegmental

pathway and innervate CFASSp interneurons.

Parallel Pathways of Cortical and Thalamic Inputs

to the CFAMOp and CFASSp

Quantitative analysis showed that both CFAMOp and

CFASSp interneurons received a large number of direct

inputs from barrel cortex and the SSs; however, the input

neurons that projected to the CFAMOp were mainly

distributed in the anterolateral barrel cortex, while those

that directly projected to the CFASSp were mainly dis-

tributed posterolaterally. Following a similar topological

organization, in the SSs the inputs to the CFAMOp were

mainly distributed in the anterior area, while the inputs to

the CFASSp were mainly distributed caudally (Fig. 5A, C).

These results suggest that the interneurons in CFAMOp and

CFASSp receive distinct sensory information from two

parallel cortical pathways.

We showed that both CFAMOp and CFASSp interneurons

received major thalamic inputs from the higher-order PO

thalamic nuclei (Fig. 3E, 4E). Worthy of mention is that

the PO neurons that projected to the CFAMOp were mainly

distributed laterally, while the neurons that projected to the

CFASSp were only distributed in the central region

(Fig. 5B, D). Interestingly, the separation of thalamus–

CFA sub-loops was not only observed in the PO, but also in

the VM and PF (Fig. 5D). Consistent with parallel cortical

pathways, this result in the thalamus also suggests the

existence of parallel pathways in the forelimb subnetwork,

which are only related to one another (i.e., not identical).

Furthermore, the separation of lateral and central parts in

the PO is helpful in understanding the complex higher-

order thalamic nuclei.

Discussion

Using the monosynaptic RV system, we studied the long-

range input connections of CFA interneurons at the whole-

brain level in mice, and generated a comprehensive long-

range input atlas of interneurons in the CFAMOp and

CFASSp. All of the PV?, SOM?, and VIP? interneurons

in the CFA received major long-range inputs from the

cerebral cortex, pallidum, and thalamus to varying degrees

(Fig. 6). Notably, the interneurons in different sub-regions

of the CFA received long-range inputs from the cortex and

thalamus in remarkably differing distributions and propor-

tions. These differences were not only reflected in the

known structures, but also in brain areas that had not yet

been subdivided. The anatomical evidence indicated that

the interneurons in the CFAMOp and CFASSp have distinct

connectivity subnetworks, and the connectivity mapping

provides important guidance for further understanding the

inhibitory regulatory processes in forelimb movement and

the structural architecture underlying the functions of the

CFA.

Diverse GABAergic interneuron types in the neocortex

have a characteristically low density and are highly

heterogeneous. These interneurons only account for

*20% of cortical neurons, but they are divided into a

number of different subtypes according to their morpho-

logical, physiological, and biochemical characteristics

[25, 28–30]. Although there is still no clear consensus on

how many inhibitory cell types there are, PV?, SOM?,

and VIP? are generally considered to be the three major

non-overlapping classes of interneuron in the mouse

neocortex [29]. Using the monosynaptic RV tracing

system, VIP? interneurons in the barrel cortex received a

significantly greater proportion of distant cortical input

bFig. 3 Subcortical input connections to three interneuron types in the

CFA. A Proportions of cerebral nuclear input to each interneuron type

(mean ± SEM). B Coronal sections showing the distribution of GPe

input to each interneuron type (scale bar, 500 lm). C Identification of

RV-GFP?/ChAT? input neurons in the GPe (scale bar, 50 lm).

D Proportions of RV-GFP-labeled neurons expressing ChAT in the

GPe (mean ± SEM). E Proportions of input from the thalamus (mean

± SEM). F Proportions of input from other brainstem regions except

the thalamus (mean ± SEM).
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Fig. 4 Overview of whole-

brain input connections to

interneurons in the CFAMOp/

CFASSp. A Representative

coronal sections showing the

contrast of input connections to

VIP? interneurons in the

CFAMOp and CFASSp (yellow,

cortical regions; orange, sub-

cortical regions; scale bar, 2

mm). B Quantitative analysis of

the proportions of long-range

inputs from the ipsilateral cortex

to the CFAMOp and CFASSp

(mean ± SEM). C Proportions

of input from the contralateral

hemisphere (mean ± SEM).

D Proportions of input from

cerebral nuclei (mean ± SEM).

E Proportions of input from the

thalamus (mean ± SEM).

F Proportions of input from

other brainstem regions except

the thalamus (mean ± SEM).
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from deep layers than the PV? or SOM? neurons [15];

however, this may not be a common characteristic among

all cortical interneurons because we found that the three

interneuron types in the CFAMOp received deep cortical

inputs in similar proportions (VIP-Cre, 37.5% ± 4.4%; PV-

Cre, 35.7% ± 1.6%; SOM-Cre, 37.6% ± 2.2%). We

consider that this difference may be due to the distribution

of starter cells, but this has not yet been confirmed.

Both the PV? and SOM? interneurons in the CFAMOp

received direct projections from the GPe, which mainly co-

releases GABA and acetylcholine to inhibit and activate

interneurons and pyramidal neurons across cortical layers

[27]. The cortico-striatal PV?/SOM? projecting neurons

directly innervate striatal dopamine (D1/D2) receptor

neurons, while striatal information flows to the internal

segment of the globus pallidus and GPe through D1/D2

receptor neurons from direct and indirect pathways

[31, 32]. This suggests that PV? and SOM? interneurons

in the CFAMOp contribute to the MOp–STR–GPe–MOp

inhibitory microcircuit and the neural activity may be

modulated by striatal GABAergic spiny projection neurons

that bypass the thalamus. Furthermore, CFAMOp interneu-

rons receive direct input from the PF, which projects to

both the somatosensory cortex and the dorsolateral striatum

[33]; however, our results showed that the PF preferentially

innervates the motor rather than the sensory cortex.

Moreover, in the thalamus, PO is the major source of

long-range subcortical information to CFAMOp interneu-

rons, and the proportions among the three groups displayed

no significant differences. In the somatosensory cortex, the

terminals of thalamo-cortical PO neurons were densely

assembled in layers I and Va and preferentially innervated

PV? interneurons in layer Va and VIP? interneurons in

layer II [34, 35]. Our structural results in the CFA

confirmed that the monosynaptic inputs to SOM? interneu-

rons were densely distributed in the PO, consistent with

both PV? and VIP? interneurons in the CFA. The

innervation of such structural connections is unclear, but

we also provided thalamo-cortical connections that provide

a basis for functional research on SOM? interneurons.

We also compared the distributions and proportions of

long-range inputs to interneurons in different CFA sub-

regions, and found that the cortex and thalamus were the

bFig. 5 Cortical and thalamic input connection patterns of CFA

interneurons. A, B Schematic diagrams of the cortical (A) and

thalamic (B) inputs to CFAMOp or CFASSp interneurons (yellow,

injection sites of AAV and RV; orange, inputs to CFAMOp interneu-

rons; purple, inputs to CFASSp interneurons). C Coronal sections

showing the different cortical input connection patterns. Input

neurons distributed in anterior (barrel field, bregma -0.10 mm;

SSs, -0.59 mm) and caudal regions (barrel field, -1.31 mm; SSs,

-1.55 mm) (sections from two VIP-Cre mice; scale bars, 500 lm).

D Coronal sections showing the different thalamic input connection

patterns. Input neurons distributed in VAL/VPL (bregma -1.31 mm),

VM (-1.67 mm), PO (-1.91 mm), and PF (-2.27 mm) (sections

from two VIP-Cre mice; scale bars, 500 lm).

Fig. 6 Schematic of the main long-range input connection patterns to

the GABAergic interneurons in the CFA: the cortico-cortical

projections (left); the interactions between CFAMOp and CFASSp

(middle); and the inputs from the thalamus and the basal ganglia

(right). Percentages represent the proportion of total long-range inputs

at the whole-brain level. Line thickness represents the range of

proportions.
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most important long-range input sources that connect to the

CFA; however, GABAergic interneurons in the CFAMOp

received more cortico-cortical projections, while the

CFASSp interneurons received more thalamic inputs

(Fig. 6). The proportion of cortical inputs to CFASSp

VIP? neurons was 70.4% ± 1.7%, whereas the proportion

of CFAMOp VIP? neurons was 84.1% ± 3.1%. In contrast,

the proportion of input from the thalamus to the CFASSp

was 27.4% ± 1.7%, and to the CFAMOp was only 13.8% ±

3.1%. We speculated that the neurons located in the

anterior cortex preferentially receive more cortico-cortical

inputs and fewer thalamo-cortical inputs than those in the

posterior cortex.

The barrel cortex is generally considered to be struc-

turally and functionally equivalent to the somatosensory

cortex [12, 15, 35]; in our study, direct input signals from

multiple sub-regions of the somatosensory cortex to CFA

interneurons were counted separately, and the inputs from

barrel cortex and SSs were anatomically organized into two

cortical information channels to CFA interneurons. In the

thalamus, the higher-order PO thalamic nucleus is subdi-

vided into four subnuclei according to their connection

with layer Vb neurons in the barrel cortex [36]; however,

we first separated the PO into lateral and central portions in

the forelimb-movement subnetwork. The segregation of

two CFA–PO loops may also support the concept of

parallel pathway organization in the forelimb-movement

system.
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Abstract Vergence eye movements are the inward and

outward rotation of the eyes responsible for binocular

coordination. While studies have mapped and investigated

the neural substrates of vergence, it is not well understood

whether vergence eye movements evoke the blood oxygen

level-dependent signal reliably in separate experimental

visits. The test–retest reliability of stimulus-induced ver-

gence eye movement tasks during a functional magnetic

resonance imaging (fMRI) experiment is important for

future randomized clinical trials (RCTs). In this study, we

established region of interest (ROI) masks for the vergence

neural circuit. Twenty-seven binocularly normal young

adults participated in two functional imaging sessions

measured on different days on the same 3T Siemens

scanner. The fMRI experiments used a block design of

sustained visual fixation and rest blocks interleaved

between task blocks that stimulated eight or four vergence

eye movements. The test–retest reliability of task-activa-

tion was assessed using the intraclass correlation coeffi-

cient (ICC), and that of spatial extent was assessed using

the Dice coefficient. Functional activation during the

vergence eye movement task of eight movements

compared to rest was repeatable within the primary visual

cortex (ICC = 0.8), parietal eye fields (ICC = 0.6), sup-

plementary eye field (ICC = 0.5), frontal eye fields (ICC =

0.5), and oculomotor vermis (ICC = 0.6). The results

demonstrate significant test–retest reliability in the ROIs of

the vergence neural substrates for functional activation

magnitude and spatial extent using the stimulus protocol of

a task block stimulating eight vergence eye movements

compared to sustained fixation. These ROIs can be used in

future longitudinal RCTs to study patient populations with

vergence dysfunctions.

Keywords Vergence eye movement � Test–retest reliabil-

ity � Functional MRI � Vergence region of interest masks

Introduction

Vergence eye movements are the disjunctive inward

(convergence) and outward (divergence) rotation of the

eyes used to ensure that an object of interest is imaged on

the fovea of each eye. The underlying neural substrates that

govern such a response have been investigated using single

cell recordings in primates [1–5], transcranial magnetic

stimulation in humans [6, 7], functional imaging experi-

ments in humans [8, 9] and other primates [10], and case-

reports [11–13]. Collectively, these studies suggest that the

following regions of interest (ROIs) are functionally active

during a vergence response: frontal eye fields (FEF),

supplementary eye field (SEF), parietal eye fields (PEF)

and cerebellar oculomotor vermis (OV), midbrain, pons,

and primary visual cortex [1–3, 5–9, 11–13].

While prior oculomotor functional imaging studies of

saccadic movements (conjugate, tandem eye movement)

have been conducted to assess the reliability of a saccadic
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task [14, 15], no study has assessed the reliability of the

functional activity evoked using vergence eye movements

during a functional magnetic resonance imaging (fMRI)

experiment. Knowing which ROIs are not only functionally

but also reliably active during a vergence response is of

great value to researchers investigating therapeutic inter-

ventions for patients with a vergence dysfunction. Ver-

gence dysfunctions are commonly reported in the general

population [16–22], in brain injury patients [23, 24], those

with psychological dysfunctions [25, 26], and patients with

attentional deficits [27, 28]. fMRI is one tool that can be

used to study the differences in functional activation

between patients and normal controls as well as to evaluate

the changes in functional activity evoked by therapeutic

interventions in numerous clinical populations [29–31].

Longitudinal studies of therapeutic interventions have

assessed peak and mean functional activations within an

ROI and quantified the spatial extent of an ROI in stimulus-

induced fMRI protocols [32–34]. A few pilot studies have

assessed functional activity changes as a result of vision

therapy in those with vergence dysfunctions [35–37].

However, a gap in the literature is the lack of data about

the test–retest reliability of a protocol to stimulate the

vergence neural circuit using a stimulus-induced fMRI

protocol. Specifically, the variability of the blood oxy-

genation level-dependent (BOLD) signal evoked by ver-

gence eye movements needs to be assessed between fMRI

datasets collected on different days to test the reliability of

the signal. A high correlation between the data sets would

support the use of BOLD activation as an objective

outcome measure in randomized clinical trials (RCTs).

This knowledge is important to determine whether poten-

tial changes in the BOLD signal are due to therapeutic

interventions or simply to variability between visits or

habituation from learning the fMRI experimental set-up.

The test–retest reliability of a stimulus-induced fMRI

protocol has been investigated by assessing the beta

weights (standardized regression coefficients) between

and within visits acquired from the same participants on

different days, quantifying variance [38], and the voxel-

wise intraclass correlation coefficient (ICC) [39] for the

peak functional activation within an ROI. Both group-level

and individual-level analyses are encouraged to assess test–

retest reliability [40]. The test–retest reliability of the

spatial extent of stimulus-induced functional activation has

been evaluated using the Dice coefficient [38]. The

Sørensen–Dice coefficient is a statistical method used to

assess the spatial overlap between two samples [41, 42].

These objective methods can be used to assess how reliable

and robust a stimulus-induced protocol is in evoking

changes within the BOLD signal on different visits on

different days.

The primary goal of this study was to assess the test–

retest reliability of functional activity within vergence ROI

masks by measuring the beta weights of the peak and mean

functional activation in an ROI using ICC analysis as well

as the test–retest reliability of ROI spatial extent using Dice

coefficient analysis. In addition, we assessed the ability of a

protocol for stimulus-induced vergence eye movement to

evoke functional activation of the vergence neural circuit

and to identify ROI masks of the vergence neural substrates

in binocularly normal controls for future RCTs of patients

with vergence dysfunctions.

Materials and Methods

Participants

All participants signed written informed consent for

protocols approved by the Institutional Review Boards of

the New Jersey Institute of Technology and Rutgers

University (the institutional Ethics Committees) and in

accordance with the Declaration of Helsinki. We recruited

27 young adult, binocularly-normal participants, aged

between 18 and 35 years (mean 21.8 ± 3.37 years) (5

females, 22 males).

All participants underwent an optometric examination

by one of the co-authors (MS), an optometrist. This

examination included the following assessments: best-

corrected visual acuity at distance and near, non-cyclo-

plegic auto-refraction, Convergence Insufficiency Symp-

tom Survey (CISS) [43, 44], stereopsis (Randot Stereotest),

cover/uncover (unilateral cover) test at distance (6 m) and

near (40 cm), alternate cover test with prism neutralization

at distance and near, negative fusional vergence (blur,

break, and recovery) at near, positive fusional vergence

(blur, break, and recovery) at near, near point of conver-

gence break and recovery, vergence facility at near, and

push-up accommodative amplitude. This battery of tests

has been used in previous vergence dysfunction clinical

trials [45, 46]. Eligibility criteria for normal binocular

vision included best-corrected distance visual acuity of

20/25 in both eyes, CISS score\ 21, difference between

near and far phoria\ 6D, normal positive and negative

fusional vergence (PFV/NFV) at near, normal amplitude of

accommodation, and random dot stereopsis appreciation of

500 s of arc or better [35, 47]. Normal PFV/NFV is defined

as passing Sheard’s criterion or PFV C 15D base-out break

[48]. Normal amplitude of accommodation is defined as a

minimum of 15 minus a quarter times the participant’s age

[49]. Exclusion criteria were other visual dysfunctions such

as retinal diseases or oculomotor dysfunction, history of

brain injury including concussion, physiological or atten-

tional dysfunctions, or any disease known to affect
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accommodation, vergence, or ocular motility, constant

strabismus at distance, vertical heterophoria C 2D at

distance or near, C 2 lines interocular difference in best-

corrected visual acuity, manifest or latent nystagmus,

history of strabismus surgery or refractive surgery, or

inability to comprehend and/or perform the study test.

Materials

fMRI data were acquired with a 3T Siemens TRIO

(Siemens Medical Solutions, Parkway Malvern, PA,

USA) at Rutgers University Brain Imaging Center. All

the scans were acquired using a 12-channel head coil.

Monocular right-eye movements were recorded using the

Eyelink-1000 system (SR Research, Kanata, ON, Canada)

at a sampling frequency of 250 Hz (Fig. 1A) to ensure eye

movement compliance. The participant was aligned sym-

metrically within the bore of the magnet (Fig. 1A) to

consistently acquire eye movement data. The visual stimuli

were observed by looking into a mirror reflecting a screen

87.5 cm from the nasion of the participant. The fMRI-

compatible screen was 36 cm wide and 20.5 cm high. A

custom MatLabTM code using Psychtoolbox [50] was

executed in the MRI control room on a computer that had a

screen resolution of 1920 pixels 9 1080 pixels. Before the

scanning protocol began, eye moments were calibrated

with 5 pre-designated locations on the screen to convert the

pixel values to eye position in degrees.

Vergence Eye Movement Stimuli

The overall timing and sequence of stimuli are shown in

Fig. 1B. Participants began with a ‘rest’ block of sustained

fixation for 21 s. The visual stimulus was a set of eccentric

squares (Fig. 1C) which were adjusted to stimulate the

perception of an object far away from (far disparity) or

closer to (near disparity) the participant. When fusing the

visual target, the participant perceived a converging or

diverging set of squares (Fig. 1D). After the rest block, the

frequency of low occurrence (FLO) block lasted 18 s and

evoked four vergence eye movements. Each vergence

stimulus was presented for at least 2 s and up to 5 s, which

reduced the anticipatory cues known to modify such eye

movements [51, 52] and resulted in an increase of neural

activity [9]. The binocularly symmetrical disparity ver-

gence step stimuli of the FLO block were presented in the

following order: 4� Convergence (Con), 4� Con, 6�
Divergence (Div), and 4� Con. After the FLO block, a

‘rest’ block of sustained fixation was presented. Next, the

frequency of high occurrence (FHO) task block lasted for

19 s, where 8 stimuli were presented. For the FHO block,

the following order of stimuli was presented: 4� Con, 4�

Con, 6� Div, 4� Con, 4� Con, 6� Div, 4� Con, and 4� Div.

The block design of ‘rest’ intermixed between FLO and

FHO blocks was similar to that of a prior investigation of

saccadic eye movements [53]. These vergence demands

were chosen to reduce confounding variables such as

phoria on the vergence eye movement responses [54–62].

To familiarize participants with the visual stimuli, they

came to the laboratory to practice to ensure that they

understood how to fuse the eccentric squares. Based on

verbal feedback, all participants were able to fuse the

visual stimuli and attain the perception of squares at

different convergent or divergent planes as shown in

Fig. 1D.

Scanning Protocol

Two experimental sessions were carried out with all

participants on each of two different days. The two visits

were separated by 1–31 days (mean 7.67 ± 7.72 days)

based on the availability of the participant and the imaging

center. The two sessions were run consecutively with a

short pause between to allow the participant a short rest.

An anatomical high-resolution reference volume data set

was acquired using a magnetization-prepared rapid acqui-

sition gradient-echo (MP-RAGE) sequence with the fol-

lowing parameters: repetition time (TR) = 1900 ms, echo

time (TE) = 2.52 ms, T1 = 900 ms, flip angle = 9�, field

of view (FOV) = 256 mm, and spatial resolu-

tion = 1.0 mm3 9 1.0 mm3 9 1.0 mm3. A total of 176

slices were acquired for the anatomical scan. Two func-

tional runs were acquired using an echo planar imaging

(EPI) sequence with the following parameters: TR = 2000

ms, TE = 13 ms, flip angle = 90�, FOV = 192 mm, spatial

resolution = 3.0 mm3 9 3.0 mm3 9 3.0 mm3, 53 slices,

and 208 volumes. During each visit, the participant

performed two stimulus-induced tasks (run 1 and run 2)

that were identical, and each run lasted 416 s (208

volumes). The stimulus-induced task consisted of symmet-

rical disparity vergence step stimuli.

Pre-processing

The two vergence eye movement runs for each visit were

analyzed independently with SPM12 (Wellcome Centre for

Human Neuroimaging, UCL, London, UK) using the

default parameters unless otherwise noted. For each EPI

four-dimensional (4D) volume dataset, all the volumes

were realigned to the first volume in the same run. The

realigned volumes were then co-registered to the anatom-

ical MP-RAGE image acquired during the same visit. After

co-registration, a detailed motion artifact analysis was

conducted for all participants for both datasets, measuring

motion in the x, y, and z axes and in yaw, pitch, and roll.
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All participants had a maximum movement of 2 mm or less

between time samples. The mean motion across all

participants was 0.51 mm ± 0.38 mm for visit 1 and

0.42 mm ± 0.21 mm for visit 2. A paired t test of each

participant’s average movement in visits 1 and 2 showed

no significant difference [T(26) = 1.35; P = 0.2]. White

matter (WM) and cerebrospinal fluid (CSF) were seg-

mented using the MP-RAGE images. Masks for each tissue

type were generated using a tissue probability map with a

threshold set to C 0.97. Then, the first five principal

components from principal component analysis were

extracted from the CSF mask. This procedure was repeated

to find the first five principal components for the WM mask

[63]. The Montreal Neurological Institute template

(MNI152) was used to map each participant’s native MP-

RAGE and fMRI datasets into standardized MNI space.

Data were resampled to a 2 mm3 9 2 mm3 9 2 mm3

voxel size using a 4th degree b-spline interpolation

function. To reduce the effect of physiological and head

motion-related noises on functional activation, a total of 34

Fig. 1 A Experimental set-up. B Timing protocol of rest and the

stimulus-induced vergence eye movement task. C Visual stimulus

showing eccentric squares for far disparity and near disparity

vergence fixation with how the plane of fixation changes for each

type of disparity. D Visual perception of eccentric squares converging

and diverging. The participant perceives the smallest box closer or

farther away in the plane. E Timing sequences of blocks for the

frequency of low-occurrence task that stimulated four vergence eye

movements and the frequency of high-occurrence task that stimulated

eight such movements along with the type and sequence of vergence

eye movements.
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nuisance variables were regressed out from the fMRI

dataset. Specifically, the following variables were

regressed out from the datasets: 6 movement coefficients

(yaw, pitch, roll, x, y, z), the corresponding 6 quadratics, 6

auto-regressors and their corresponding 6 quadratics which

totaled 24 variables [64, 65], plus the 5 principal compo-

nents of the CSF and the 5 principal components of the

WM [63, 66]. All voxels on the resulting 4D volume data

set were high-pass filtered (cutoff frequency fc = 0.01 Hz,

or 100 s). The data sets were smoothed with a 6-mm full

width at half maximum kernel. The two runs in each visit

were then temporally concatenated to increase the statis-

tical power.

Whole-brain Functional Activation Maps

and Group-level Statistics

A general linear model was used to generate whole-brain

voxel-wise functional activation maps. The canonical

waveform of a double gamma function, which is the

Statistical Parametric Mapping (SPM) default, was used to

calculate the beta weight of each voxel for the rest block

compared to the FLO task block and for the rest block

compared to the FHO task block. A one-sample T-test was

applied to derive group-level activation maps for both the

FLO and the FHO paradigms. These functional activation

maps were then passed through a threshold of P\ 0.05

with false discovery rate (FDR) correction for multiple

comparisons [67] and overlaid on the anatomical images

for visualization purposes.

ROIs

Based on previous studies from our group and others, the

brain regions involved in the mediation of a vergence

response include the FEF [9, 68], SEF [69], cerebellum

[13, 70], PEF [5, 71], and primary visual cortex [72–74],

which were the primary ROIs investigated in this study. In

addition, Broca’s area was investigated as an ROI to test

the null hypothesis. A vergence eye movement task was

hypothesized to not stimulate functional activity within

Broca’s area, which was defined using the Analysis of

Functional NeuroImages Atlas software [75] and is cen-

tered at MNI coordinates x = –54, y = 24, and z = 10

[75–77]. The peak and mean beta weight functional

activations were determined for these ROIs. The FEF is

at the intersection of the precentral and superior frontal

sulci [68, 78, 79]; the PEF is in the vicinity of the

intraparietal sulcus [37, 71, 80]; the SEF is the area

between the bilateral FEF near the midsagittal plane [81];

and the OV is in the posterior cerebellum along the midline

[82, 83].

The beta weights in each vergence ROI mask were

assessed for each participant and the peak and mean beta

weights for each ROI were measured. A paired t-test is

used to assess potential differences between the ROI-level

activation between visits 1 and 2. The MNI coordinates of

the T value were measured to define the center of the

vergence ROI masks that can be used in future functional

imaging studies of vergence neural substrates. The ver-

gence ROI masks were defined as a 5 mm radius sphere of

81 voxels centered around the peak activation of the

averaged data set from visit 1 using anatomical landmarks.

Small radius ROIs (5-mm radius spheres) are recom-

mended for studies investigating smaller neural substrates

[84, 85]. A 10-mm radius sphere used to assess the peak

ICC values was also used to investigate consistency.

However, in this study we report results using a 5-mm

sphere since this has been used in a previous oculomotor

functional imaging study [86].

Assessment of Test–Retest Reliability

Test–Retest Reliability of the Magnitude of Functional

Activation

The ICC is an established method of assessing the test–

retest reliability of the magnitude of functional activity

within an ROI and has been used in fMRI studies [87, 88].

There are many methods of calculating the ICC. We chose

ICC (1,1) because we used the same participants, instru-

mentation, and stimulus-induced task protocol in two

separate visits [89, 90]. The equation for ICC(1,1) is shown

below (Eq. 1). MSB is the mean beta weight squared

between participants, MSW is the mean beta weight

squared within participants, and k is the number of

participants (27).

ICC 1; 1ð Þ ¼ MSB � MSW

MSB þ k � 1ð ÞMSW

ð1Þ

Test–retest reliability is classified as poor (ICC =

0–0.4), fair (ICC = 0.4–0.55), good (ICC = 0.55–0.75),

or excellent (ICC = 0.75–1.0) [15, 38, 90, 91]. The ICC

values were calculated using the IPN toolbox in MatLab

[92, 93].

The ICCs were calculated both at the voxel-level and for

each of the vergence ROI masks. For the voxel-level

analysis, only voxels that attained an ICC[ 0.4 were

extracted and plotted superimposed upon the high-resolu-

tion anatomical maps for visualization. For each vergence

ROI, the maximum ICC was tabulated and compared

between visits 1 and 2.
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Test–Retest Reliability of Spatial Activation Maps

The test–retest reliability of the whole-brain spatial acti-

vation maps was evaluated at the group-level by conduct-

ing a Boolean AND gate on the functional activity maps

between the two visits that reached a significance threshold

of P\ 0.05 corrected for multiple comparisons using the

FDR. These significantly active voxels were overlaid on

anatomical images for visualization. This map displayed all

the voxels that survived the thresholding in both visits 1

and 2 for the FHO versus rest contrast and for the FLO

versus rest contrast.

The Dice coefficient is a method to assess the test–retest

reliability of the spatial extent of functional activity

[14, 38, 91]. This coefficient was used to quantify the

intersection (also known as overlap) in spatial extent of the

activation maps between visits. For this study, the Dice

coefficient was calculated for each vergence ROI mask.

The participant-level threshold was not corrected for

multiple comparison using [T(202) = 1.65; P\ 0.05].

The activation maps derived in the previous steps were

transformed to a binary map where significantly active

voxels were encoded as a binary ‘high’ (logical 1) and the

other voxels as a binary ‘low’ (logical 0). The Dice

coefficient was then calculated using Eq. 2:

D ¼ 2 � Vovelap

VVisit1 þ VVisit2

ð2Þ

Voverlap is the summation of the common voxels during

both visit 1 and visit 2, VVisit1 is the sum of all the

significantly active voxels during visit 1, and VVisit2 is the

sum of all the significantly active voxels during visit 2 for

each specific vergence ROI mask. In previous research, the

Dice coefficient is calculated for each individual partici-

pant [40]. Hence, we reported the Dice coefficient as the

mean of all participants with one standard deviation for

each of the individual ROIs. To be more conservative in

the calculation of the Dice coefficient, a more stringent

motion artifact threshold of\ 1 mm of mean movement

was used. Since test–retest reliability of spatial extent is

sensitive to motion, only participants who had an average

head motion of\ 1 mm were assessed [38, 94].

Results

Optometric Examination

The clinical optometric examination results are summa-

rized in Table S1 with the 27 participants’ mean, standard

deviation, and the minimum and maximum range. Based

on these measurements, all participants were considered to

have normal binocular vision.

Group-level Functional Activation Maps

for the Stimulus Protocol for Vergence Eye

Movements

The group-level functional activation maps from the

stimulus-induced vergence eye movement task overlaid

on the high-resolution anatomical images using FDR

(P\ 0.05) multiple comparison correction are shown in

Fig. 2. As expected, no significant functional activity was

found in Broca’s area (slice 10S in Fig. 2). The supple-

mentary data (Fig. S1) display the volumes of many slices

of functional activation spatial maps to show the whole

brain activity during this task.

From the group-level spatial functional activity maps,

the peak T-values were extracted for each of the ROIs and

the MNI coordinates of the peak T-value are also listed in

Table 1. When comparing the MNI coordinates of the peak

activation from visits 1 and 2 for both the contrasts of FHO

compared to rest and for FLO compared to rest, the

coordinates were within 2 functional voxels (within 6 mm

for each of the x, y, and z coordinates).

Establishing Vergence ROI Masks

The peak functional activity for visits 1 and 2 were similar

in both the magnitude and spatial location of functional

activity. In addition, the peak activation was similar in

magnitude and location for the FHO versus rest task and

for the FLO versus rest task. For FHO versus rest and FLO

versus rest, a paired t-test revealed no significant differ-

ences in the T-value for each of the ROIs (FHO:

T(8) = 1.9; P = 0.1; FLO: T(8) = 1.1; P = 0.5). Hence,

the vergence ROI masks for the vergence neural substrates

were established. Given the consistency in the datasets, the

vergence ROI masks were defined as 5-mm radius spheres

centered around the peak activation defined using the MNI

coordinates of visit 1 from the FHO versus rest contrast

(Table 1). The peak T-value results were virtually identical

for the 5-mm and 10-mm radius ROIs. Hence, only the

values from the 5-mm radius sphere are reported.

Test–Retest Reliability of Functional Activation

during a Vergence Eye Movement Task

The maximum ICC for each of the vergence ROI masks are

listed in Table 2 with the corresponding MNI coordinates

where the peak ICC occurred. The ICC values to assess the

test–retest reliability of functional activity from the FHO

block versus rest task were significantly greater than the

FLO block versus rest task for most of the vergence ROIs

[T(7) = 2.6, P = 0.04]. Only the SEF ROI ICC was greater

in the FLO task block than in the FHO task block.
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To further assess the test–retest reliability, the beta

weights of functional activity within each of the defined

vergence ROIs were extracted from each vergence ROI

mask using the MNI coordinates from the FHO of Visit 1.

Using a paired t-test, no significant difference (P C 0.1)

was found between the peak beta weights from visits 1 and

2 (Fig. 3A1, B1). Next, the beta weights per ROI were

averaged. The mean beta weights per ROI for the FHO

versus rest (Fig. 3A2) and for the FLO versus rest

(Fig. 3B2) for visits 1 and 2 were also consistent. Using

a paired t-test, no significant differences were found for any

of the ROIs for the mean beta weights for either task (FHO

or FLO vergence eye movements versus rest) (P C 0.1).

Evaluation of Test–Retest Reliability of Spatial

Extent during the Vergence Eye Movement Task

The main vergence ROIs V1, PEF, FEF, SEF, and OV

showed consistent spatial extent activation for the FHO

vergence eye movement task compared to rest (Fig. 2). For

the vergence ROIs identified in this study, the FLO

vergence eye movement task showed consistent activity

in the V1, PEF, FEF, and OV vergence ROI masks. When

comparing the FHO and FLO vergence eye movement

tasks, increased spatial extent was found in the FHO

vergence eye movement task compared to the FLO

Fig. 2 A Functional activity of FHO versus rest blocks for the

average of 27 binocularly normal participants overlaid on high-

resolution anatomical images using a threshold of P\ 0.05 corrected

for multiple comparison with FDR. B Functional activity of FLO vs

rest for the same dataset [arrows indicate oculomotor vermis (OV),

right and left primary visual cortex (R/L V1), right and left parietal

eye fields (R/L PEF), supplemental eye field (SEF), and right and left

frontal eye fields (R/L FEF; upper row, functional activity from visit

1; second row, functional activity from visit 2; third row, ICC maps of

functional activity assessing test–retest reliability between visits 1 and

2; fourth row, Boolean AND function of functional activation spatial

extent from visits 1 and 2 with the vergence masks]. Axial slice 22

inferior (22I) displays the cerebellar functional activity from the

oculomotor vermis (OV) (gray arrow); axial slice 10 superior (10S)

displays the right primary visual cortex (R-V1) and left primary visual

cortex (L-V1) (red arrows); axial slice 50 superior (50S) displays the

following vergence neural substrates: left FEF (L-FEF) and right FEF

(R-FEF) (green arrows), SEF (purple arrow), and left PEF (L-PEF)

and right PEF (R-PEF) (yellow arrows).
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vergence eye movement task (further details in supple-

mentary material).

An individual-level Dice coefficient was calculated for

each participant for all of the vergence ROIs (Table 3). The

Dice coefficient is susceptible to motion artifacts, hence a

more conservative threshold for excluding participants due

to motion artifacts was used. Any participant who had on

average 1 mm or more of movement was omitted from this

analysis. Twenty out of 27 participants who met this more

conservative threshold were further analyzed. When com-

paring the FHO and FLO tasks relative to rest blocks, a

larger spatial extent was found for the FHO task than for

the FLO task for all 8 vergence ROI masks. A paired t-test

of the vergence ROIs (excluding Broca’s area) showed that

the Dice coefficient for the FHO versus rest task was

significantly greater than that for the FLO versus rest task:

[T(7) = 7.1; P\ 0.001]. The left and right primary visual

cortex had the greatest Dice coefficients among the masks

studied. The SEF ROI had the lowest test–retest reliability

of spatial extent in the vergence neural circuit. Broca’s area

did not show significant functional activity.

Discussion

Neural Substrates of Vergence

The stimulus-induced task of rest blocks interleaved

between blocks of 8 vergence eye movements (FHO block)

and blocks of 4 vergence eye movements (FLO block)

stimulated the neural substrates of vergence and the

resulting eye movements. The primary visual cortex,

PEF, SEF, FEF, and OV were functionally active. The

literature shows that these ROIs mediate a vergence eye

movement response [1–3, 5–9, 11–13, 79]. The fMRI ROIs

presented here were similar to those reported in fMRI

studies investigating vergence eye movements in humans

stimulated using light-emitting diodes placed for different

vergence angular demands [8, 9, 95]. Other ROIs may be

explored in future studies.

Table 1 Peak T-values per ROI for Visit 1 and Visit 2 for the FHO versus rest block and the FLO versus rest block

ROI Visit 1 FHO vs Rest Visit 2 FHO vs Rest Visit 1 FLO vs Rest Visit 2 FLO vs Rest

T Value MNI coordinates

[x y z]

T Value MNI coordinates

[x y z]

T Value MNI coordinates

[x y z]

T Value MNI coordinates

[x y z]

L-V1 6.7 [- 10 - 88 6] 7.6 [- 8 - 90 2] 5.9 [- 10 - 86 4] 4.1 [- 8 - 86 2]

R-V1 8.4 [10 - 88 6] 8.6 [10 - 86 4] 6.5 [12 - 86 2] 5.4 [8 - 88 2]

L-PEF 5.1 [- 30 - 48 50] 8.8 [- 32 - 44 50] 5.0 [- 28 - 48 50] 5.7 [- 28 - 48 48]

R-PEF 6.3 [30 - 48 50] 8.5 [34 - 48 52] 4.0 [30 - 48 50] 5.1 [30 - 52 52]

L-FEF 7.2 [- 28 - 6 48] 9.1 [- 28 - 6 48] 5.0 [- 32 - 4 48] 7.3 [- 26 - 6 48]

R-FEF 6.9 [28 - 6 52] 6.8 [28 - 6 50] 5.5 [26 - 6 50] 5.7 [28 - 6 48]

SEF 4.3 [- 6 8 50] 5.4 [- 6 8 52] 2.1 [- 10 6 48] 3.8 [- 4 8 52]

Vermis 6.7 [- 2 - 78 - 22] 9.2 [- 2 - 76 - 20] 4.8 [- 2 - 74 - 24] 5.0 [- 4 - 76 - 18]

Broca - 2.8 [- 54 24 10] - 3.9 [- 54 24 10] - 3.1 [- 54 24 10] - 2.2 [- 54 24 10]

Table 2 Functional activity in

visits 1 and 2 using the peak and

mean ICC within each vergence

ROI for the FHO and FLO

versus rest tasks in Broca’s area

ROI FHO vs Rest FLO vs Rest

Peak ICC Mean ICC MNI coordinate Peak ICC Mean ICC MNI coordinate

L-V1 0.84 0.68 [- 10 - 86 2] 0.69 0.51 [- 8 - 84 4]

R-V1 0.81 0.61 [6 - 88 4] 0.77 0.51 [6 - 88 6]

L-PEF 0.69 0.40 [- 32 - 52 52] 0.49 0.33 [- 34 - 46 50]

R-PEF 0.60 0.30 [26 - 50 48] 0.37 0.19 [28 - 52 50]

L-FEF 0.42 0.24 [- 30 - 2 50] 0.43 0.13 [- 24 - 6 50]

R-FEF 0.54 0.26 [26 - 4 48] 0.41 0.10 [24 - 8 54]

SEF 0.46 0.23 [- 4 10 54] 0.56 0.40 [- 2 10 48]

Vermis 0.61 0.32 [2 - 80 - 22] 0.37 - 0.02 [- 4 - 74 - 20]

Broca 0.00 0.00 [- 54 24 10] 0.00 0.00 [- 54 24 10]
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Evaluation of Test–Retest Reliability

Functional imaging is a popular method to non-invasively

study metabolic activity of the brain and much research has

been conducted to assess its utility for clinical medicine

both in terms of biomarkers for disease or dysfunction and

as outcome measures for longitudinal studies as reviewed

by Dubois and Adolphs [96]. Studies of the reliability of

functional imaging strongly encourage both group-level

and individual-level analyses, especially if fMRI is to be

used as a biomarker, since individual participants would be

compared to normative databases [38, 40]. For the

vergence eye movement stimulus-induced protocol

described in this study, the functional activation magnitude

was assessed using the ICC to have fair test–retest

reliability for the FEF and SEF since the ICCs were

between 0.4 and 0.55. The PEF had good test–retest

reliability, while the primary visual cortex had excellent

Fig. 3 Box-and-whisker plots showing the mean and upper and lower

quartiles for the beta weights per ROI from visit 1 (blue) and visit 2

(red). Outliers are plotted as individual points. A1, B1 Peak beta

weights per vergence ROI mask from the FHO block versus rest

blocks (A1) and for the LFO versus rest blocks (B1). A2, B2 Mean

beta weights per ROI from the FHO versus rest blocks (A2) and FLO

versus rest blocks (B2).
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test–retest reliability when evaluating BOLD functional

activity signal strength. The beta weights for an individual-

level analysis of each participant were similar and no

significant differences were found between visits 1 and 2.

Hence, functional activity within the defined vergence ROI

masks is a reliable measure and suitable for longitudinal

studies.

The reproducibility of spatial extent is susceptible to the

threshold value, especially for individual-participant anal-

ysis [38, 97, 98]. Spatial extent is also susceptible to

motion artifacts [38]. The group-level data analysis showed

substantial spatial extent overlap. These data support the

idea that spatial extent is reliable when the datasets are

averaged among participants and group-level analysis can

be used in a longitudinal study. However, for the within-

participant analysis, the Dice coefficients for the vergence

ROIs in the FHO block versus rest block were between

0.32 and 0.43 for the FEF, PEF, and OV, which is moderate

repeatability. While the primary visual cortex for the

individual analysis had good Dice coefficients between 0.6

and 0.7, the SEF had a poor Dice coefficient of 0.15.

Therefore, caution should be exercised when studying the

spatial extent in individual participants for this vergence

task in a longitudinal study. Other studies have reported

Dice coefficients for within-participant analyses between

0.7 and 0.8 when analyzing spatial extent for the primary

motor cortex during a finger-tapping task [38] and

0.25–0.27 for an intertemporal choice task [40]. The

results of our study are similar to others on the test–retest

reliability of spatial extent for within-participant analyses

[38, 40].

Differences between the FHO and FLO Vergence

Eye Movement Tasks

Results from our study support the proposal that a block of

8 vergence eye movements (FHO block) stimulates a

stronger BOLD signal than a block of 4 vergence eye

movements (FLO block) both in terms of magnitude and

spatial extent. The number of saccades occurring within a

block has been shown to be directly proportional to the

BOLD signal strength [53]. Kimmig and colleagues

suggested that the direct relationship between the fre-

quency of saccades and the amplitude of the BOLD signal

is because the BOLD signal is an indication of overall

global energy consumption—the more saccades generated,

the more energy consumed, and hence, the greater the

BOLD signal [53]. Our results on vergence eye movements

were similar to those reported for the saccadic eye

movement system.

Future Randomized Clinical Trials on Vergence

Dysfunction

Vergence dysfunctions such as strabismus, convergence

insufficiency, divergence insufficiency, convergence

excess, and divergence excess are common in the general

population. A meta-analysis of strabismus reports an

incidence of 1.93% [99]. Convergence insufficiency is

more common, reported in 3.4%–17.6% of the general

population [16–22]. The other vergence dysfunctions are

less common; specifically, convergence excess is present in

2.3%–2.9% [22, 100], divergence insufficiency in 0.8%

[100], and divergence excess in 0.6% [100]. While

randomized clinical trials have shown that therapeutic

interventions lead to a sustained improvement in the visual

symptoms and clinical signs of convergence insufficiency

[47, 101–107], the underlying neural mechanism by which

vision therapy adapts the neural substrates used to generate

a vergence eye movement is not well understood. Small

pilot longitudinal studies have been conducted to assess the

influence of vision therapy on the underlying functional

activity of the brain for convergence insufficiency

[35, 36, 108]. However, none of these studies assessed

the validity of using fMRI as a potential outcome

measure[35,36]. Future studies can also investigate the

neural mechanisms underlying vision therapy in patients

with concussion-related visual symptoms [109].

The data presented here identify vergence ROI masks

that are reliable at both the group and individual levels for

the magnitude of the functional activity evoked using a

vergence step protocol of 8 vergence eye movements (FHO

eye movement block) compared to sustained fixation (rest

block). This protocol was found to be reliable based on the

ICC and beta weight analyses of the vergence ROIs. Spatial

extent was reliable for group-level analysis. However, our

results revealed that caution should be exercised when

studying spatial extent for individual-level analysis in a

longitudinal study. These results support the conclusion

that the magnitude of the functional activity generated by a

Table 3 Dice coefficients of the FHO versus rest and FLO versus

rest tasks for each vergence ROI in 20 participants (mean ± SD)

ROI FHO vs Rest FLO vs Rest

P\ 0.05 P\ 0.05

L-V1 0.59 ± 0.31 0.48 ± 0.34

R-V1 0.74 ± 0.29 0.49 ± 0.29

L-PEF 0.43 ± 0.31 0.24 ± 0.28

R-PEF 0.35 ± 0.35 0.19 ± 0.22

L-FEF 0.34 ± 0.32 0.14 ± 0.19

R-FEF 0.35 ± 0.33 0.08 ± 0.13

SEF 0.15 ± 0.24 0.09 ± 0.17

Vermis 0.32 ± 0.29 0.06 ± 0.18

Broca’s area 0 ± 0 0 ± 0
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stimulus-induced protocol evoking 8 vergence eye move-

ments compared to a sustained fixation task (rest block) is

reliable as an outcome measure for RCTs to assess

therapeutic interventions for patients with vergence

dysfunctions.
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Abstract In the current study, we sought to investigate

whether T-type Ca2? channels (TCCs) in the brain are

involved in generating post-anesthetic hyperexcitatory

behaviors (PAHBs). We found that younger rat pups

(postnatal days 9–11) had a higher incidence of PAHBs

and higher PAHB scores than older pups (postnatal days

16–18) during emergence from sevoflurane anesthesia. The

power spectrum of the theta oscillations (4 Hz–8 Hz) in the

prefrontal cortex was significantly enhanced in younger

pups when PAHBs occurred, while there were no signif-

icant changes in older pups. Both the power of theta

oscillations and the level of PAHBs were significantly

reduced by the administration of TCC inhibitors. More-

over, the sensitivity of TCCs in the medial dorsal thalamic

nucleus to sevoflurane was found to increase with age by

investigating the kinetic properties of TCCs in vitro. TCCs

were activated by potentiated GABAergic depolarization

with a sub-anesthetic dose of sevoflurane (1%). These data

suggest that (1) TCCs in the brain contribute to the

generation of PAHBs and the concomitant electroen-

cephalographic changes; (2) the stronger inhibitory effect

of sevoflurane contributes to the lack of PAHBs in older

rats; and (3) the contribution of TCCs to PAHBs is not

mediated by a direct effect of sevoflurane on TCCs.

Keywords Emergence agitation � Neonatal rat � General

anesthesia � Sevoflurane � T-type calcium channel � Theta

wave

Introduction

With the development of new anesthetic formulations and

techniques, general anesthesia has become widely available

in pediatric surgery. Sevoflurane is a popular volatile

anesthetic used in pediatric surgery because of its many

advantages including hemodynamic stability, sweet smell,

lack of respiratory irritation, and rapid onset of action [1].

However, a high risk of emergence agitation (EA) or

delirium induced by sevoflurane has been extensively

reported [2].

EA is a well-documented phenomenon in the immediate

postoperative period in humans, particularly in preschool-

age children [3]. This condition manifests as an uncon-

scious state accompanied by a series of hyperexcitatory

behaviors that often spontaneously resolve [4]. However,

EA can be urgent when children become uncontrollable

during emergence from general anesthesia, and may hurt

themselves by accident. EA unavoidably contributes to
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extension in hospital stay, and may place additional

burdens on both patients and medical staff [5]. Further-

more, EA may be associated with postoperative psycho-

logical problems in children, such as eating or sleeping

disorders, anxiety, apathy, and aggression [6]. Although

many adjunct agents (e.g., dexmedetomidine, remifentanil,

ketamine, and nalbuphine) have demonstrated some effec-

tiveness against EA [7–9], the underlying mechanism is not

yet clear.

In a previous study, we reported EA-like behaviors,

which we named post-anesthetic hyperexcitatory behaviors

(PAHBs), during emergence from sevoflurane anesthesia in

neonatal rats [10]. We developed a scale for evaluating

such behaviors and demonstrated that PAHBs present

features similar to EA in humans. We found that sevoflu-

rane-induced PAHBs are closely associated with GABAer-

gic (GABA, c-aminobutyric acid) depolarization/excitation

in the neocortical neurons of neonatal rats. However,

sevoflurane-potentiated depolarizing potentials cannot acti-

vate action potentials alone because of the limited reversal

potential of GABA. Nonetheless, these potentials are able

to elicit action potentials, presumably by evoking other

subthreshold events. Low-threshold Ca2? spikes, which are

mediated by the T-type Ca2? channel (TCC), result in a

neuron reaching the threshold for burst firing in the central

nervous system [11]. Therefore, we sought to investigate

whether TCCs are involved in generating PAHBs in

neonatal rats.

Materials and Methods

Animal Care

Pregnant Sprague-Dawley rats from the Key Laboratory of

Brain Functional Genomics affiliated with East China

Normal University (Shanghai, China) were housed in a

temperature-controlled (22�C–24�C) vivarium on a 12 h/12

h light-dark cycle. Male pups born of these rats were used.

The day of birth was defined as postnatal day 0 (P0). The

experimental procedures described below were in accor-

dance with the ARRIVE (Animals in Research: Reporting

In Vivo Experiments) guidelines and were approved by the

Animal Care and Use Committee of Fudan University in

Shanghai (201802130S). All possible efforts were made to

minimize the number of animals and their suffering.

PAHB Model and Assessment

Neonatal Sprague-Dawley rats were used in the behavioral

test and were divided into younger (P9–P11) and older

pups (P16–P18). PAHB modeling and scoring were the

same as we described in the previous study [10]. In brief,

anesthesia was induced in rat pups with 6% (v/v) sevoflu-

rane gas over 1 min and was then maintained with 3%

sevoflurane gas for 9 min. These gases were generated with

a calibrated sevoflurane and oxygen-fed commercial

vaporizer (Penlon, Abingdon, OX14, UK) and were

supplied to the anesthesia chamber at 3 L/min. PAHB

scores were based on behavioral type [0, none; 1,

trembling; 2, head bobbing or stereotypy; 3, unilateral

forelimb or hindlimb clonus; 4, bilateral forelimb or

hindlimb clonus; 5, side-to-side rolling; 6, wandering

(i.e., scrambling along the monitoring chamber walls)], and

a bonus score of 0, 0.5, or 1 was given on the basis of its

subgrade (0, mild; 0.5, moderate; 1, severe). The sum of

the main and bonus scores constituted the behavioral score.

We also introduced an open field system to evaluate

PAHBs. The observation apparatus consisted of four

plastic boxes (26 cm 9 26 cm) with a field bordered by

37-cm high sidewalls. Movement distance and movement

duration were monitored in each rat for 6 min and analyzed

using the Truscan system (Coulbourn, Holliston, MA).

Electroencephalogram (EEG) Recording

To determine the changes in cortical activity in the frontal

lobe during the peri-anesthesia period, rat pups were fitted

with instrumentation for EEG recording. A head rack and

recording electrodes were mounted on each pup under

sevoflurane anesthesia 6 h prior to EEG recording. The

entire surgical process took no more than 15 min. Each

pup’s head was fixed on a turntable with a respiratory mask

connected to the calibrated sevoflurane and oxygen-fed

commercial vaporizer (Penlon Sigma Elite). EEG record-

ing was generally composed of four stages that lasted 10

min each, acclimation, awakening (baseline recording),

anesthesia, and emergence. The EEG signals were ampli-

fied by a Model 3000 amplifier (A.M, Carlsborg, WA) and

digitized and sampled at 200-ls intervals (Digidata 1440,

pClamp 10.2; Molecular Devices, San Jose, CA). The

power values were calculated from power spectra gener-

ated using Fourier analysis in MatLab software (Math-

Works, Natick, MA).

Test of Drug Effects on PAHBs and EEGs

To investigate the potential roles of TCCs in generating

PAHBs, we examined the effects of the TCC inhibitors

NNC 55-0396 and ethosuximide on PAHBs and EEGs.

Intracerebroventricular microinjection (ICVM) of saline or

NNC 55-0396 (0.1 lg/kg body weight) was performed 5

min prior to sevoflurane anesthesia. For ICVM, a 26-gauge

cannula made of polyethylene tubing (PE-10: inner diam-

eter 0.28 mm and outer diameter 0.61 mm) was inserted

into the lateral cerebral ventricle (stereotaxic coordinates:
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0.4 mm lateral to the midline, 0.4 mm posterior to bregma,

and 2.5 mm ventral to the skull surface [12]) and secured to

the skull with surgical glue 24 h before the behavioral test

or EEG recording. Ethosuximide (0.2 g/kg body weight)

was administered intraperitoneally 5 min before sevoflu-

rane anesthesia.

Thalamic Slice Preparation

Animals were anesthetized with sodium pentobarbitone

(100 mg/kg body weight, i.p.), and the brain was quickly

removed and submerged in ice-cold artificial cerebrospinal

fluid (ACSF, in mmol/L: 124 NaCl, 1.3 MgSO4, 3 KCl,

1.25 NaH2PO4, 26 NaHCO3, 2.4 CaCl2, and 10 glucose).

After being chilled for 1–2 min, the brain was trimmed to a

block containing the thalamus. Then, coronal slices (400

lm) were cut in ice-cold ACSF using a vibro-slicer (Leica

VT1000, Buffalo Grove, IL). Slices containing the medial

dorsal thalamic nucleus (MDTN) were transferred to a gas

interface recording chamber perfused with aerated ACSF

(95% O2/5% CO2; 22�C–24�C) containing (in lmol/L) 30

bicuculline methiodide, 2 nimodipine, 3 x-conotoxin

MVIIC, and 0.5 tetrodotoxin to screen out TCC currents

[13]. To record GABAA receptor-mediated responses in

isolation, we included AP-5 [DL-2-amino-5-phospho-

nopentanoic acid, an NMDA (N–methyl-D-aspartate)

receptor antagonist, 100 lmol/L], DNQX (6,7-dinitro-

quinoxaline-2,3-dione, a non-NMDA receptor antagonist,

20 lmol/L), and CGP 54626 hydrochloride (a GABAB

receptor antagonist, 1 lmol/L) in the perfusion medium.

ACSF for recording was perfused by a peristaltic pump-

driven or gravity-fed bath-perfusion system at 0.5–1 mL/

min. Humidified 95% O2/5% CO2 was continuously blown

over the slices to further ensure the adequate oxygenation

of cells in the tissue.

Intracellular Recording

Voltage-clamp recordings were obtained from neurons in

MDTN slices equilibrated for 1 h–6 h in the recording

chamber. Whole-cell recordings (series resistance, 6 MX–

12 MX) of TCC currents were obtained with micropipettes

(tip diameter, 1.5 lm–2.0 lm; resistance, 4 MX–6 MX)

filled with an internal solution (pH 7.3) composed of (in

mmol/L) 140 K-gluconate, 10 HEPES, 2 MgCl2, 1 CaCl2,

11 EGTA, and 2 K2ATP, while the internal solution for

gramicidin (50 lg/mL)-perforated patch clamp recording

(series resistance, 30 MX–90 MX) was composed of (in

mmol/L) 143 K-gluconate, 2 KCl, 10 HEPES, and 0.5

EGTA, pH 7.2–7.3. GABAA receptor-mediated postsynap-

tic potentials were elicited by electrically stimulating a site

near the recorded cell with a custom-made, bipolar

tungsten electrode; constant current (0.1 mA–0.5 mA) or

voltage (5 V–20 V) pulses (biphasic square wave, 0.5-ms

duration) were used for stimulation. Voltage errors result-

ing from series resistance were compensated offline for

voltage-clamp recordings and online for current-clamp

recordings by using a bridge circuit. The signals from

neurons were amplified by an Axoclamp-700B amplifier

(Molecular Devices) (bandwidth filter set to 10 kHz for

current-clamp recordings and 1 kHz for voltage-clamp

recordings) and were digitized and sampled at 50-ls

intervals (Digidata 1440, pClamp 10.2; Molecular

Devices). Activation/inactivation kinetic curves were fitted

with the Boltzmann equation, where Imax is the maximum

current, V1/2 is the half-activation/inactivation potential,

and k is the steepness constant.

Drugs

All drugs used in this study were from Sigma-Aldrich (St.

Louis, MO), except for sevoflurane (Abbott, Queenbor-

ough, Kent, UK). For the direct application of sevoflurane

to recorded neurons, we prepared sevoflurane-containing

solutions by bubbling gas mixtures of sevoflurane and 95%

O2/5% CO2 generated by the calibrated commercial

vaporizer in ACSF for [30 min. The concentration of

sevoflurane in the ACSF bubbled with gas mixtures

containing 1% sevoflurane, as determined by gas chro-

matography, was 0.184 mmol/L, which was 92%–94% of

the theoretical concentration. The sevoflurane-containing

solutions with or without NNC 55-0396 (20 lmol/L) were

focally applied to recorded neurons by the ‘‘Y-tube’’

method. To minimize the loss of sevoflurane, we used

high-quality polytetrafluorethylene tubing and valves.

Statistical Analysis

Numerical data are expressed as the mean ± SEM.

Student’s t-test was used to compare two independent

datasets with normal distributions, while paired t-tests were

used to compare two dependent datasets with normal

distributions. Two-way analysis of variance (ANOVA) and

pairwise comparison with the Bonferroni method were

performed to compare multiple independent datasets. The

categorical data were compared using Fisher’s exact test.

P B 0.05 was considered significant.
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Results

Enhanced Spontaneous Movements in Younger

Pups During Emergence from Sevoflurane

Anesthesia

Coincident with our previous findings [10], younger (P9–

P11) pups had a high incidence of PAHBs (8 of 8 animals)

and high PAHB scores (6.1 ± 0.25), while older pups

(P16–P18) were placid during emergence from sevoflurane

anesthesia (Fig. 1A, B).

To obtain a more objective evaluation, we examined

PAHBs in the open-field test. According to the analysis of

the results for movement distance and movement duration

in the open field, we found that younger pups showed an

eruption of spontaneous movement in the second minute

after sevoflurane withdrawal. However, this phenomenon

did not occur in older pups (movement distance in the

second minute: P9–P11 vs P16–P18 = 0.2 ± 0.04 m vs 0.09

± 0.05 m, P = 0.003; movement duration in the second

minute: P9–P11 vs P16–P18 = 32.6 ± 4.53 s vs 9.8 ± 4.06

s, P B 0.001, n = 8, two-way ANOVA followed by

Bonferroni’s t-test, Fig. 1C, D).

Involvement of TCCs in Generating PAHBs

To investigate the contribution of TCCs to generating

PAHBs, we delivered NNC 55-0396, a selective TCC

inhibitor by ICVM [14]. We found that spontaneous

movements 1 min–3 min after sevoflurane withdrawal

were significantly inhibited (movement distance: Saline vs

NNC 55-0396 = 0.4 ± 0.05 m vs 0.1 ± 0.04 m, P B0.001;

movement duration: Saline vs NNC 55-0396 = 65.1 ± 4.50

s vs 25.0 ± 5.69 s, n = 6–7, P B 0.001, Student’s t-test,

Fig. 2A, B). Moreover, the PAHB score of the NNC

55-0396 group was much lower than that of the saline

group (Saline vs NNC 55-0396 = 6.1 ± 0.25 vs 4.2 ± 0.28,

n = 6 per group, P B 0.001, Student’s t-test, Fig. 2C). We

also found that PAHBs were controlled by the intraperi-

toneal administration of ethosuximide, an anti-absence

seizure drug that functions by blocking TCC currents [15]

(PAHB score: saline vs ethosuximide = 5.9 ± 0.30 vs 3.8 ±

0.66, n = 6 per group, P = 0.009, Student’s t-test, Fig. 2D).

These data indicated that TCCs in the brain are involved in

generating PAHBs.

Fig. 1 Enhanced spontaneous movements in younger pups during

emergence from sevoflurane anesthesia. A Incidence of post-anes-

thetic hyperexcitatory behaviors (PAHBs) in younger rat pups (P9–

P11) and older rat pups (P16–P18) (n = 8 per group). B PAHB scores

in younger and older pups. C, D Movement distance and movement

duration in younger and older pups after sevoflurane withdrawal in

the open field test (n = 8 per group; **P B 0.01, ***P B 0.001 vs

P16–P18, two-way ANOVA followed by Bonferroni’s t-test).
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Potentiated Theta Oscillations in EEG When Gen-

erating PAHBs

It has been demonstrated that TCCs allow for continuous

rhythmic bursts in the thalamus [16]. Synchronized burst-

ing from masses of neurons in the thalamus produces

abnormal theta oscillations that propagate to the neocortex

through thalamo-cortical efferents [17]. So, we further

recorded EEG during the peri-anesthesia period to deter-

mine whether abnormal activity occurs during PAHBs

(Fig. 3A, B).

One to three minutes after sevoflurane withdrawal (early

stage of emergence from anesthesia, ESEA), the period in

which PAHBs clustered, younger pups showed potentiated

long-term bursts in the frontal lobe, a specific EEG pattern

that rarely occurred under other conditions or in the older

pups (Fig. 3C). Spectral analysis showed that the power of

the theta oscillations was significantly higher in younger

pups during ESEA than during the awakening stage, while

there were no significant changes in the older pups

(Fig. 3D, E; Table 1). Moreover, there were no significant

changes in the other frequency bands in either group

(Fig. 3F; Table 1).

Next, we investigated whether blocking TCCs could

affect the abnormal EEG activity during ESEA. As

expected, the potentiated power of theta oscillations was

attenuated by both ICVM with NNC 55-0396 and the

intraperitoneal administration of ethosuximide [Saline vs

NNC 55-0396 = (4.0 ± 0.84) 9 10-10 V2/Hz vs (1.6 ±

0.28) 9 10-10 V2/Hz, n = 7–8, P = 0.009; saline vs

ethosuximide = (2.9 ± 0.54) 9 10-10 V2/Hz vs (1.0 ±

0.47) 9 10-10 V2/Hz, n = 6 per group, P = 0.027, Student’s

t-test, Fig. 3G, H]. These results suggested that potentiated

theta oscillations in the frontal lobe are relevant to PAHBs.

Effect of Sub-anesthetic Dose of Sevoflurane

on TCCs

According to our previous study, PAHBs can be contin-

ually induced by 1% sevoflurane administration [10]. Here,

we found that theta oscillations in young pups were also

potentiated during 1% sevoflurane administration (Ctrl vs

Sevo-1% = 1.0 ± 0.22 vs 1.6 ± 0.40, n = 6, P = 0.032,

paired t-test, Fig. 4A). Therefore, we investigated whether

a sub-anesthetic dose (1%) of sevoflurane activated TCCs

in younger rats. Because TCCs are expressed at high levels

in thalamic relay cells [18], we performed in vitro patch

clamp recording in the MDTN (Fig. 4B). Our results

showed that the relative amplitude of the maximum TCC

current in MDTN neurons was attenuated by 1% sevoflu-

rane in both groups (P9–P11: Ctrl vs Sevo-1% = 1.0 ± 0.14

vs 0.8 ± 0.14, n = 8, P B 0.001; P16–P18: Ctrl vs Sevo-1%

= 1.0 ± 0.07 vs 0.8 ± 0.05, n = 8, P B 0.001, paired t-test,

Fig. 4C, D).

Fig. 2 Involvement of T-type Ca2? channels in generating post-

anesthetic hyperexcitatory behaviors (PAHBs). A, B Effect of NNC

55-0396 on movement distance and movement duration during early

stage of emergence from anesthesia (ESEA) (n = 6-7; ***P\ 0.001

vs saline, Student’s t-test). C Effect of NNC 55-0396 on PAHB score

(n = 6 per group; ***P B 0.001 vs saline Student’s t-test). D Effect of

ethosuximide on PAHB score (n = 6 per group; **P B 0.01 vs saline,

Student’s t-test).
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To further investigate the kinetic properties of TCCs, we

fitted the activation/inactivation curves of the ion channels

and found that the activation curves were only slightly

right-shifted by 1% sevoflurane application in P9–P11 rats

(half activation potential: Ctrl vs Sevo-1% = 69.1 ± 1.01

mV vs 67.2 ± 0.99 mV, P = 0.039; half inactivation

potential: Ctrl vs Sevo-1% = 76.8 ± 1.38 mV vs 77.2 ±

1.16 mV, P = 0.76, paired t-test, Fig. 4E, F). Both

activation (right-shifted) and inactivation curves (left-

shifted) were clearly changed in P16–P18 rats, showing

that the kinetic properties of TCCs were significantly

inhibited by 1% sevoflurane (half activation potential: Ctrl

vs Sevo-1% = 71.0 ± 1.48 mV vs 67.5 ± 1.46 mV, P B

0.001; half inactivation potential: Ctrl vs Sevo-1% = 77.5

± 2.46 mV vs 79.4 ± 2.39 mV, P = 0.016, paired t-test,

Fig. 4G, H). In brief, the sensitivity of TCCs to sevoflurane

increased with age. In other words, the stronger inhibitory

effect of sevoflurane might contribute to the lack of PAHBs

in older rats.

Effect of Sub-anesthetic Dose of Sevoflurane

on Neuronal Activity in the MDTN

In the introduction, we hypothesized that GABAergic

depolarization might be able to elicit action potentials by

evoking TCC current. In order to test this possibility, we

examined the fast GABAergic postsynaptic potentials and

the effects of 1% sevoflurane on neuronal activity in the

MDTN using gramicidin-perforated patch clamp recording.

We found that 7 of 9 cells in younger pups were

depolarized in GABAergic potential, while this occurred

in only 1 of 10 cells in older pups (P = 0.005, Fisher’s exact

test, Fig. 5A, B). Moreover, burst firing was elicited in 9 of

12 MDTN neurons by 1% sevoflurane administration in

younger pups, while this firing was completely suppressed

(0 of 9 neurons) by NNC 55-0396 (P = 0.001, Fisher’s

exact test, Fig. 5C, D). These data indicate that the

contribution of TCCs to PAHB is not mediated by the

direct effect of sevoflurane on TCCs. Nonetheless, TCCs

contribute to neuronal excitability in the presence of a sub-

anesthetic concentration of sevoflurane.

Discussion

PAHBs were found in an animal model in our previous

work, and when we attempted to compare them to EA in

humans, we found that their incidence depends on the age

of the animal, type of anesthetic, and duration of anesthesia

[10]. These characteristics conform to the features of EA in

humans. To evaluate PAHBs, we initially developed a

scale that was a modified version of a scale used for

quantifying seizure behaviors [19]. Scale methods can

sometimes be influenced by subjectivity and can be scored

differently by different investigators. Therefore, we intro-

duced an open field system to evaluate the PAHBs beyond

the use of this score. We found that younger rats with a

high incidence of PAHBs showed an eruption of sponta-

neous movement in the second minute after sevoflurane

withdrawal. Concurrently, we recorded potentiated EEG

bursting patterns and enhanced theta oscillation power in

bFig. 3 Potentiated theta oscillations in the frontal lobe when

generating post-anesthetic hyperexcitatory behaviors (PAHBs).

A Sketch of EEG recording during the peri-anesthesia period.

B Schematic of the EEG recording process. Shaded bars indicate

periods of EEG analysis: Ctrl (black, baseline recording), Sevo (red,

recording under sevoflurane anesthesia), ESEA (green, recording at

the early stage of emergence from anesthesia), and LSEA (yellow,

recording at a later stage of emergence from anesthesia). C Samples

of EEGs from different groups and stages (scale bars; 0.2 mV and 5 s;

color coding as in B). D Power spectra of theta oscillations in

different groups and stages. E Fold-changes of power spectra of theta

oscillations (n = 8–10; *P B 0.05 vs Ctrl; ##P B 0.01 vs P16-P18,

two-way ANOVA followed by Bonferroni’s t-test). F Fold changes of

power spectra of delta, alpha, beta, and gamma oscillations. G Effect

of NNC 55-0396 on the power spectrum of theta oscillations at ESEA

(n = 7–8; **P B 0.01 vs saline, Student’s t-test). H Effect of

ethosuximide on the power spectrum of theta oscillations at ESEA (n

= 6 per group; *P B 0.05 vs saline, Student’s t-test).

Table 1 Relative power in different frequency bands in the waking state (Ctrl) and the early stage of emergence from anesthesia (ESEA).

Relative power spectrum Delta (0–4 Hz) Thetaa (4–8 Hz) Alpha (8–13 Hz) Beta (13–30 Hz) Gamma (30–80 Hz)

P9–P11 (n = 10) Ctrl 1.0 ± 0.30 1.0 ± 0.28 1.0 ± 0.29 1.0 ± 0.26 1.0 ± 0.23

ESEA 1.2 ± 0.40 2.0 ± 0.63 1.6 ± 0.72 1.1 ± 0.35 0.9 ± 0.14

P16–P18 (n = 8) Ctrl 1.0 ± 0.42 1.0 ± 0.20 1.0 ± 0.24 1.0 ± 0.28 1.0 ± 0.38

ESEA 1.6 ± 0.35 0.6 ± 0.16 1.2 ± 0.40 1.3 ± 0.38 1.1 ± 0.37

aP9–11: Ctrl vs ESEA, P = 0.022; P16–18: Ctrl vs ESEA, P = 0.446; ESEA: P9–11 vs P16–18, P = 0.004, two-way ANOVA followed by

Bonferroni’s t-test
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Fig. 4 Effect of sevoflurane on T-type Ca2? channel (TCC) currents.

A Fold-changes in power spectrum of theta oscillations with 1%

sevoflurane (Sevo-1%). A two-minute period of EEG was analyzed

before and after a 10-min Sevo-1% application (n = 6, *P B 0.05 vs

Ctrl, paired t-test). B Sketch of in vitro patch clamp recording in the

medial dorsal thalamic nucleus (MDTN). C Samples of evoked TCC

currents from MDTN neurons before (black) and after (gray) Sevo-

1% application. TCC currents were gradually inactivated by transient

depolarization from various holding potentials to -50 mV (scale bars,

100 pA and 100 ms). D Fold-changes in maximum TCC currents after

Sevo-1% application in different groups (n = 8 per group, **P B0.01

vs P9–P11, Student’s t-test; ***P B 0.001 vs Ctrl, paired t-test). E,

F Steady-state activation/inactivation of TCC currents recorded from

the MDTN in younger rat pups (P9–P11) (left panels, activation/

inactivation curves; right panels, half-activation/inactivation poten-

tials; n = 8 per group; *P B 0.05 vs Ctrl, paired t-test). G, H Steady-

state activation/inactivation of TCC currents recorded from the

MDTN in older rat pups (P16–P18) (n = 8 per group; *P B 0.05,

***P B 0.001 vs Ctrl, paired t-test).
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the same time window, indicating that sevoflurane-induced

abnormalities in EEG are related to PAHBs.

A clinical study reported increased frontal lobe cortical

functional connectivity in children with EA during emer-

gence from sevoflurane anesthesia [20]. The authors

suggested that internally and externally imposed stimuli

may result in increased network connectivity. Meanwhile,

a variety of EEG patterns occurred during the emergence

stage. Although they did not summarize specific EEG

patterns for EA in children, their results revealed that theta

activity was evident in 3 of the 4 cases.

EEG activity encompasses the synchronous signals of

thousands or millions of neurons from the same cortical

area. It has been well documented that sevoflurane causes

epileptiform EEG activity in both humans and rodents

[21, 22]. Thalamo-cortical dysrhythmia is a theoretical

framework that can be used to explain many neurological

disorders, including epilepsy [23]. Thalamo-cortical dys-

rhythmia is caused by an imbalance of synaptic inputs,

including GABAergic transmission, to thalamic nuclei.

Such conditions may create membrane hyperpolarization to

de-inactivate TCCs. Therefore, low-threshold Ca2? spikes

could be elicited via TCCs to drive thalamic neurons into a

low-frequency bursting mode [24].

Bursting is a common type of neuronal firing in the

MDTN [25]. Due to the low threshold, burst firing may

amplify sensory-signal transmission from the MDTN to the

neocortex to avoid signal attenuation [26]. The MDTN

makes reciprocal connections with cells in the prefrontal,

limbic, and motor cortices [27], such that a functional

imbalance within this neural circuit induced by general

anesthetics may lead to abnormal behaviors. Therefore,

according to our findings that blocking TCCs attenuated

PAHBs and the concomitant EEG changes, we speculated

that TCCs may contribute to the generation of PAHBs by

potentiating theta activity in the brain. Since TCC

inhibitors completely prevented the increased theta waves

but only partially prevented the PAHB behaviors after

sevoflurane anesthesia, we considered that theta activity

might only partially contribute to PAHBs, and other

mechanisms independent of the theta activity might

contribute.

However, some questions remain unanswered. Why do

such hyperexcitatory behaviors (EA or PAHBs) occur more

frequently in children or younger pups? Why do they occur

during emergence from general anesthesia?

It has been demonstrated that GABAergic action shifts

from depolarization/excitation to hyperpolarization/inhibi-

tion during the maturation of the central nervous system

[28]. In previous work, we showed that sevoflurane-

induced PAHBs are strongly associated with GABAergic

depolarization/excitation in the neocortical neurons of

neonatal rats [10]. However, the depolarizing GABAergic

postsynaptic potentials potentiated by sevoflurane in most

of these cortical neurons, as well as in neurons in the

MDTN (in 7 of 9 cells, EGABA = –60.3 ± 3.04 mV), were

Fig. 5 Effect of sevoflurane on neuronal activity in the medial dorsal

thalamic nucleus (MDTN). A Samples of evoked GABAergic

potentials from MDTN neurons (scale bars, 5 mV and 200 ms).

B Numbers of GABAergic depolarization in MDTN neurons (P9–11:

n = 7 of 9 neurons; P16–18: n = 1 of 10 neurons, **P B 0.01, Fisher’s

exact test). C Samples of success or failure to evoke burst firing by

1% sevoflurane (Sevo-1%) without or with NNC 55-0396 (20 lmol/

L), respectively (scale bars, 20 mV and 200 ms). D Numbers of

MDTN neurons showing sevoflurane-evoked burst firing (P9–11: n =

9 of 12 neurons; P16–18: n = 0 of 9 neurons, ***P B 0.001, Fisher’s

exact test).
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subthreshold. In other words, action potentials cannot be

activated by GABAergic depolarization alone. Nonethe-

less, these GABAergic potentials are able to elicit action

potentials, presumably by evoking low-threshold Ca2?

spikes that are mediated by TCCs, as it has been

demonstrated that TCCs are the molecular determinant of

the excitatory effects of GABA in the peripheral

somatosensory system [29]. We found that TCCs were

less sensitive to sevoflurane in younger than in older pups.

Together with GABAergic depolarization, the neurophys-

iological properties of TCCs may determine the high

incidence of PAHBs in younger pups. In addition, the

stronger inhibitory effect of sevoflurane might contribute to

the lack of PAHBs in older rats.

In addition to the hyperpolarizing inhibition, there is

another form of inhibition called shunting, which may

reduce excitatory synaptic responses and inactivate volt-

age-gated ion channels via a local increase in conductance

across the plasma membrane [30]. Therefore, a high

concentration of GABA would increase the tonic conduc-

tance of the plasma membrane, resulting in shunting-

mediated inhibition [31]. Sevoflurane acts as a GABAA

receptor agonist that potentiates the GABAA channel

current [32]. Isoflurane, a volatile anesthetic that has

actions similar to those of sevoflurane, is able to shunt

voltage-gated Na? and Ca2? channels, including TCCs

[33]. Therefore, sevoflurane may shunt TCCs via GABAA

receptors during deep anesthesia. However, we found that

*80% of T-type currents remained active under a sub-

anesthetic dose (1%) of sevoflurane.

According to the results noted above, we hypothesize

the following. In a young pup, sevoflurane inhibits

neuronal activity via shunting inhibition during deep

anesthesia. When sevoflurane is withdrawn, the excitatory

voltage channels recover from inhibition, and potentiated

GABAergic depolarization by a sub-anesthetic dose of

sevoflurane triggers TCCs, such that burst firing is elicited

by the TCC current (Fig. 6).

In the present study, we revealed a possible role of

TCCs in the brain in generating hyperexcitatory behaviors

during emergence from sevoflurane anesthesia in neonatal

rats. However, ICVM or intraperitoneal injection of TCC

inhibitors are limited in not providing the contributions of

the exact subtypes and their locations. Thus, a gene-editing

technique should be used for further investigation.

Nonetheless, our conclusion provides a new target for EA

management in the clinical setting. For instance, ethosux-

imide may be considered a candidate for further clinical

study.
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Abstract Astrocytes are the most abundant cell type in the

central nervous system (CNS). They provide trophic

support for neurons, modulate synaptic transmission and

plasticity, and contribute to neuronal dysfunction. Many

transgenic mouse lines have been generated to obtain

astrocyte-specific expression of inducible Cre recombinase

for functional studies; however, the expression patterns of

inducible Cre recombinase in these lines have not been

systematically characterized. We generated a new astro-

cyte-specific Aldh1l1-CreERT2 knock-in mouse line and

compared the expression pattern of Cre recombinase

between this and five widely-used transgenic lines (hG-

fap-CreERT2 from The Jackson Laboratory and The Mutant

Mouse Resource and Research Center, Glast-CreERT2,

Cx30-CreERT2, and Fgfr3-iCreERT2) by crossing with

Ai14 mice, which express tdTomato fluorescence follow-

ing Cre-mediated recombination. In adult Aldh1l1-

CreERT2:Ai14 transgenic mice, tdTomato was detected

throughout the CNS, and five novel morphologically-

defined types of astrocyte were described. Among the six

evaluated lines, the specificity of Cre-mediated recombi-

nation was highest when driven by Aldh1l1 and lowest

when driven by hGfap; in the latter mice, co-staining

between tdTomato and NeuN was observed in the hip-

pocampus and cortex. Notably, evident leakage was noted

in Fgfr3-iCreERT2 mice, and the expression level of

tdTomato was low in the thalamus when Cre recombinase

expression was driven by Glast and in the capsular part of

the central amygdaloid nucleus when driven by Cx30.

Furthermore, tdTomato was clearly expressed in peripheral

organs in four of the lines. Our results emphasize that the

astrocyte-specific CreERT2 transgenic lines used in func-

tional studies should be carefully selected.

Keywords Astrocytes � Cre recombinase � Expression
pattern � Aldh1l1 � Morphology

Introduction

Astrocytes are the largest group of glial cells, accounting

for 20%–40% of the total number of glial cells in the

human brain [1–3]. For a long time, they have been

assumed to be a homogenous population [1], but a growing

body of evidence suggests that astrocytes exhibit high

heterogeneity across and within brain regions [4–8]. This

heterogeneity is reflected in their morphologies, gene

expression profiles, and functions [9]. Particularly, our

understanding of astrocytic functions is increasing
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dramatically, and many more novel functions have recently

been discovered and assigned [7, 10–13].

To elucidate the role of astrocytes in vivo, many

transgenic mouse lines have been generated to achieve

the astrocyte-specific expression of Cre recombinase in

order to manipulate the gene functions and/or the activity

of astrocytes by using the Cre-loxp system [14]. However,

most existing astrocyte Cre lines, such as glial fibrillary

acidic protein (GFAP)-Cre, do not meet the requirement of

astrocyte-specific expression of Cre recombinase, in part

due to the fact that most of the astrocyte promoters used to

drive Cre recombinase expression are also expressed by

non-astrocytes during early development [15–17]. Thus,

there is a persistent need to develop new tools to target

astrocytes efficiently with high spatial and temporal

specificity [18]. To this end, many astrocyte-specific

CreERT2 transgenic mouse lines, such as human Gfap

(hGfap)-CreERT2, glutamate aspartate transporter (Glast)-

CreERT2, connexin 30 (Cx30)-CreERT2, fibroblast growth

factor receptor 3 (Fgfr3)-iCreERT2, and aldehyde dehy-

drogenase 1 family member L1 (Aldh1l1)-CreERT2, have

been generated and characterized [19–23]. However, so far,

no studies have been carried out to systematically compare

the spatial and temporal expression of Cre recombinase in

these astrocyte-specific CreERT2 transgenic mouse lines,

making it difficult to choose an ideal mouse line for

functional studies of astrocytes in the central nervous

system (CNS).

Aldh1l1 is responsible for formate oxidation in vivo and

catalyzes the conversion of 10-formyltetrahydrofolate,

NADP, and water to tetrahydrofolate, NADPH, and CO2

[24, 25]. It is expressed primarily by glia, especially

astrocytes and ventricular ependymal cells [26] and is

considered to be a highly specific marker for astrocytes

with a substantially broader expression pattern than the

traditional astrocyte marker GFAP. Moreover, Aldh1l1 has

not been detected in oligodendrocytes, oligodendrocyte

precursor cells, or neurons based on transcriptome data

[27, 28]. These studies suggest that Aldh1l1 is a highly

useful genetic locus to express tamoxifen-inducible

CreERT2 for spatiotemporally-controlled astrocyte-specific

genetic manipulation.

To achieve astrocyte-specific expression of inducible

Cre recombinase, we used CRISPR-Cas9 technology to

generate knock-in mice driving CreERT2 expression by the

endogenous Aldh1l1 promotor. Using this mouse line, we

systematically characterized the morphology of astrocytes

and compared the specificity and efficiency of Cre-

mediated recombination between this and five widely-used

astrocyte-specific CreERT2 lines.

Materials and Methods

Animals

Fgfr3-iCreERT2 transgenic mice were a gift from Professor

William D. Richardson (University College London, UK).

Two hGfap-CreERT2 transgenic mice were purchased from

The Jackson Laboratory (The Jackson Laboratory, Bar

Harbor, ME, No: 012849) [29] and the Mutant Mouse

Resource and Research Center (Mutant Mouse Resource

and Research Center, USA, No: 016992-MU) [19]. Glast-

CreERT2 and Cx30-CreERT2 transgenic mice were gener-

ously provided by Professor Frank W. Pfrieger (University

of Strasbourg, France) [18]. To evaluate the expression

patterns of inducible Cre recombinase, we crossed the

astrocyte-specific CreERT2 mice with a fluorescent reporter

line (Ai14, The Jackson Laboratory, Stock No: 007914).

All mice were maintained under specific pathogen-free

conditions. Three to four mice were housed in a cage with

an individual ventilated caging system at (24 ± 1) �C. The
mice were maintained under standard laboratory conditions

(12-h light–dark cycle, lights on from 07:00 to 19:00) with

free access to food and water unless otherwise indicated.

All experiments were conducted in accordance with the

regulations for the administration of affairs concerning

experimental animals (China) and approved by the South-

ern Medical University Animal Ethics Committee.

Construction, Generation, and Screening of the

Aldh1l1-CreERT2 Knock-in Mouse Line

The Aldh1l1-CreERT2 knock-in mouse line was generated

by the Model Animal Research Center of Nanjing Univer-

sity (Nanjing, China). The targeting strategy is shown in

Fig. 1A. Briefly, Aldh1l1-CreERT2 knock-in mice were

generated via a CRISPR/Cas9 system [30, 31] using Cas9

mRNA, sgRNA (CCAGGTCTTGTCCCCAATACTGG),

and a donor, which were co-injected into C57BL/6 zygotes

using microinjection methods. Then, these zygotes were

transplanted into pseudopregnant mice [32]. sgRNA-di-

rected Cas9 endonuclease cleavage occurred near the

termination codon and created a double-strand break

[33]. These breaks were subsequently repaired and resulted

in a T2A-CreERT2 insertion before the stop codon of the

Aldh1l1 gene. The mice were screened through PCR

analysis using specific primers (Fig. S1A–C).

Tamoxifen Treatment

Tamoxifen (Sigma-Aldrich, St. Louis, MO, #T5648) was

used to induce CreERT2-mediated recombination. Tamox-

ifen was dissolved in 10% ethanol (Sigma-Aldrich,

123

N.-Y. Hu et al.: Characterization of Astrocyte-Specific CreER Lines 531



#32205) and 90% sunflower oil (Sigma-Aldrich, #S5007)

to reach a final concentration of 20 mg/mL. Adult mice

(postnatal days P56–60) were given an intraperitoneal (i.p.)

injection of 100 mg/kg tamoxifen (unless otherwise stated)

once a day for 7 consecutive days. Expression of Cre

recombinase was assessed 2 weeks after the last dose of

tamoxifen (unless otherwise stated). In mice aged P7, P14,

and P21, two i.p. doses of 100 mg/kg tamoxifen were given

24 h apart, and the expression of Cre recombinase was

assessed 5 days later.

Fig. 1 Creation and characterization of Aldh1l1-CreERT2 knock-in

mice. A Schematic showing the generation of Aldh1l1-CreERT2

knock-in mice via the CRISPR/Cas9 system. B Representative

montage of the cortex and hippocampus in an Aldh1l1-CreERT2:Ai14

double-transgenic mouse injected with tamoxifen and stained for

S100b (green) (scale bar, 200 lm). C Graph showing the specificity

(percentage of tdTomato-positive cells expressing S100b) and

efficiency (percentage of S100b-positive cells expressing tdTomato)

of Cre-mediated recombination in the hippocampus and M1 cortex of

Aldh1l1-CreERT2:Ai14 transgenic mice as a function of the dose of

tamoxifen (mean ± SEM, n = 4). D As in (C) but shown as a

function of time after treatment with 100 mg/kg tamoxifen (mean ±

SEM, n = 4). E Representative high-magnification images of cortical

astrocytes in Aldh1l1-CreERT2:Ai14 transgenic mice showing co-

staining with GFAP and S100b but not NeuN, Iba1, or Olig2 (scale

bars, 50 lm).
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Virus Injection

The recombinant adeno-associated virus (AAV) vectors

(AAV2/9 CAG-DIO-GFP, titers 1 9 1013 particles per

mL) were packaged by SunBio (Shanghai, China). Mice

were deeply anesthetized with 1% sodium pentobarbital

(i.p.) (Sigma-Aldrich, #P3761) and placed in a stereotaxic

instrument (RWD Life Science Inc., Shenzhen, China).

The scalp was removed, and a 1-mm diameter hole was

drilled through the skull with a dental drill at the following

coordinates: CA1 (anterior, - 2.0 mm; lateral, ± 1.5 mm;

ventral, - 1.5 mm), CA3 (anterior, - 2.0 mm; lateral,

± 2.5 mm; ventral, - 2.0 mm), and dentate gyrus (DG)

(anterior, - 2.0 mm; lateral, ± 1.15 mm; ventral, - 2.0

mm). The AAV solution was injected using a Hamilton

syringe with a microinjector pump (KDS, Stoelting, Wood

Dale, IL); in all experiments, 0.3 lL of virus solution was

injected at 0.05 mL/min. After the injection was com-

pleted, the needle was raised 0.1 mm and maintained in

position for an additional 10 min to allow the virus to

diffuse at the injection site; the needle was then slowly

withdrawn [34]. One week later, tamoxifen was adminis-

tered as described above.

Tissue Sections

For tissue fixation, animals were deeply anesthetized with

1% sodium pentobarbital (Sigma, #P3761) and then

intracardially perfused with 4 �C saline (0.9% NaCl)

followed by 4% paraformaldehyde (PFA) in phosphate-

buffered saline (PBS). After dissection, the tissues were

postfixed overnight in 4% PFA in PBS at 4 �C and then in

30% sucrose in PBS at 4 �C. The tissues were subsequently
embedded in OCT compound (Tissue-Tek, UK, #4583) and

cryo-sectioned (Leica, Germany, #CM1850-1-1) at 20 lm
for immunohistochemical staining or 100 lm for morpho-

logical analysis. For each brain area, one in every seven

slides was collected into a 5-mL centrifuge tube. Tissue

slides were stored at - 80 �C or washed three times in PBS

prior to staining.

Immunohistochemistry

The sections were washed in PBS and then incubated while

shaking for 2 h in PBS containing 5% BSA and 1% Triton

X-100 at room temperature. They were then washed three

times for 5 min each in PBS, incubated with primary

antibodies overnight at 4 �C, washed three times for 5 min

each with PBS, incubated with secondary antibodies for

2 h at room temperature, and finally washed three times for

5 min each with PBS. The following primary antibodies

were used: anti-NeuN (1:500, Cell Signaling Technology,

Beverly, MA, #24307), anti-GFAP (1:500, Cell Signaling

Technology, #3670S), anti-calcium-binding protein B

(S100b, 1:100, Abcam, UK, #ab52642), anti-Iba1 (1:500,

Wako, Japan, #019-19741), anti-Olig2 (1:500, Abcam,

#Ab42453), anti-SOX2 (1:1000, Abcam, #ab97959), anti-

doublecortin (DCX, 1:500, Cell Signaling Technology,

#4604), anti-excitatory amino acid transporter 1 (Glast,

1:50, Proteintech, USA, #20785-1-AP), anti-parvalbumin

(PV, 1:5000, Swant, Switzerland, #PV27) and anti-Aldh1l1

(1:50, Proteintech, #17390-1-AP); and the following sec-

ondary antibodies were used: goat anti-mouse IgG with

Alexa Fluor 594 or 488 (1:2000, Life Technologies,

Carlsbad, CA, #A11005 or #A11001) and goat anti-rabbit

IgG (H ? L) with Alexa Fluor 594 or 488 (1:2000, Life

Technologies, #A11012 or #A11008). Sections were

placed on coverslips, embedded in Vectashield mounting

medium (Vectorlabs, Burlingame, CA, #H-1200) and

inspected by confocal microscopy (Nikon C2, Japan).

Cell Counting

Three to five sections containing each brain area were

obtained from each mouse, and three to four mice were

used in each experiment. Image allocations were blinded

for analysis. Cells labeled by specific markers were

counted using the ‘‘Cell Counter’’ plugin in ImageJ 1.50i

software. Identification of cells was ensured by nuclear

DAPI labeling. The specificity of Cre recombinase activity

in each mouse line was defined as the number of marker-

and tdTomato-positive cells divided by the total number of

tdTomato? cells. The efficiency was defined as the number

of tdTomato? cells divided by the total number of marker-

positive cells.

Morphological Analysis

To sparsely label and evaluate the morphological architec-

ture of astrocytes, laser confocal 3D imaging was applied

in Aldh1l1-CreERT2:Ai14 mice treated with a low dose of

tamoxifen (50 mg/kg). After perfusion-based fixation,

tissues were cut into 100 lm-thick coronal/sagittal sections

on a cryostat microtome (Leica, CM1850-1-1). To increase

the light transmittance of the tissue, the slides were washed

in PBS and then incubated while shaking for 2 days in PBS

containing 5% BSA and 2% Triton X-100 at 4 �C. The
solution was changed once a day. Single cells were imaged

by confocal microscopy (Nikon C2) using a 40 9 or

60 9 objective. Image stacks were obtained at 100-nm

steps to obtain optimal z-axis resolution. Morphometric

parameters were analyzed using the image analysis soft-

ware Imaris 8.1 (Bitplane, Belfast, UK).
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Statistical Analysis

Student’s t test and one-way ANOVA were used to

compare the means of two and multiple independent

samples, respectively, using SPSS 22.0 software (Chicago,

IL). The number of experimental animals is indicated by

‘n’. Data shown in the text and figures are expressed as the

mean ± standard error of the mean (SEM) (unless other-

wise stated). P\ 0.05 was considered statistically signif-

icant, and GraphPad Prism 6.0 (La Jolla, CA) was used to

generate graphs.

Results

Generation and Characterization of

Aldh1l1-CreERT2 Knock-in Mouse Line

To obtain a knock-in mouse line expressing inducible Cre

recombinase in astrocytes with high selectivity and effi-

ciency, T2A-CreERT2, a fragment obtained from a donor,

was inserted before the stop codon of the endogenous

Aldh1l1 gene using the CRISPR/Cas9 system (Fig. 1A).

The Aldh1l1-CreERT2 knock-in mice were identified

through PCR analysis (Fig. S1A–C). The sizes of the

PCR products obtained from the 5’ homology arm, the 30

homology arm, and WT tissue were 2126 bp, 1457 bp, and

452 bp, respectively (Fig. S1B, C). Homozygotes and

heterozygotes displayed no alterations in growth, fertility,

or behavior.

The expression pattern of inducible Cre recombinase in

the CNS was visualized by crossing Aldh1l1-CreERT2

knock-in mice with an Ai14 reporter line following

tamoxifen treatment [35] (Table 1, Fig. S2A). In adult

Aldh1l1-CreERT2:Ai14 transgenic mice, the Cre reporter

tdTomato was not detected in the absence of tamoxifen

treatment (Fig. S3B), indicating the absence of leaky

reporter expression. Tamoxifen-induced Cre recombination

occurred throughout the CNS with high specificity in

astrocytes as shown by co-localization of tdTomato with

the astrocyte markers GFAP and S100b (Fig. 1C–E;

Table 1). To examine the expression patterns of endoge-

nous Aldh1l1, we stained for Aldh1l1 in the M1 cortex and

hippocampus of adult Aldh1l1-CreERT2:Ai14 mice.

Almost all tdTomato? cells were Aldh1l1? (* 98%);

however, Aldh1l1?/tdTomato- cells were also occasion-

ally observed, similar to the results with S100b (Fig. S1D,

E). This suggested that the expression pattern of Cre

recombinase faithfully recapitulated that of the endogenous

Aldh1l1 promoter. The efficiency of Cre recombination

was dependent on the dose of tamoxifen (Fig. 1C) and

approached a plateau at two weeks after treatment with

100 mg/kg tamoxifen (Fig. 1B, D), while the specificity

was stable regardless of the dose or time after treatment

(Fig. 1C, D). Increasing the dose of tamoxifen to

[ 150 mg/kg resulted in significant weight loss in mice

(data not shown).

To assess whether inducible Cre recombinase was

expressed in cells other than astrocytes, we also co-stained

for markers of neurons (NeuN), microglia (Iba1), and

oligodendrocytes (Olig2) in adult Aldh1l1-CreERT2:Ai14

mice (Fig. 1E; Table 1). We only very occasionally

observed co-localization of tdTomato and NeuN in the

M1 region of cortex, but no co-labeling was found in other

cortical areas (Fig. 3A; Table 1). A small number of

tdTomato? cells were also Iba1? (Table 1). In contrast, the

percentage of tdTomato? cells that co-expressed Olig2 was

relatively high, especially in the olfactory bulb (Table 1),

possibly because astrocytes and oligodendrocytes share a

common origin, and because Olig2 is expressed in glial-

restricted precursors giving rise to oligodendrocyte or

astrocyte precursors [36, 37].

Previous studies have reported that the expression level

of Aldh1l1 is highest during early development, but

decreases after one month of age [38]. To further examine

the astrocyte targeting specificity and efficiency of

Aldh1l1-CreERT2 knock-in mice during development,

Aldh1l1-CreERT2:Ai14 mice aged P7, P14, and P21 were

used. The results showed that, while the specificity of Cre

recombinase expression was high ([ 90%) during early

development (Fig. S2A, B), the efficiency was lower in

young mice than in adults (Fig. S2A, C), possibly due to

the low dose of tamoxifen administered to young mice.

As an alternative approach to reporter lines, we also

studied the specificity of Cre targeting using AAV-

mediated transduction of a Cre-dependent GFP construct

(AAV2/9-CAG-DIO-GFP). Cre-induced expression of

GFP was observed in the hippocampus in Aldh1l1-

CreERT2 knock-in mice after intracranial injections of

AAV followed by tamoxifen treatment. GFP was consis-

tently co-expressed with S100b in CA1 (95.08% ± 0.88%

of GFP? cells, n = 3) and CA3 (98.69% ± 0.31% of GFP?

cells, n = 3) (Fig. S1G) but not with NeuN. However,

9.36% ± 1.38% of GFP? cells co-expressed NeuN in the

DG region (Fig. S1F), possibly because the virus trans-

duced neuronal precursor cells in neurogenic areas.

Morphological Diversity of Astrocytes in Aldh1l1-

CreERT2:Ai14 Mice

Astrocytes have highly variable and complex morpholo-

gies. To examine this aspect, we sparsely labeled astrocytes

with tdTomato by treating Aldh1l1-CreERT2:Ai14 mice

with a low dose of tamoxifen (50 mg/kg). tdTomato

labeled not only protoplasmic astrocytes in grey matter

and fibrous astrocytes in white matter, but also perivascular
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glia, which were closely opposed to blood vessels through

their end-feet (Fig. S3C). We identified all the morpho-

logically-defined types of astrocyte that were reported

previously, including pia mater glia, tanycytes, marginal

astrocytes, and Bergmann glia (data not shown) [3, 5, 39].

In addition, we identified five novel morphologically-

distinct types that have never been reported; these were

habenular nucleus (Hb) glia, inner capsule (ic) fibrous glia,

bundle glia, and spinal cord short/long fibrous glia

(Fig. 2A–E).

Nearly all Hb glia expressed GFAP (98.4% ± 0.6%,

n = 3), but only 71.4% ± 0.4% were co-stained with

S100b (Fig. 2A; Table 2). These cells filled the Hb, in

which they had dense and distinct boundaries, but rela-

tively small diameters (26.5 lm ± 3.1 lm) and they

covered an area (715.0 lm2 ± 209.8 lm2) smaller than

that of the other fibrous glia types (Fig. 2A; Table 2). Their

processes formed clusters that were interspersed among

each other and that surrounded the cell bodies of neurons.

Most of the ic fibrous glia co-expressed GFAP

(96.2% ± 0.8%, n = 3), and 82.5% ± 0.6% of them also

co-expressed S100b (Fig. 2B; Table 2). These cells were

located in the internal capsule, which contains axons that

project to and from the cerebral cortex (Fig. 2G). Most of

the ic fibrous glia had * 5 branches (Table 2) that did not

cover ‘‘bushy’’ territories. The processes of adjacent cells

formed a network that was flattened and oriented perpen-

dicular to the sagittal plane (Fig. 2B) indicating that these

cells support axonal functions.

Bundle glia co-localized with S100b but not with GFAP

(Fig. 2C). These cells were located at the surface of the

dorsal medulla oblongata and ran as bundles into the

medulla. Bundle glia had the most abundant branches

(8.81 ± 2.44 branches/cell) but had no secondary branches

(Table 2).

Spinal cord short/long fibrous glia co-expressed GFAP

but not S100b (Fig. 2D, E). These cells were located in the

white matter of the spinal cord, with the shorter more

superficial than the longer (Fig. 2G). The short fibrous glia

had thicker branches than other fibrous glia, and the long

fibrous glia had the longest branches (171 lm ± 42.75

lm) among all morphologically-defined types of astrocyte

(Table 2).

Differences in Inducible Cre Recombination Among

Astrocyte-specific CreERT2 Lines

Astrocyte-specific gene recombination has been widely

used to study the functions of genes in astrocytes [14, 40],

but very little is known about the differences in the

expression patterns of inducible Cre recombinase driven by

different promoters. To address this issue, we crossed five

widely-used astrocyte-specific CreERT2 lines [hGfap-T
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CreERT2 (from the MMRRC, MhGfap-CreERT2), hGfap-

CreERT2 (from The Jackson Laboratory, JhGfap-CreERT2),

Glast-CreERT2, Cx30-CreERT2 and Fgfr3-iCreERT2] with

Ai14 reporter mice to create MhGfap-CreERT2:Ai14,

JhGfap-CreERT2:Ai14, Glast-CreERT2:Ai14, Cx30-

CreERT2:Ai14, and Fgfr3-iCreERT2:Ai14 mice.

All the transgenic lines were treated with 100 mg/kg

tamoxifen for 7 days at P56–P60, and the specificity and

efficiency of CreERT2-mediated recombination was then

Fig. 2 Characterization of five novel astrocyte morphologies in

Aldh1l1- CreERT2:Ai14 transgenic mice. A Habenular nucleus (Hb)

glia co-stained with GFAP (98.4% ± 0.6%) or S100b
(71.4% ± 0.4%) but not NeuN (scale bar, 50 lm). B–E As in (A),
but in inner capsule (ic) fibrous glia (B), bundle glia (C), short fibrous

glia (D), and long fibrous glia (E) (scale bars, 50 lm). (F) Distribution
of Hb astrocytes and ic fibrous glia (scale bar, 1 mm). G Distribution

of bundle glia, short fibrous glia, and long fibrous glia in the sagittal

plane (scale bar, 1 mm).
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assessed in the M1 cortex and hippocampus 2 weeks after

the last dose of tamoxifen (Figs. 3A–F and S4–6). The

Aldh1l1- and Glast-CreERT2 lines had the highest speci-

ficity in the M1 cortex as shown by co-staining for S100b
and NeuN (one-way ANOVA, P\ 0.05) (Fig. 3G, I).

Similarly high specificity was detected in the Aldh1l1-,

Cx30-, and Fgfr3-iCreERT2 lines in the hippocampus

(Fig. 3G, I). Unexpectedly, the JhGfap- and MhGfap-

CreERT2 lines had the lowest specificity, as many

tdTomato? cells were also NeuN? in the M1 cortex and

hippocampus (one-way ANOVA, P\ 0.0001) (Fig. 3I).

These mouse lines were not used in subsequent experi-

ments. In the Glast-CreERT2 line, the specificity was high

in the cortex, but there was co-localization between

tdTomato and NeuN in the DG (Fig. S6B). In the Cx30-

CreERT2 line, some neurons in the M1 cortex also

expressed tdTomato, and these cells were distributed

mainly in layer V (Fig. 3C, G–I). The Aldh1l1 line showed

the lowest expression efficiency and the Fgfr3-iCreERT2

line the highest in both the cortex and hippocampus

(Fig. 3A, G–I).

Some unique properties of the astrocyte-specific

CreERT2 lines were identified. In the Glast-CreERT2 line,

the expression efficiency of Cre-mediated recombination

was lowest in the thalamus (Figs. 4A, B and S7A) and

recombination occurred mainly in areas of the thalamus

that lacked PV-positive cells (Fig. S7B). In the Cx30-

CreERT2 line, ‘‘cavitation areas’’ in the capsular part of the

central amygdaloid nucleus (CeC) were observed

(54.31% ± 3.95%, n = 5), even at higher doses

(56.70% ± 3.21%, n = 5; Fig. 4C, D). Leaky Cre recom-

bination in neurons and astrocytes not treated with

tamoxifen was detected only in the Fgfr3-iCreERT2 line

(Fig. 4E, F). In addition, many tdTomato? cells were

observed in the choroid plexus of the Aldh1l1-CreERT2

line, while tdTomato? ependymal cells were observed in

the Cx30-CreERT2 and Fgfr3-iCreERT2 lines, and to a

lesser extent, in the Glast-CreERT2 line (Fig. S7C).

Cre-mediated Recombination in Neural Stem Cells

in Adult Astrocyte-specific CreERT2:Ai14 Mice

Neural stem cells persist in the rostral migratory stream

(RMS), subventricular zone (SVZ), and subgranular zone

(SGZ) of the adult rodent brain. Stem cells in the SVZ and

RMS migrate to the cortex and the olfactory bulb, where

they become mature neurons or astrocytes in adult mice

[41, 42]. In addition, neuroblasts from the SGZ migrate

and differentiate into DG granule cells [43]. It has been

reported that Aldh1L1, Glast, and Fgfr3 are expressed in

neural stem cells in adult animals [18, 20, 44]. To examine

Cre-mediated recombination in neural stem cells in adult

astrocyte-specific CreERT2 lines, we co-stained tissue T
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from the RMS, SVZ (Fig. 5A, B), and SGZ (Figs. S5A–D

and S1H) with NeuN (marker for mature neurons) or DCX

(marker for neuronal precursor cells). As described above

and reported previously [18], in the Glast-CreERT2 line,

Fig. 3 Comparison of the specificity and efficiency of CreERT2-

mediated recombination in the cortex and hippocampus among

astrocyte-targeting transgenic mice. A–F Representative staining for

S100b or NeuN (green) in the M1 cortex of Aldh1l1- (A), Glast- (B),
Cx30- (C), Fgfr3-i (D), JhGfap- (E), and MhGfap- CreERT2:Ai14

(F) double-transgenic mice (arrowheads indicate single cells positive

for tdTomato (left) and co-staining with NeuN (right); scale bars,

50 lm). G, H Specificity (G) and efficiency (H) of CreERT2-

mediated recombination in the M1 cortex and hippocampus in

astrocyte-specific CreERT2:Ai14 transgenic mice. I Percentage of

tdTomato-positive cells expressing NeuN in the M1 cortex and

hippocampus in astrocyte-specific CreERT2:Ai14 transgenic mice. In

G–I, data are shown as the mean ± SEM, n = 4; colored squares,

*P\ 0.05, **P\ 0.01, ***P\ 0.001, ****P\ 0.0001 (one-way

ANOVA followed by Tukey’s test).
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Fig. 4 Unique properties of astrocyte-specific CreERT2:Ai14 trans-

genic mice. A Representative staining for S100b in the thalamus of

Aldh1l1- and Glast- CreERT2:Ai14 mice (scale bars, 1 mm). B Bar

graphs showing that the efficiency of CreERT2-mediated recombina-

tion in Glast-CreERT2:Ai14 mice was lower than in Aldh1l1-

CreERT2:Ai14 mice in the thalamus. C Representative staining for

S100b in the basal lateral amygdala (BLA) and capsular part of the

central amygdaloid nucleus (CeC) in Aldh1l1- and Cx30-CreERT2:Ai14

mice treated with 100 mg/kg or 200 mg/kg tamoxifen once per day

for 5 consecutive days (scale bars, 200 lm). D Bar graphs showing

the efficiency of CreERT2-mediated recombination in Cx30-CreER-

T2:Ai14 mice was significantly reduced in the CeC. E Representative

staining for NeuN and S100b in Fgfr3-iCreERT2:Ai14 mice not

treated with tamoxifen [scale bars, 1 mm (right) and 10 lm (left)].

F Bar graphs showing the numbers of astrocytes (S100b?,
79.25 ± 5.71 cells) and neurons (NeuN?, 21.75 ± 3.35 cells) per

hippocampal section in Fgfr3-iCreERT2:Ai14 mice not treated with

tamoxifen. In B, D, and F, the data are shown as the mean ± SEM;

****P\ 0.0001, Student’s t test.
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many cells in the DG were co-stained with NeuN (Figs. 3I,

S6B), but this was not observed in the DG of the Aldh1l1-

CreERT2 line (Fig. S6A–D), and almost no cells in the

Aldh1l1-CreERT2 line were co-stained for DCX

(1.66% ± 0.13% of DCX? cells, n = 4; Fig. S1H). In

addition, some cells in the granular cell layer were co-

stained with NeuN in both the Glast-CreERT2 and Fgfr3-

iCreERT2 lines (Fig. 5A). As expected, Aldh1l1-CreERT2

mediated recombination in neural stem cells of the RMS

and SVZ, as demonstrated by the co-localization of

tdTomato with DCX. Similar results were obtained in the

Glast-, Cx30-, and Fgfr3-iCreERT2 lines (Fig. 5B).

Cre-mediated Recombination in Peripheral Organs

of Astrocyte-specific CreERT2 Mice

Previous studies have suggested that Aldh1l1 is expressed

in organs such as the spleen and liver, as well as interstitial

cells [45, 46]. Consistent with these reports, we found a

high level of Cre reporter expression in the liver of mice in

Fig. 5 Cre-mediated recombination in neural stem cells in astrocyte-

specific CreERT2:Ai14 transgenic mice. A Representative staining for

NeuN (green) in the rostral migratory stream (RMS) and subventric-

ular zone (SVZ) in Aldh1l1-, Glast-, Cx30-, and Fgfr3-i

CreERT2:Ai14 mice (arrows indicate cells co-stained with NeuN;

scale bars, 50 lm). B Representative staining for DCX (green) in the

RMS and SVZ in Aldh1l1-, Glast-, Cx30-, and Fgfr3-i CreERT2:Ai14

mice (scale bars, 50 lm).
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the Aldh1l1-CreERT2 line (Fig. 6C), but only moderate

levels of tdTomato expression in the lung (Fig. 6A), heart

(Fig. 6B), spleen (Fig. 6D), intestine (Fig. 6E), and muscle

(Fig. 6F). In the Fgfr3-iCreERT2 line, many tdTomato?

cells were found in the liver, spleen, lung, small intestine,

and heart (Fig. 6A–F). In the Glast- and Cx30-CreERT2

lines, there were many tdTomato? cells in the lungs

(Fig. 6A, G–J) and a few in blood vessel walls in muscles

(Fig. 6F). In addition, sporadic tdTomato? cells were

Fig. 6 Cre-mediated recombination in the organs of astrocyte-

specific CreERT2:Ai14 transgenic mice. A–F Recombination in the

lung (A), myocardium (B), liver (C), spleen (D), intestine (E), and
muscle (F) in Aldh1l1-, Glast-, Cx30-, and Fgfr3-i CreERT2:Ai14

mice (scale bars, 100 lm). G–J Representative high-magnification

images of lung in the Aldh1l1-, Glast-, Cx30-, and Fgfr3-i

CreERT2:Ai14 mice. Two morphologically distinct cell types, round

(triangles) and branching cells (pentagons), were sparsely distributed

in the Aldh1l1-CreERT2:Ai14 mice (G) but densely distributed in the

Fgfr3-i CreERT2:Ai14 mice (J); however, only branching cells were

observed in the Glast-CreERT2:Ai14 mice (H), and only round cells

in the Cx30-CreERT2:Ai14 mice (I) (scale bars, 50 lm).
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present on the blood vessel walls of the small intestine in

the Cx30-CreERT2 line (Fig. 6E).

Surprisingly, morphologically distinct cells were found

to express tdTomato in the lungs of CreERT2 lines

(Fig. 6G–J). In the Aldh1l1-CreERT2 line, two different

cell types were sparsely labeled with tdTomato; these were

called branching cells and round cells and were located in

the lung lining and on the surface of the trachea,

respectively. Interestingly, we found that branching cells

were specifically labeled in the Glast-CreERT2 line

(Fig. 6H), while round cells were specifically labeled in

the Cx30-CreERT2 line (Fig. 6I).

Discussion

In this study, we generated a new astrocyte-specific

Aldh1l1-CreERT2 knock-in mouse line using CRISPR-

Cas9 technology and assessed the efficiency and specificity

of Cre recombinase in the whole CNS. Five novel

morphologically-defined types of astrocyte were then

characterized using this line. By comparing the Aldh1l1-

CreERT2 line with five widely-used astrocyte-specific

CreERT2 transgenic lines, we discovered that Aldh1l1-

CreERT2 knock-in mice had the highest astrocyte speci-

ficity, highlighting its utility for future functional studies;

however, the relatively low efficiency may limit its

practical application.

In Aldh1l1-CreERT2 knock-in mice, Cre recombination

covered almost all brain areas, showed no leakage, and had

a high degree of astrocyte specificity. While the expected

insertion site was detected by sequencing (data not shown),

we cannot exclude the possibility that CRISPR-mediated

insertion of CreER may result in non-specific modification

of the endogenous genome. However, Cre-positive cells

were almost all co-labeled with Aldh1l1, suggesting that

Cre recombination expression is strictly controlled by the

activity of the endogenous Aldh1l1 promoter. Recently,

two other lines of Aldh1l1-CreERT2 mice were indepen-

dently generated by two labs using bacterial artificial

chromosome (BAC)-based transgene technology [22, 23].

One group inserted the CreERT2 cDNA into the start codon

of the ALDH1L1 gene, but the specificity and efficiency of

the inducible Cre recombinase in the whole CNS were not

evaluated through crossing with a fluorescent reporter line

[23]. The other group substituted the open reading frame of

exon 2 with the CreERT2 cDNA, resulting in low

expression specificity in cortex (12% of Cre? cells were

S100b-) and cerebellum, in which 3.3% of PV? cells in

the molecular layer showed Cre recombination. In addition,

Cre recombination was also observed in some neurons in

the DG and olfactory bulb [22]. These differences may

result from the fact that CreERT2 was inserted into different

locations. Moreover, BAC-based transgenes are randomly

inserted, which may affect the expression of other genes,

and multiple copies of the gene are commonly inserted

[47, 48]. In contrast, CRISPR/Cas9-based gene knock-in is

a fixed-point insertion and usually a single copy of the gene

is inserted, having less effect on other endogenous genes

[49, 50].

Our study provides new evidence for the diversity of

astrocyte morphology. Reichenbach and Wolburg

described 12 subtypes of astrocyte based on morphology

[3, 39, 51]. Emsley and Macklis imaged astrocytes in

hGfap-GFP mice to provide a morphological characteriza-

tion of this cell type in the whole CNS and showed region-

specific differences [5]. However, they did not describe

these morphological features quantitatively or in detail. By

evaluating astrocytes sparsely-labeled with tdTomato due

to treatment with a low dose of tamoxifen (50 mg/kg) in

adult Aldh1l1-CreERT2:Ai14 mice, we identified all of the

morphologically-defined types of astrocyte reported previ-

ously [3–5, 39] and additionally described five new

morphologically-distinct types: Hb glia with crossing

processes, ic fibrous glial cells perpendicular to coronal

sections, bundle glial cells in the medulla, and spinal cord

short and long fibrous glia (Fig. 2A–F; Table 2). Whether

these cell types have different physiological characteristics

and functions needs further study.

Our data showed that different astrocyte-specific pro-

moters give rise to different Cre recombination patterns.

The highest specificity was obtained when Cre recombi-

nase was driven by Aldh1l1, suggesting that this line is

ideal for functional research; however, its lower efficiency

may miss some astrocyte subtypes. When inducible Cre

recombinase was driven by Glast or Cx30, it was expressed

at low levels in the thalamus or CeC, respectively. The data

obtained in the Glast-CreERT2 line were consistent with

previous reports [18], and the expression of Cre recombi-

nase was concentrated in areas negative for PV in the

thalamus (Fig. S7B). It has been suggested that there are

two astrocyte subtypes in the thalamus, similar to the

Glast? and Glast- astrocytes in the cortex [8], and

coordinated with the different neurons around them. In

addition, Cx30- astrocytes lack gap junctions and do not

express Cx30 but instead express other connexins in the

CeC that are relevant to specific functions [52, 53]. When

driven by Fgfr3, Cre recombinase showed leakage

throughout the brain, and this may trigger developmental

effects. However, this leakage does not occur in Fgfr3-

iCreERT2:R26R-EYFP mice [20]. This discrepancy may be

due to the different genetic backgrounds of the transgenic

mice [54]. The R26R-EYFP mice were a mixture of

129X1/SvJ and C57BL/6 J strains [55], but Ai14 mice

were congenic on the C57BL/6 J genetic background and

showed stronger fluorescence than R26R-EYFP [35]. It
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should be noted that the lowest specificity among all these

lines was achieved by hGfap (Fig. 3G, I). A possible

explanation is that Gfap promoter sequences exert direct

activity in neurons [56]. These findings put into question

conclusions that are obtained with hGfap-CreERT2 lines,

especially in behavioral and electrophysiological

experiments.

In tissues outside the brain, inducible Cre recombinase

was expressed at high levels in the liver (Fig. 6C) when

driven by Aldh1l1, potentially because the Aldh1l1 CpG

island is methylation-free in DNA extracted from hepato-

cytes [45]. Therefore, future studies on Aldh1l1-CreERT2

line-driven knockouts should consider potential effects on

the liver. Interestingly, inducible Cre recombinase occurred

in two morphologically distinct lung cells, one each in the

Glast- and Cx30-CreERT2 lines. These data suggest that

astrocyte-specific Cre recombination may also affect

peripheral tissues.
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Abstract Monitoring neuronal activity in vivo is critical to

understanding the physiological or pathological functions

of the brain. Two-photon Ca2? imaging in vivo using a

cranial window and specific neuronal labeling enables real-

time, in situ, and long-term imaging of the living brain.

Here, we constructed a recombinant rabies virus containing

the Ca2? indicator GCaMP6s along with the fluorescent

protein DsRed2 as a baseline reference to ensure GCaMP6s

signal reliability. This functional tracer was applied to

retrogradely label specific V1–thalamus circuits and detect

spontaneous Ca2? activity in the dendrites of V1 corti-

cothalamic neurons by in vivo two-photon Ca2? imaging.

Notably, we were able to record single-spine spontaneous

Ca2? activity in specific circuits. Distinct spontaneous

Ca2? dynamics in dendrites of V1 corticothalamic neurons

were found for different V1–thalamus circuits. Our method

can be applied to monitor Ca2? dynamics in specific input

circuits in vivo, and contribute to functional studies of

defined neural circuits and the dissection of functional

circuit connections.

Keywords In vivo Ca2? imaging � Cranial window � Two-
photon microscopy � Rabies virus � Dendrite � Primary

visual cortex � Corticothalamic projection � Neural circuit
tracing

Introduction

The mammalian brain is an extremely sophisticated

structure composed of a highly-complex neural network.

Dissecting the structure and function of neural circuits

from this complex network is pivotal for understating brain

functions such as sensation, movement, learning, and

memory [1–7]. In functional studies of neural circuits, it

is important to monitor neural activity in vivo, and Ca2?

imaging is a useful technique for monitoring the dynamics

of such activity [8–11]. Ca2? imaging in vivo is greatly

facilitated by sensitive Ca2? indicators like the genetically-

encoded Ca2? indicators (GCaMP family proteins) and the

specific labeling of neurons in defined neural circuits based

on genetic manipulation and/or neurotrophic virus tracers

[11–14].

Among the Ca2? indicators, conventional small syn-

thetic dye molecules are the most sensitive, but they are

invasive, hard to target at specific cell types and subcellular

locations, and impossible for long-term detection, limiting

their application in vivo [15–17]. The genetically-encoded

Ca2? indicators (GECIs) can be relatively non-invasive,
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accessible to specific neurons and subcellular locations,

and amenable to long-term recording, making them ideal

for in vivo studies [17–19]. New generations of GECIs,

including GCaMP6 and jGCaMP7 family members, dis-

playing sensitivity and kinetics similar to synthetic dyes,

have been developed for assessing neuronal activity at high

temporal resolution [20].

Due to the limitations of genetic mouse lines, labeling of

defined neural circuits with GECIs is increasingly depen-

dent on the use of diverse neurotropic viruses, including

adeno-associated virus (AAV), retrograde tracing AAV,

and rabies virus (RV) [13, 21, 22]. Based on the high

expression level of GECIs induced by neurotropic viruses,

the neural activity of labeled neural circuits at the cellular

and subcellular levels (dendrites, spines, and axonal

boutons) can be detected via in vivo Ca2? imaging by

means of live two-photon microscopy or miniscope

implementation in anesthetized, awake, and even freely-

behaving mice [23–26]. With the help of the cranial

window technique, in vivo Ca2? imaging by two-photon

microscopy can be realized without any invasion of brain

tissue [27, 28].

Here, by combining the advantages of GCaMP6s ultra-

sensitivity in assessing Ca2? dynamics and RV in retro-

grade tracing and fine structure labeling due to high-level

expression of fluorescent proteins, we aimed to monitor the

subcellular activity in neurons in specific RV-labeled

circuits by in vivo two-photon Ca2? imaging.

Materials and Methods

Animals

All the animal experiments were approved by the Research

Ethics Committee, Huazhong Agricultural University,

Hubei, China (HZAUMO-2016-021) and were carried out

in accordance with the Guide for the Care and Use of

Laboratory Animals of the Research Ethics Committee,

Huazhong Agricultural University.

Virus Construction and Preparation

The genetically-encoded Ca2? indicators GCaMP6s and

red fluorescent protein DsRed2 genes were each cloned

into multiple cloning sites at AscI/SacII and SbfI/NheI of

the pSAD-DG-F3 backbone (a kind gift from Dr. Fuqiang

Xu, Wuhan Institute of Physics and Mathematics, Chinese

Academy of Sciences, and Dr. Edward Callaway, The

SALK Institute, USA) to generate the pSAD-DG-
GCaMP6s-DsRed2 plasmid. Recombinant rabies virus

rRV-DG-GCaMP6s-DsRed2 was rescued following the

protocol of the Callaway laboratory [29]. Briefly, pSAD-

DG-GCaMP6s-DsRed2 and helper plasmids (B19N, B19P,

B19G, and B19L) were co-transfected into B7GG cells

(kind gifts from Drs Xu and Callaway) and cultured for

7 days–10 days. The viral supernatant was harvested and

centrifuged at 70,000g for 3 h, then the pellet was

suspended in Dulbecco’s modified Eagle’s medium and

spun again on the top of a 20% sucrose solution. Finally,

rRV-DG-GCaMP6s-DsRed2 was re-suspended in phos-

phate-buffered saline, aliquoted, and stored at - 80 �C.
The titer of rRV-DG-GCaMP6s-DsRed2 was adjusted to

109 plaque-forming units/mL for mouse brain injection.

Stereotaxic Microinjection

C57BL/6C male mice (8 weeks–10 weeks old) were

anesthetized with a mixture of anesthetics (7.5 g urethane,

3 g chloral hydrate, and 75 mg xylazine in 100 mL

ddH2O) at 900 lL per 100 g body weight by intraperi-

toneal injection. After the scalp was shaved, the head was

fixed in stereotaxic instruments (68025; RWD Life

Science, Shenzhen, China) and cleaned with 70% ethanol.

For virus injection, a 0.5 mm diameter hole was drilled

through the skull with a microdrill (78001; RWD Life

Science) at sites for the dorsal lateral geniculate nucleus

(dLGN; AP, - 2.35 mm; ML, 2.26 mm; DV, - 2.70 mm),

the lateral posterior nucleus (LP; AP, - 2.22 mm; ML,

1.60 mm; DV, - 2.62 mm), and the lateral dorsal nucleus

(LD; AP, - 1.32 mm; ML, 1.40 mm; DV, - 2.65 mm).

The injector was a 10 lL syringe (Shanghai Gaoge

Industrial and Trading Co., Shanghai, China) fused with

a glass needle pulled by PC-10 puller (DL Naturegene Life

Sciences, Newbury Park, CA) and filled with mineral oil. A

total of 300 nL virus (109 focus-forming units/mL) was

injected by a KDS LegatoTM 130 micro-pump (KD

Scientific Inc., Holliston, MA) at 18 nL/min.

Cranial Window and In Vivo Two-photon Calcium

Imaging

A cranial window was created over the primary visual

cortex (V1) on day 7 after virus injection for in vivo Ca2?

imaging of corticothalamic neuron dendrites, based on

previous reports [30, 31]. Briefly, the skull over the V1

region was polished to a transparent area * 10 lm thick

and * 4 mm in diameter. A drop of agarose gel was

applied to protect the polished area. Finally, a piece of

coverslip, 5 mm in diameter and 0.13 mm thick, was

placed on the gel and sealed with glue before covering with

dental cement.

For Ca2? imaging on day 10 after virus injection, the

glass and agarose gel were removed and the skull was

wetted with normal saline for imaging with an

FV1200MPE multiphoton microscope (Olympus, Tokyo,
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Japan). Meanwhile, a scaffold for fastening the mouse head

was attached to the skull with dental cement before

imaging. Each mouse was anesthetized with 0.2% isoflu-

rane mixed with 200 mL/min O2 flow and wrapped in a

heating pad to keep the body temperature at 37 �C. The
optimal laser wavelength to stimulate both GCaMP6s and

DsRed2 was 920 nm, while their emission was collected at

495 nm–540 nm and 575 nm–630 nm, respectively.

Data Analysis

All data were analyzed using ImageJ software (National

Institutes of Health, Bethesda, MD) with the Time series

analyzer V3 plugin. The quantified data are presented as

the mean ± SEM using Graphpad Prism (San Diego, CA).

Changes in GCaMP6s and DsRed2 fluorescence intensity

were quantified as DF/F0, where DF is the difference

between a spike and baseline fluorescence and F0 is the

baseline fluorescence. To calibrate GCaMP6s signal dis-

tortion, the fluorescence change (GCaMP6s DF/F0) was

divided by the DsRed2 intensity (DsRed2 DF/F0) to

acquire the calibrated intensity (DR/R0) of GCaMP6s

fluorescence. For each imaging area, 300 frames were

acquired at a scan speed of 2 ls/pixel with a frame

resolution of 800 9 800 pixels. The spike frequency of

each dendrite was calculated as spike number per minute

by dividing the total number of spikes in 5 min by 5.

Results

Retrograde Labeling of V1 Corticothalamic Neu-

rons by Recombinant rRV-DG-GCaMP6s-DsRed2

Functional Tracer

In order to monitor Ca2? dynamics at subcellular resolution

in specific retrogradely-labeled neural circuits, we con-

structed a rabies virus-based Ca2? indicator (rRV-DG-
GCaMP6s-DsRed2), in which the GCaMP6s and DsRed2

genes were tandemly inserted into the RV vector (Fig. 1A).

Simultaneous expression of GCaMP6s and DsRed2 pro-

teins was confirmed by their co-distribution in the same

B7GG cells (Fig. 1B). DsRed2 fluorescence was used to

show the detailed morphology of the whole neuron and

served at the same time as a baseline to calibrate the

GCaMP6s signal distortion mainly caused by respiratory

vibration and thermal drift during two-photon live imaging.

This combination of the ultrasensitive GCaMP6s, the

stable signal of DsRed2, and retrograde labeling of RV

allowed us to monitor live Ca2? activity in specific input

circuits to a specific nucleus.

Due to light-scattering and aberrations originating from

tissue, the penetration depth of two-photon imaging is

limited to a few hundred micrometers [32, 33], so live Ca2?

imaging is usually restricted to the superficial cortical

layers in mice. Here, we selected V1 corticothalamic

Fig. 1 Construction of the retrograde functional tracer rRV-DG-
GCaMP6s-DsRed2. A Schematic of recombinant RV plasmid con-

struction. The GCaMP6s and DsRed2 genes were cloned into the

G-deleted (DG) RV vector pSAD-DG to generate the pSAD-DG-
GCaMP6s-DsRed2 plasmid. B Co-expression of GCaMP6s and

DsRed2 proteins in the same B7GG cells (scale bar, 100 lm).
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neurons labeled by rRV-DG-GCaMP6s-DsRed2 for mon-

itoring subcellular spontaneous activity by two-photon

in vivo Ca2? imaging. V1 corticothalamic neurons were

retrogradely labeled by rRV-DG-GCaMP6s-DsRed2 from

their thalamic targets (dLGN, LP, and LD; Fig. 2A). Co-

expression of GCaMP6s and DsRed2 proteins was

observed in all the neurons infected with rRV-DG-
GCaMP6s-DsRed2 (supplemental Fig. S1). Based on the

reports that no significant alteration in neuronal activity of

RV-labeled neuron occurs within 5 days–11 days after

Fig. 2 Method for imaging the activity in dendrites of rRV-DG-
GCaMP6s-DsRed2-labeled V1 corticothalamic neurons by in vivo two-

photon microscopy. A Schematic of retrograde labeling of different

corticothalamic neurons in V1 (V1-dLGN, V1-LP, and V1-LD) by

rRV-DG-GCaMP6s-DsRed2 and in vivo Ca2? imaging. B Sequence of

virus injection, cranial window thinning, and two-photon imaging

(scale bars, 3 mm for virus injection, 1 mm for thinning, 500 lm for

protection by glass cover; dpi, days post-infection).

cFig. 3 Spontaneous Ca2? dynamics in dendrites and spines of V1

corticothalamic neurons detected by in vivo two-photon microscopy.

A Dendrites of rRV-DG-GCaMP6s-DsRed2-labeled V1 neurons

(dashed area magnified in B and D; scale bar, 20 lm). B Time-lapse

Ca2? imaging of spontaneous dendritic activity (scale bar, 5 lm).

C Left panel, GCaMP6s and DsRed2 fluorescence in a single dendrite

of the V1 corticothalamic neuron in B; right panel, GCaMP6s signal

calibrated by ratio of GCaMP6s to DsRed2 intensity. D Time-lapse

Ca2? imaging of spontaneous spine activity [white arrows, Ca2?

fluorescence of the activated spine (scale bar, 5 lm)]. E Left,

quantification of GCaMP6s and DsRed2 fluorescence in a single spine

of the V1 corticothalamic neuron in D; right, calibrated GCaMP6s

signal in the spine.
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virus injection based on electrophysiological recording

[34], we performed two-photon in vivo Ca2? imaging on

day 10 after injection to monitor the dendritic Ca2? activity

of retrogradely-labeled V1 corticothalamic neurons

(Fig. 2B).

In Vivo Two-photon Calcium Imaging to Monitor

Spontaneous Activity in Dendrites of Corticothala-

mic Neurons in V1 Labeled with rRV-DG-

GCaMP6s-DsRed2

V1 corticothalamic neurons are located in the deep layers

(V and VI) of the cortex [35], so in vivo Ca2? imaging of

the retrogradely-labeled cell bodies was hard to realize due

to the limited penetration depth of two-photon microscopy.

Thus, we performed Ca2? imaging on the dendrites in the

upper layers of rRV-DG-GCaMP6s-DsRed2-labeled corti-

cothalamic neurons in mice under anesthesia. The dendrites

and spines of V1–dLGN neurons were clearly observed by

the bright DsRed2 fluorescence via two-photon microscopy

(Fig. 3A). Strong green fluorescence (GCaMP6s) was

monitored in some DsRed2-positive dendrites and spines

(Fig. 3A), indicating increased local activity of neurons

with Ca2? influx. Spontaneous Ca2? sparks in dendrites

and spines lasting for several seconds were detected, and

the baseline of DsRed2 fluorescence was stable during

Ca2? imaging (Fig. 3B, D, supplementary videos 1 and 2).

The ratio of DF/F0GCaMP6s to DF/F0DsRed2, DR/R0, was
calculated to calibrate GCaMP6s signal distortion (Fig. 3C,

E). Spontaneous increases of Ca2? concentration in local

dendrites and spines may reflect excitatory input from

presynaptic terminals in the resting state.

Further, we monitored the spontaneous Ca2? dynamics

in the dendrites of corticothalamic neurons from distinct

V1–thalamus circuits (V1–dLGN, V1–LP, and V1–LD)

(Fig. 4A). For each V1–thalamus circuit, the data from

three mice with accurate labeling and successful cranial

windows were analyzed. Dendritic Ca2? responses in each

mouse were recorded randomly in different fields of V1.

The spontaneous Ca2? dynamics of the different groups of

corticothalamic neurons displayed distinct patterns of spike

amplitude and frequency (Fig. 4). The frequency of Ca2?

spikes in the spontaneously active dendrites of V1–LP

neurons was higher than those of V1–LD and V1–dLGN

neurons (mean ± SEM; V1–LP, 4.27 ± 0.43 spikes/min;

V1–LD, 2.9 ± 0.45 spikes/min; V1–dLGN,

1.5 ± 0.46 spikes/min; V1–LP vs V1–LD, P = 0.047;

V1–LP vs V1–dLGN, P = 0.0013; Fig. 4B). And the spike

frequency of V1–LD neurons was also higher than that of

V1–dLGN neurons (P = 0.0486). Meanwhile, the ampli-

tude of Ca2? spikes in the dendrites of V1–LD neurons was

higher than that from V1–LP and V1–dLGN neurons (DF/
F0, 2.04 ± 0.1 for V1–LP, 2.78 ± 0.3 for V1–LD,

1.49 ± 0.16 for V1–dLGN; V1–LD vs V1–LP,

P = 0.003; V1–LD vs V1–dLGN, P = 0.0058). Moreover,

the spike amplitude in the dendrites of V1–LP neurons was

also higher than that of V1–dLGN neurons (P = 0.04). The

higher frequencies and amplitudes of Ca2? spikes in the

dendrites of V1–LP neurons suggest more active input

from upstream neuron terminals. During the whole record-

ing procedure (* 11 min), no significant fluorescence

bleaching of GCaMP6s and DsRed2 was detected

(Fig. S2).

Discussion

In functional studies of the brain, in vivo Ca2? imaging has

become an important method of detecting neuronal activity

under physiological and pathological conditions. Two-

photon microscopy has emerged as a useful method for

in vivo Ca2? imaging with high spatial resolution to

explore long-term neural function [36]. To study the

activity of specific neurons, especially those in specific

neural circuits, simply relying on transgenic animals cannot

meet the challenge. Based on the advantages of viral

tracers (better signals, selectivity, capacity for exogenous

gene engineering, and trans-synaptic tracing), their appli-

cation to functional studies of the brain has turned out to be

practical and effective [37, 38].

Rabies virus [21] is one of the most widely-used

retrograde tracing viruses due to its high neurotropism.

Here, we constructed the rRV-DG-GCaMP6s-DsRed2

functional tracer and combined it with in vivo Ca2? two-

photon imaging to assess spontaneous activity in the

dendrites of corticothalamic neurons from different V1–

thalamus circuits. As reference fluorescence, DsRed2 was

used to calibrate the GCaMP6s signal distortion caused by

respiratory vibration and heating to ensure GCaMP6s

signal reliability. Meanwhile, DsRed2 protein traced the

whole morphology of neurons, providing clear subcellular

details including dendrites and dendritic spines. Although

fluorescent proteins are photobleached during two-photon

microscopic imaging, the bleaching rates for GCaMP6s

and DsRed2 showed no significant deviation in 10 min at a

scan speed of 2 ls/pixel. Moreover, infection with viral

tracers may affect neural activity, so observations during a

certain time window are required for functional studies

[39]. For RV tracing, functional studies within 5 days–

11 days after virus injection are reliable [34, 37]. During

this time window, RV-labeled neurons are alive (they

began to die at * 16 days after infection) and neuronal

activity is normal as no significant changes in the

electrophysiological properties of infected neurons are

detectable [34]. Therefore, we performed two-photon

in vivo Ca2? imaging in this window.
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Due to light-scattering and aberrations originating from

tissue, the penetration depth of two-photon imaging is

usually limited to the upper cortical layers in mice. For the

deeply-localized somata of corticothalamic neurons, mon-

itoring dendrites is easier. And with the ultra-sensitivity of

GCaMP6s to Ca2?, local Ca2? dynamics measurement in

dendrites is feasible. It has been reported that the combi-

nation of two-photon microscopy with red-shifted fluores-

cent Ca2? indicator labeling can be used to monitor

somatic activity deep in the brain [40]. So, for the deep

Fig. 4 Distinct spontaneous Ca2? dynamics in corticothalamic

neuron dendrites in different V1–thalamic circuits. A Schematic of

Ca2? imaging in dendrites of neurons from V1–LD, V1–LP, and V1–

dLGN circuits and spontaneous Ca2? traces in 5 min for 8 dendrites

in each circuit. The green traces indicate Ca2? dynamics, and the red

traces indicate DsRed2 fluorescent signals. B Statistics for Ca2? spike

frequency during 5-min recording. C Statistics for Ca2? spike

amplitude of dendrites in 5 min (mean ± SEM; *P \ 0.05,

**P\ 0.01; unpaired t tests).
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somata of corticothalamic neurons, live Ca2? imaging can

be performed with the help of a red-shifted fluorescent

Ca2? indicator. Moreover, miniscope implementation,

which enables Ca2? imaging in deeper brain nuclei

in vivo [23, 41], is another promising solution for the

measurement of somatic activity in corticothalamic neu-

rons in vivo.

Our in vivo two-photon Ca2? imaging in dendrites of

RV-labeled corticothalamic neurons is a simple but robust

method for imaging subcellular Ca2? dynamics in specific

neurons in viral tracer-labeled neural circuits in vivo. This

contributes to functional studies of specific neural circuits,

and helps to understand the integration of information

between neural circuits in the intact brain, especially the

subcellular details, under physiological and pathological

conditions.
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Microglia, the brain’s ‘‘busy bees’’, continuously survey

the microenvironment by extending and retracting their

ramified processes to maintain brain homeostasis [1, 2].

Upon disease or injury, microglia quickly transform their

morphology and extend their processes towards the dis-

ease/injury sites to clear damage [2]. The mechanisms

underlying the high motility of microglial processes and

the rapid morphological transformation of microglia have

been extensively investigated. However, studies on micro-

glial dynamics in vivo have predominantly been carried out

in anesthetized animals, and how microglia behave under

awake conditions remained unknown. Using two-photon

microscopy to track microglia dynamics in awake mice,

two independent studies published recently [3, 4] have

demonstrated that during wakefulness, microglia exhibit

shorter arborization, reduced motility, and diminished

responsiveness to injury compared to those under anesthe-

sia. Moreover, both studies showed that norepinephrine

(NE), a neurotransmitter released from the axon terminals

of locus coeruleus (LC) neurons, directly regulates

microglial motility through b2-adrenergic receptor (b2-

AR) signaling in the awake condition [3, 4].

To determine whether microglial dynamics differ in the

awake and anesthetized conditions, Stowell et al. [3] and

Liu et al. [4] carefully analyzed microglial dynamics under

both conditions, using the CX3CR1GFP/? transgenic mouse

line in which microglia are fluorescently labeled by GFP.

Surprisingly, both groups found that microglia in the awake

mice survey a smaller territory with shorter arbors, reduced

motility, and attenuated responsiveness to acute injury than

those in brains anesthetized with isoflurane or a fentanyl

cocktail [3, 4]. To exclude the possibility that general

anesthesia-related circulatory and respiratory effects influ-

ence microglial activity, Liu et al. [4] tracked microglial

responses using different anesthetics such as ketamine/

xylazine and urethane. In parallel, since the fentanyl

cocktail produces a slow-wave-dominated state with both

analgesic and sedative effects, Stowell et al. [3] recorded

the microglial dynamics in mice anesthetized with the

sedative-only dexmedetomidine (DEX). Consistently, both

groups reported enhanced velocity and surveillance of

microglial processes within 10 min–15 min of anesthesia

induction, regardless of the type of anesthetic, suggesting

that anesthesia may relieve an inhibitory signal affecting

microglial dynamics during wakefulness.

Given that general anesthesia reduces neuronal activity,

Liu et al. [4] investigated whether the enhanced microglial

surveillance during anesthesia results from the suppressed

neuronal activity. They imaged the dynamics of microglial

processes in the barrel cortex of mice with unilaterally

trimmed whiskers. Thirty minutes after trimming, the

neuronal activity in the contralateral barrel cortex was

substantially reduced based on Ca2? imaging from neurons

expressing GCamp6 (a fluorescent sensor reflecting the

intracellular Ca2? level). Meanwhile, microglia also

robustly increased their process areas and surveyed greater

territories in the contralateral but not in the ipsilateral

barrel cortex. To directly address whether neuronal activity

regulates microglial process dynamics, Liu et al. [4]

suppressed the neuronal network activity with muscimol
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(a GABAa receptor agonist), tetrodotoxin (an inhibitor of

voltage-gated Na? channels), or optogenetic activation of

GABAergic neurons. They found that reduced neuronal

activity was accompanied by increased process dynamics

and surveillance of microglia, reminiscent of the changes

during anesthesia, suggesting that reduced neuronal activ-

ity triggers enhanced microglial dynamics and surveillance.

To reveal the mechanisms that underlie the differences

between microglial dynamics in the awake and anes-

thetized states, both studies tested whether P2Y12 and

fractalkine-CX3CR1 signaling, important pathways known

to regulate microglial dynamics [2], are involved and found

that neither contributed to the changes. Since NE is an

important mediator of wakefulness and DEX is known to

reduce NE release from the LC, Stowell et al. [3] tested

whether NE regulates microglial responses. They ablated

NE neurons in the LC using the neurotoxin N-(2-

choloroethyl)-N-ethyl-2-bromobenzylamine (DSP4) and

found that pre-ablation of LC projections eliminated the

DEX-elicited increased arborization and surveillance of

microglia. Conversely, optogenetic stimulation of NE

release from LC axons reduced microglia arborization

and surveillance in DEX-treated animals, suggesting that

endogenous NE release from the LC inhibits microglial

dynamics and surveillance during wakeful states. Liu et al.

[4] reached the same conclusion by applying a wide range

of neurotransmitters known to be reduced during anesthe-

sia, including acetylcholine, dopamine, NE, and serotonin

to the imaging area. They found that only NE prevented the

anesthesia-enhanced microglial process surveillance. On

the contrary, inhibition of NE release from NE neurons in

the LC by chemogenetic manipulation in awake mice

Fig. 1 Regulation of microglial dynamics by norepinephrine (NE)-b2

adrenergic receptor (b2-AR) signaling. During wakefulness, tonic

activation of NE neurons in the LC releases NE in the brain. Binding

of NE to the b2-ARs on microglia restricts microglial surveillance and

ramification, injury responses, and microglia–dendrite contacts.

Under anesthesia, reduced NE neuronal activity decreases the levels

of NE in the brain, releasing the inhibition of microglia by b2-AR

signaling, thereby enhancing microglial surveillance and ramification,

injury responses, and microglia-dendrite contacts.
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enhanced the microglial process dynamics, further sup-

porting the hypothesis that NE is the inhibitory signal that

limits microglial surveillance during wakefulness.

NE exerts diverse actions through a wide range of

receptors. Interestingly, microglia express much higher

levels of b2-ARs than other brain cell types [5] and

previous studies in vitro have suggested that b2-AR

signaling inhibits microglial chemotaxis towards ATP

[6]. Stowell et al. [3] then treated anesthetized mice with

a selective b2-AR agonist, clenbuterol, and found signif-

icantly reduced microglial motility and persistent process

retraction, mimicking the changes in the awake condition

[3]. By contrast, both studies showed that antagonizing b2-

ARs with ICI-118, 551 in awake mice produced changes

that resemble the anesthetized state with enhanced

microglial motility and parenchymal surveillance [3, 4].

Moreover, the effects of clenbuterol were absent in b2-AR-

ablated microglia [3], suggesting that endogenous NE acts

directly on b2-ARs to inhibit microglial ramification and

process motility during wakefulness.

Microglia shape neuronal circuits by modulating

synapse formation, plasticity, and pruning through process

arborization and surveillance [7]. Notably, Liu et al. [4]

reported that enhanced microglial process surveillance

increases microglia–dendrite interactions under anes-

thetized conditions, indicating that changes in microglial

surveillance may result in modifications in synaptic

plasticity. To determine whether NE–b2-AR signaling

regulates microglia-mediated synaptic plasticity, Stowell

et al. [3] examined ocular dominance plasticity (ODP) after

4 days of monocular deprivation when b2-AR was phar-

macologically activated or inhibited. Interestingly, chronic

activation of b2-ARs by clenbuterol impaired ODP;

however, chronic blockade of b2-ARs by ICI-118, 551

had no effect on ODP, suggesting that sustained stimula-

tion of b2-ARs interferes with microglia–dendrite contacts,

but b2-ARs may not be required for ODP. These data

provide functional significance for b2-ARs-regulated

microglia dynamics in the modulation of synaptic plasticity

(Fig. 1).

Although microglial dynamics have been described for

more than a decade, these two studies are the first to

uncover the different behaviors of microglia under anes-

thetized and awake conditions. Despite the fact that

microglia express a wide range of neurotransmitter recep-

tors [8], these studies are the first to reveal how microglia

tune their dynamics in vivo in response to the release of a

neurotransmitter, NE. Together, these results highlight the

importance of real-time imaging in awake animals and

reveal the impact of neuronal activity on microglial

dynamics in different states. These studies also raise

important questions regarding whether the loss or gain of

NE signaling in different contexts contributes to the

aberrant microglial functions implicated in multiple dis-

eases. For example, loss of NE neurons in the LC, an early

sign in Alzheimer’s and Parkinson’s diseases [9], may

enhance microglial dynamics and surveillance, whereas

chronic stress or sleep deprivation may inhibit microglial

surveillance by increased NE release [10]. Whether and

how NE–b2-AR signaling contributes to pathology through

aberrant regulation of microglial activity in these condi-

tions needs further attention and investigation.
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Neurodegenerative diseases include several kinds of neu-

rological disorder that are caused by the progressive death

of neurons in different regions of the brain. Such diseases

affect millions of people worldwide and impose a heavy

health burden on modern societies. However, their patho-

genesis remains elusive, and disease-modifying methods

are not currently available to prevent, halt, or reverse them

[1]. A common feature of neurodegenerative diseases is

that the abnormal accumulation of misfolded proteins, such

as amyloid beta (Ab), tau, a-synuclein, fused in sarcoma

(FUS), and TAR DNA-binding protein 43 (TDP-43) in the

brain leads to selective neuronal degeneration and dys-

function. Dysfunction in the removal of these misfolded

proteins from the brain is thought to be a major cause of

neurodegenerative diseases and a major therapeutic target

for their cure.

Nearly all the tissues and organs, except for the central

nervous system (CNS), have been found to include a

lymphatic vasculature, which removes the metabolic waste

from the tissue to the blood circulation. The CNS was

traditionally thought to be devoid of parenchymal lym-

phatic vessels. For years, there had been speculation about

the existence of lymphatic vessels in the brain, but clear

evidence was lacking and this remained a puzzle.

A recent breakthrough in this field was the discovery of

the glymphatic system [2], which was identified as a

clearance pathway in the rodent brain. This route moves

cerebrospinal fluid (CSF) into the brain along arterial

perivascular spaces and successively into the interstitium,

then guides flow towards the venous perivascular spaces,

eventually removing metabolic waste in the parenchyma to

the CSF. This system was named the ‘‘glymphatic’’ system

due to the glial-like water flux and its lymphatic system-

like function. It is not a true lymphoid tissue, so sometimes

it is referred to as ‘‘lymphoid-like’’ tissue. Another

milestone was achieved in 2015 when two studies in mice

provided direct evidence that the brain does, in fact, have a

lymphatic system [3, 4]. These lymphatic vessels extend

through the dura mater and run along the peri-sinus space

of the superior sagittal and transverse sinuses. Neverthe-

less, the major exit route for CSF was unknown. Recently,

researchers have shown that lymphatic vessels at the base

of the rodent skull are specialized to drain CSF and allow

waste and other macromolecules to leave the brain. This

provides a deeper understanding of the anatomy and

functions of the lymphatic system in the brain, and

represents a novel therapeutic approach for neurodegener-

ative diseases, according to a new research recently

published in Nature [5].

Due to the complicated bony architecture at the base of

the skull, research in this area remains technically difficult.

A study in mice has shown that, from very early days after

birth, meningeal lymphatic vessels (mLVs) grow from the

base of the skull along the blood vessels into a complex

network that extends to the dorsal part of the skull. Based

on this finding, Ahn et al. [5] explored the function of brain

lymphatic vessels using Prox1–GFP lymphatic reporter

mice, which express green fluorescent protein under the

promoter of Prox1, a key gene in lymphatic development,
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and enable researchers to expediently visualize the detailed

structure and morphology of lymphatic vessels. The

authors demonstrated that dorsal mLVs show mostly a

continuously-sealed zipper-like junctional pattern of lym-

phatic endothelial cells, while the basal mLVs consist

principally of a discontinuously-sealed button-like junc-

tional pattern similar to that of lymphatic capillaries in

peripheral organs, suggesting that they are suitable for

taking up CSF macromolecules. Furthermore, studies have

shown that large molecular tracers, when infused into the

lateral ventricle, rapidly reach lymph nodes via perineural

routes through foramina in the skull. However, Ahn and

colleagues reported that the basal mLVs drain directly into

the deep cervical lymph nodes. Next, the authors assessed

the drainage function of mLVs. When they followed the

CSF drainage using contrast agents with magnetic reso-

nance in rats, and a fluorescently-labeled tracer in mice,

they found that tracers injected into the interstitial fluid of

brain tissue were absorbed by the basal meningeal vessels

and then drained out of the brain. Moreover, the

researchers did not see any uptake by dorsal vessels.

Overall, based on these anatomical and functional exper-

iments, the authors came to the conclusion that basal rather

than dorsal mLVs are the main route for macromolecule

uptake and drainage of CSF into the peripheral lymphatic

system [5].

What is the pathophysiological significance of the brain

lymphatic system? It has been suggested that aged mice

have reduced turnover and drainage of CSF, and such a

decline in drainage might have implications for neurode-

generative diseases. Although lymphatic vessels show

extraordinary plasticity, the changes in mLVs associated

with aging remain unclear. Ahn and colleagues, therefore,

compared the changes in basal and dorsal mLVs with age

using young and aged mice, and found that the aged mice

show clear regression of dorsal mLVs compared with

young mice. By contrast, the basal mLVs in aged mice are

enlarged and more branched and hyperplastic compared

with young mice. This misshapen pattern may compensate

for poor drainage. A previous study reported that disrupted

lymphatic endothelial cell junctions always occur when

lymphatic drainage is impaired and this has been proposed

to be one of the initial factors for age-related lymphatic

vessel dysfunction and degeneration. So, what happens to

these structures with age? The authors showed that the

transport of tracer through the basal mLVs in aged mice is

significantly lower than in young mice, although lymphatic

endothelial cells in aged basal mLVs have fewer zipper-

type junctions and more button-type junctions, suggesting

that these age-related changes in basal mLVs are associated

with decreased CSF drainage in aged mice. Nevertheless,

the breakthrough in the precise routes for CSF drainage is a

critical step towards understanding how metabolic waste is

cleared from the CNS.

Accumulation of toxic protein aggregates is the common

pathological hallmark of neurodegenerative diseases such

as Alzheimer’s disease (AD), Parkinson’s disease, Hunt-

ington’s disease, and motor neuron diseases. In AD, an

imbalance between Ab production and clearance is

regarded as the cause of Ab accumulation. Findings in

recent years suggest that extracellular Ab deposits are

removed from the brain by various means, including

enzymatic degradation, phagocytosis by microglia, glym-

phatic clearance from parenchyma to CSF, a blood–brain

barrier (BBB) route, and the recently-identified lymphatic

pathway (Fig. 1). The BBB and brain lymphatic pathways

are approaches for transporting metabolic waste from the

brain to the periphery, but the extent of their contribution to

removing waste remains largely unclear. Recent studies

suggest that *40% of the Ab peptide generated in the

brain is cleared by transport to the periphery [6], as is

*19% of the pathological tau protein in the brain [7].

These findings imply that there are physiological mecha-

nisms to transport both intracellular and extracellular

pathological proteins from the brain to the periphery for

clearance. Therefore, the transportation between brain and

periphery would play a critical role in the clearance of

metabolic waste and the maintenance of homeostasis in the

brain. In this regard, dysfunction of the draining system

would be an important factor leading to the development of

neurodegenerative diseases. It is important to note that the

function of the brain lymphatic system draining the CSF

from the brain to the periphery declines during aging as

shown in Ahn’s study and a previous study, leading to the

accumulation of Ab in the brain of AD mice [5, 8]. These

findings shed light on the pathophysiological action of the

brain lymphatic system.

A critical question is how important the lymphatic

system is in clearing metabolic waste from the brain. There

are several pathways for substance exchange between the

brain and the periphery, including the BBB, choroid

plexus, subarachnoid granulations, and the lymphatic

system. However, it is essential to determine how the

lymphatic system cooperates with other clearance mecha-

nisms in the brain to clear metabolites. We need to know

how much CSF is drained into the peripheral circulation

via the lymphatic system. If this amount is limited, the

brain lymphatic system may mainly function in immune

regulation rather than waste clearance. The answer to this

basic question will pave the way to understanding the roles

of the brain lymphatic system in the pathogenesis of

neurodegenerative diseases as well as the development of

therapeutics and interventions.

Although the relative contribution of each of these

systems to overall clearance is unknown, they work
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together to drain pathological proteins from the brain to the

periphery, suggesting that the peripheral tissues and organs

are physiologically important in maintaining homeostasis

in the brain [9]. However, how the pathological proteins of

neurodegeneration such as Ab are cleared from the

periphery after drainage from the brain is poorly under-

stood. In fact, several peripheral organs and cells, such as

liver, kidney, and monocytes, are thought to participate in

Ab catabolism and constitute potential Ab clearance

pathways. However, direct evidence for their roles in Ab
clearance is lacking. A decline in peripheral Ab clearance

might also impede the efflux of Ab from the brain to the

periphery, and thereby attenuate the central clearance of

Ab. In contrast, strengthening the peripheral clearance of

waste alleviates Ab and tau-related pathologies in the brain

[6, 7], and might, therefore, represent a new therapeutic

approach for neurodegenerative diseases.

Neurodegenerative diseases such as AD are traditionally

regarded as disorders of the brain itself. However, growing

evidence suggests that Ab metabolism in the brain is

dynamically correlated with Ab metabolism in the

periphery [10], and pathological a-synuclein in the brain

has been shown to be derived from the intestine, suggesting

that the neurodegenerative diseases might be systemic

disorders [9]. The discovery of the brain lymphatic system

reveals a novel connection between brain and periphery,

and opens a new approach to a systematic and comprehen-

sive understanding of the pathogeneses and to the devel-

opment of interventions for neurodegenerative diseases.
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Recently, a paper published in Science reported discovery

of sensory peripheral glial cells [1]. This paper demon-

strated a rather unexpected property of non-myelinating

Schwann cells (also known as Remak cells) dwelling in the

subepidermal border of the skin [2]. These glial cells and

their interactions with nociceptive nerve terminals were

characterized using a variety of genetic labelling tools,

transmission electron microscopy, immunocytochemistry,

and electrophysiology. The morphological and functional

data presented by Abdo and colleagues show that these

subcutaneous glial cells form a network in the subepider-

mal border; moreover, these Schwann cells are intimately

associated with nociceptive nerve endings to form the glio-

neuronal sensory organ. These glial cells contribute to pain

sensation; their optogenetic stimulation triggers electrical

activity in nociceptive nerves and pain-related behaviors.

Thus the new type of peripheral glia, the nociceptive

Schwann cells was identified.

The discovery of a peripheral sensory glio-neuronal

organ highlights an unexpected evolutionary link with

primordial glia, which are associated with peripheral

sensations in several invertebrates. The evolutionary his-

tory of neuroglia, supportive homeostatic and defensive

neural cells, began with the emergence of central (the

‘‘brain’’) and peripheral nervous systems, which accompa-

nied the transition from Ctenophora and Cnidarians (which

possess a diffuse nervous system) to more advanced life

forms [3, 4]. The primordial supportive glia found in

earthworms and flatworms are represented by several

subtypes, which are mostly associated with peripheral

nerves (neurilemmal, subneurilemmal, and periaxonal

sheath-forming glia), and cells esheathing neurons (sup-

porting-nutrifying-glia) [3, 4]. In the roundworm

Caenorhabditis elegans, the majority of glial cells are

however associated with sensory neurons. The nervous

system of C. elegans contains 50 glial cells of ectodermal

(i.e. neural) origin and 6 mesodermal supportive cells, the

latter providing a link between some neurons and muscle

cells [5–7]. Most of the glial cells (46 out of 50) in C.

elegans act as an integral part of the sensory system. These

46 glial cells comprise 26 socket cells and 20 sheath cells

that are associated with neuronal terminals and form

specific sensory organs known as sensilla [7]. The remain-

ing four glial cells, defined as cephalic sheath cells, serve a

dual function: their anterior processes form sensilla local-

ized in the lips of the worm, whereas their posterior

processes ensheath the nerve ring (the C. elegans ‘‘brain’’)

where they contribute to the formation of the neuropil [8].

These cephalic sheath cells can be considered as the

primeval ancestors of astrocytes [9].

The peripheral glia of C. elegans have numerous

functions; they establish the location of sensilla, regulate

the size and morphological appearance of sensory neuronal
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terminals, provide for homeostatic control of the sensory

organs, and (arguably) may even regulate neuronal activity.

The developmental program of sensilla formation is

impaired in the absence of glia (which can be selectively

ablated in C. elegans); glia-secreted factors control sensory

dendrite attachment during the migration of neurons in

development, while the proper development of sensory

structures requires the expression of gene sets both in

neurons and in glia [8, 10]. Most unusual though was the

finding that the C. elegans sheath and socket glia express

several types of mechanosensitive degenerin/epithelial Na?

channel (in particular, acid-sensitive degenerin (ACD)-1

and degenerin linked to mechanosensation (DELM)–1,2

channels) [11, 12]. These channels are required for sensory

function (in particular, they mediate touch sensitivity) and

for several types of foraging behavior in worms [12]. Thus,

from very early evolutionary stages the ancestral neuroglia

were associated with the function of the sensory nervous

system, and formed peripheral sensory organs.

Fig. 1 Glial-neuronal sensory organs. A Sensilla in C. elegans. B Glial-neuronal sensory organ in the skin of mouse. C Glial-neuronal

organisation of the taste bud in humans (redrawn from [20]).
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The sensilla operate as sensory organs throughout

invertebrates. In Drosophila melanogaster for example,

taste and olfactory sensilla combine neuronal elements (2

neurons per olfactory sensillum and 2–4 per taste sensil-

lum), and several supportive (presumably peripheral glial)

cells [13, 14]. At the same time, mechanosensitive

peripheral structures in Drosophila (trichoid sensilla, also

known as bristles and cuticular campaniform sensilla) seem

to be devoid of glia [15].

In mammals, peripheral glia are generally considered to

be responsible for the insulation and myelination of axons

(myelinating and non-myelinating Schwann cells), for

covering neuro-muscular junctions (perisynaptic Schwann

cells), and for maintaining homoeostasis in peripheral

ganglia (satellite glia). The discovery of nociceptive

Schwann cells [1] prompts a fundamental extension of

the repertoire of peripheral glial functions. The subcuta-

neous glial cells are mechanoreceptors which, upon

activation, cause membrane depolarization; this depolar-

ization is apparently conducted to nerve endings (by an as-

yet unknown transduction cascade) and instigate pain-

associated behaviors. Thus, nociceptive Schwann cells

together with nerve endings form a peripheral sensory

organ, which bears a surprising semblance to sensilla in C.

elegans (Fig. 1A, B). This evolutionary conservation of the

fundamental principle behind the architecture of peripheral

sensory machinery—that is, the formation of a glial-

neuronal complex—is most exciting indeed.

Hitherto, the glial contribution to sensory organs in

mammals has been documented only for special senses. In

the retina, Muller glial cells not only provide for mechan-

ical integrity and local homeostatic support, but also act as

light-guides [16]. In the olfactory epithelium, glia-like

sustentacular supporting cells insulate and support neurons,

regulate ionic homeostasis, phagocytose dead cells, and

secrete numerous trophic and signaling molecules [17].

The glial cells are an important part of taste-bud structure

and function [18]; they are thought to sense the salty taste

(Fig. 1C). From now on we shall consider the glial cell as a

key element of skin sensory organs involved in

nociception.

Many questions and future research directions arise from

the discovery of nociceptive glia. It is of course of immense

interest to reveal the mechanism through which the depo-

larization of nociceptive Schwann cells excites neuronal

endings. It is also of importance to discern the sensory

modalities (apart from mechanosensitivity) which are medi-

ated through the glia. Another obvious fundamental question

is whether the glial-neural sensory organs are operational in

higher primates and humans, and the contributions of these

organs to pain and other sensory perceptions. Could noci-

ceptive glial cells connect not only to non-myelinated fibers

but also to fast A-fibers mediating ultra-fast pain in humans?

[19]. Ultimately, we need to determine whether nociceptive

peripheral glia can be a substrate for pain-related pathologies

and a target for therapeutic interventions. Be all this as it

may, the surprising evolutionary connection between the

roundworm and mammals opens new avenues for under-

standing the basic principles of neuronal-glial interactions

and further extends the roles played by glia in the function of

the nervous system.
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