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SUMMARY
Although general anesthesia (GA) enables patients to undergo surgery without consciousness, the precise
neural mechanisms underlying this phenomenon have yet to be identified. In addition to many studies
over the past two decades implicating the thalamus, cortex, brainstem, and conventional sleep-wake circuits
in GA-induced loss of consciousness (LOC), some recent studies have begun to highlight the importance of
other brain areas as well. Here, we found that population activities of neurons expressing dopamine D1 re-
ceptor (D1R) in the nucleus accumbens (NAc), a critical interface between the basal ganglia and limbic
system, began to decrease before sevoflurane-induced LOC and gradually returned after recovery of con-
sciousness (ROC). Chemogenetic activation of NAcD1R neurons delayed induction of and accelerated emer-
gence from sevoflurane GA, whereas chemogenetic inhibition of NAcD1R neurons exerted opposite effects.
Moreover, transient activation of NAcD1R neurons induced significant cortical activation and behavioral emer-
gence during continuous steady-state GAwith sevoflurane or deep anesthesia state with constant and stable
burst-suppression oscillations. Taken together, our findings uncover that NAcD1R neurons modulated states
of consciousness associated with sevoflurane GA and may represent an area for targeting GA-induced
changes in consciousness and ameliorating related adverse effects.
INTRODUCTION

Inhaled anesthetics were first used >170 years ago and have

tremendous significance for modern medicine.1,2 Inhalational

general anesthesia (GA) enables patients to undergo surgery

without consciousness, pain, or memories of the operations.3

However, despite decades of scientific research on this phe-

nomenon, the precise neural mechanisms of inhalational GA-

induced altered states of consciousness remain unclear.4,5

The nucleus accumbens (NAc), a major structure of the ventral

striatum, is traditionally involved in behaviors that are critically

dependent on heightened arousal, such as motivation, reward,

and movement.6–9 Loss of consciousness (LOC) and recovery of

consciousness (ROC) from GA are accompanied by cessation

and regainingof thesearousal-basedbehaviors, respectively, sug-

gesting a close relationship between the NAc and GA-induced

changes in consciousness. Recent studies have also indicated

that the NAc directly participates in sleep-wake regulation.10–13

However, whether theNAcparticipates in regulating statesof con-

sciousness in GA remains largely unknown. Notably, a few recent

laboratory and clinical studies have begun to highlight the impor-

tance of the basal ganglia and limbic system in the mechanisms
Curre
of action of GA;3,14,15 interestingly, the NAc acts as an important

interface between these two systems.16,17 Recent neuroimaging

evidence has also suggested that the NAc may be essential for

modulating anesthetic-induced unconsciousness.18 Additionally,

NAc neurons are anatomically connected with numerous brain

sites that havebeen reported topromote reanimation from inhaled

GA, such as the ventral tegmental area (VTA),19,20 paraventricular

thalamus (PVT),21 parabrachial nucleus (PB),22,23 and prefrontal

cortex.17 Collectively, these results suggest that the NAc may

play a key role in regulating states of consciousness in GA.

To test this hypothesis, in the present study, we tested the ef-

fects of sevoflurane in mice, as this specific general anesthetic

is widely used in clinical settings. We found that population activ-

ities of NAc dopamine D1 receptor (D1R)-expressing neurons

decreased before LOC in the induction phase and gradually re-

turned after ROC in the emergence phase of sevoflurane GA, as

determinedvia acombinationof in vivo fiber photometry andpoly-

somnographic recordings. Based on bidirectional chemogenetic

experiments, we demonstrated that NAcD1R neurons were suffi-

cient and necessary for modulating anesthetic state transitions

with sevoflurane. Finally, transient optogenetic stimulation of

NAcD1R neurons robustly induced cortical activation and
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Figure 1. Population activities of NAcD1R neurons in response to sevoflurane GA in mice

(A) Schematic of AAV2/9-hSyn-FLEX-GCaMP6f injected into the NAc of D1R-Cre mice.

(B) Schematic of the recording configuration.

(C) Top: GCaMP6f/DAPI immunofluorescence in NAcD1R neurons and track of the optic fiber implanted above the NAc; scale bar, 500 mm. Bottom: magnified

images are shown; scale bar, 20 mm.

(D and E) Time courses of Ca2+ signals following sevoflurane anesthesia (D) and quantification of Ca2+ signal changes before, during, and after sevoflurane

inhalation (E). n = 8 mice for each group.

(legend continued on next page)
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behavioral emergenceduring the sevofluranemaintenancephase

or deep anesthesia states with burst-suppression oscillations.

Hence, our findings uncover a vital but previously neglected brain

site that potently modulates states of consciousness in sevoflur-

ane GA.

RESULTS

Population activities of NAcD1R neurons in response to
sevoflurane anesthesia in mice
To investigate whether population activities of NAcD1R neurons

correlate with sevoflurane anesthesia, we injected the adeno-

associated virus (AAV), AAV-hSyn-FLEX-GCaMP6f, into the NAc

of D1R-Cre mice (Figures 1A–1C). As shown in Figures 1D and

1E, in the 0% sevoflurane condition, there was no statistically sig-

nificant drop in Ca2+ signal intensity during the exposure to pure

oxygen. Compared with those during the oxygen condition, Ca2+

signals of NAcD1R neurons decreased under 2% sevoflurane

exposure (2.0% versus 0% sevoflurane: �14.73% ± 4.10%; p =

0.035).However, therewasnostatistical difference in theCa2+sig-

nals of NAcD1R neurons between 0%and 1%or 1.5%sevoflurane

exposure (1.0% versus 0% sevoflurane: �1.56% ± 4.89%, p =

0.988; 1.5% versus 0% sevoflurane: �13.41% ± 8.49%, p =

0.446). Compared with the awake baseline, population activities

of NAcD1R neurons were highly suppressed after 2% sevoflurane

exposure for 20 min (during versus pre: �19.81% ± 4.18%; p =

0.005) and gradually returned during the recovery period (post

versus during: 6.98% ± 1.79%; p = 0.014).

We next analyzed the real-time activities of NAcD1R neurons

during induction and emergence phases of 2% sevoflurane GA.

For the induction period, we calculated the Ca2+ signals in three

consecutive time sections (from �180 to 300 s; 0 s was the time

point of 2% sevoflurane turning on): �180 to 0 s (pre-anesthesia

baseline); the early period of anesthesia before LOC (pre-LOC,

from 0 s to LOC); and the initial period after LOC (post-LOC,

from LOC to 300 s). Neuronal activities began to decrease during

the early period of anesthesia before LOC (pre-LOC versus pre-

anesthesia baseline,�4.46% ± 1.38%; p = 0.041; Figure 1F). Af-

ter LOC, neuronal activities further declined compared with the

pre-anesthesia baseline (post-LOC versus pre-anesthesia base-

line, �14.56% ± 4.08%; p = 0.028) or the early period of anes-

thesia before LOC (post-LOC versus pre-LOC, �10.10% ±

2.77%; p = 0.025; Figure 1F). For the emergence period, we

analyzed the Ca2+ signals in three consecutive time sections

(from �180 to 300 s; 0 s was the time point of 2% sevoflurane

turning off): �180 to 0 s (unconsciousness anesthesia baseline);

pre-return of consciousness (pre-ROC, from 0 s to ROC); and

the initial period after ROC (post-ROC, from ROC to 300 s).

Compared with the anesthesia baseline, Ca2+ signals did not

change in the period of pre-ROC (pre-ROC versus anesthesia
(F) Left: heatmaps (top) andmeanGCaMP6f traces (bottom) ± SEM (shaded area)

traces of Ca2+ signals aligned to LOC state transitions are shown. Bottom right: qu

0 represents the moment of LOC. n = 7 mice.

(G) Left: heatmaps (top) and mean GCaMP6f traces (bottom) ± SEM (shaded are

example traces of Ca2+ signals aligned to ROC state transitions are shown. Bottom

is shown. 0 represents the moment of ROC. n = 7 mice.

The asterisk in (E)–(G) indicates a significant difference (*p < 0.05; **p < 0.01). Sta

repeated-measures ANOVA followed by Tukey’s post hoc test. Error bars repres

recovery of consciousness; Sev, sevoflurane. See also Figure S1.
baseline, 0.69% ± 0.56%; p = 0.478; Figure 1G) but showed a

robust increase during the initial period after ROC (post-ROC

versus anesthesia baseline, 17.37% ± 4.41%, p = 0.018; post-

ROC versus pre-ROC, 16.68% ± 4.46%, p = 0.022; Figure 1G).

Collectively, these findings indicate that NAcD1R neurons

changed their population activities across different stages of sev-

oflurane GA.

Chemogenetic activation of NAcD1R neurons delays
induction of and accelerates emergence from
sevoflurane GA
To explore the casual role of NAcD1R neurons during sevoflurane

GA, we chemogenetically activated NAcD1R neurons of D1R-Cre

mice with AAV-DIO-hM3Dq-mCherry (Figure 2A). The maximum

overlay of hM3Dq expression in the NAc is shown by heatmaps

in Figure 2A. Whole-cell recordings of hM3Dq-positive NAcD1R

neurons from acute brain slices showed depolarization and firing

responses with 5 mM clozapine-N-oxide (CNO) treatment, which

confirmed that CNO potently activated hM3Dq-positive NAcD1R

neurons (Figure 2B). c-Fos protein was intensively expressed in

hM3Dq-positive NAcD1R neurons after CNO injection, whereas

vehicle injection induced comparatively little c-Fos expression,

suggesting that NAcD1R neurons were robustly activated via

the hM3Dq ligand, CNO, in vivo (Figure 2C). We further investi-

gated the behavioral consequences of NAcD1R neuronal activa-

tion on sevoflurane sensitivity, induction, and emergence via

the righting reflex test. Importantly, the loss of righting reflex

(LORR) is considered as a surrogate for LOC in humans.24

Upon administration of CNO to activate NAcD1R neurons, mice

required higher doses of sevoflurane to display LORR compared

to those of the vehicle group (n = 11; p = 0.006), and the dose-

response curve was right shifted (Figure 2D). The minimum alve-

olar concentration of sevoflurane at which half the mice lost their

righting reflex (MACLORR), also known as the 50% effective con-

centration (EC50) of sevoflurane on LORR, was 1.42% (95% con-

fidence index [CI] 1.38%–1.46%) for the vehicle group and

1.57% (95% CI 1.54%–1.60%) for the CNO group in hM3Dq

mice (Table S1).When exposed to 2% sevoflurane, pretreatment

with CNO for 1 h before righting-reflex detection significantly de-

layed the induction time from 135 ± 6 s to 178 ± 15 s (n = 11; p =

0.005) and accelerated the emergence time from 191 ± 36 s to

123 ± 28 s (n = 10; p = 0.010; Figures 2E and 2F). To rule out

any off-target effects of CNO administration at 3 mg/kg, we in-

jected D1R-Cre mice with the control AAV, AAV-DIO-mCherry.

Relative to the vehicle, CNO at 3 mg/kg administration did not

alter induction of or emergence from sevoflurane GA in mCherry

mice (Figure S2). These findings demonstrate that selective acti-

vation of NAcD1R neurons reduced sevoflurane sensitivity, as

well as delayed induction of and facilitated reanimation from sev-

oflurane GA.
for NAcD1R neurons during LOC induced by 2%sevoflurane. Top right: example

antification of Ca2+ signal changes in three consecutive time sections is shown.

a) for NAcD1R neurons during ROC after 2% sevoflurane exposing. Top right:

right: quantification of Ca2+ signal changes in three consecutive time sections

tistical comparisons were conducted using one-way (F and G) or two-way (E)

ent ± SEM. b.s., baseline; Freq, frequency; LOC, loss of consciousness; ROC,
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Figure 2. Chemogenetic activation of

NAcD1R neurons delays induction of and ac-

celerates emergence from sevoflurane GA

(A) Top: schematic of AAV2/9-hSyn-DIO-

hM3D(Gq)-mCherry injected into the NAc of D1R-

Cremice and representative immunohistochemical

staining (scale bar, 500 mm). Bottom: heatmaps

show overlay of hM3Dq expression in the NAc

(bregma0.98–1.18mm)of all injectedmice: ‘‘1,’’ the

area of maximum overlap (red color); ‘‘0,’’ the area

of minimum overlap (blue color).

(B) Bath application of CNO (5 mM) increased firing

rate in hM3Dq-positive NAcD1R neurons in vitro.

(C) Left: representative images of mCherry/c-Fos/

DAPI immunofluorescence in NAcD1R neurons after

vehicle or CNO treatment; scale bar, 100 mm.Right:

magnified images are shown; scale bar, 20 mm.

(D) Dose-response curves showing the percent-

ages of mice exhibiting LORR in response to in-

cremental sevoflurane concentrations for the

vehicle group and the CNO group. Inset: the sevo-

flurane concentrations at which each mouse ex-

hibited LORR are shown (n = 11).

(E) Induction time with 2% sevoflurane exposure

after intraperitoneal (i.p.) injections of vehicle or

CNO for 1 h (n = 11).

(F) Emergence time with 2% sevoflurane exposure

for 1 h after i.p. injections of vehicle or CNO (n = 10).

The asterisk in (D)–(F) indicates a significant differ-

ence (**p < 0.01). Statistical comparisons were

conducted using Wilcoxon signed-rank test (D) or

Student’s two-tailed paired t test (E and F). Error

bars represent ± SEM. CNO, clozapine-N-oxide;

LORR, loss of righting reflex. See also Table S1.
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Chemogenetic inhibition of NAcD1R neurons facilitates
induction of and prolongs emergence from sevoflurane
GA
To further explore the behavioral consequences of chemogenetic

inhibition of NAcD1R neurons, AAV-DIO-hM4Di-mCherry was in-

jected into the NAc of D1R-Cre mice to inhibit NAcD1R neurons.

Heatmaps in Figure 3A represent the maximum overlap of hM4Di

expression in the NAc (bregma 0.98–1.18mm).Whole-cell record-

ings of hM4Di-positive NAcD1R neurons from acute brain slices

showed a decreased number of evoked action potentials with

CNO, implying that CNO was sufficient to inhibit hM4Di-positive

D1Rneurons in theNAc (Figure3B). Furthermore, therewasalmost

no c-Fos expression in the NAc after CNO treatment compared

with that in the vehicle group (Figure 3C). Compared with those

in the vehicle group, the dose-response curve for LORR in the

CNO group was left shifted, and the MACLORR was reduced from

1.38% (95% CI 1.37%–1.38%) to 1.14% (95% CI 0.95%–1.18%;

Figure 3D; Table S1), suggesting that animals weremore sensitive

tosevofluraneafter inhibitionofNAcD1Rneurons (n=10; p=0.001).
1896 Current Biology 31, 1893–1902, May 10, 2021
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When exposed to 2% sevoflurane, sys-

temic CNO treatment significantly acceler-

ated the induction time from 117 ± 6 s to

79 ± 5 s (n = 8; p = 0.004) and prolonged

the emergence time from 107 ± 11 s to

296 ± 58 s (n = 12; p = 0.006; Figures 3E

and 3F). Taken together, these results indi-
cate that selective inhibition of D1R neurons in the NAc increased

sevoflurane sensitivity, accelerated induction, and delayed emer-

gence from sevoflurane GA.

Optogenetic stimulation of NAcD1R neurons induces
cortical activation and behavioral emergence during
continuous steady-state GA with sevoflurane
To test whether activation of NAcD1R neurons is sufficient to

restore states of consciousness during the sevoflurane mainte-

nance phase, we injected AAV-DIO-ChR2-mCherry or AAV-DIO-

mCherry into the NAc of D1R-Cre mice (Figure 4A). Functiona

expression of ChR2was confirmed bywhole-cell patch-clamp re-

cordings (Figure 4B). We applied acute optical stimulation (lasting

60 s) after mice maintained LORR for 20 min during continuous

steady-state general anesthesia (CSSGA) with sevoflurane. Pho-

tostimulation (10–30 Hz, 5 ms, 60 s) of NAcD1R neurons unde

sevoflurane CSSGA reliably induced behavioral emergence in a

frequency-dependent manner (Figure 4C), with the highes

proportion in regaining righting reflex at 30 Hz (Figure 4D). Lase



Figure 3. Chemogenetic inhibition of

NAcD1R neurons facilitates induction of

and prolongs emergence from sevoflurane

GA

(A) Top: schematic of AAV2/9-hSyn-DIO-

hM4D(Gi)-mCherry injected into the NAc of D1R-

Cremice and representative immunohistochemical

staining (scale bar, 500 mm). Bottom: heatmaps

show overlay of hM4Di expression in the NAc

(bregma 0.98–1.18 mm) of all injected mice: 1, the

area of maximum overlap (red color); 0, the area of

minimum overlap (blue color).

(B) Bath application of CNO (5 mM) reduced firing

rate of hM4Di-positive NAcD1R neurons injected

with 200 pA current in vitro.

(C) Left: representative images of mCherry/c-Fos/

DAPI immunofluorescence in the NAc after vehicle

or CNO treatment; scale bar, 100 mm. Right:

magnified images are shown; scale bar, 20 mm.

(D) Dose-response curves showing the percent-

ages of mice exhibiting LORR in response to

incremental sevoflurane concentrations after in-

jection of vehicle or CNO. Inset: the sevoflurane

concentrations at which each mouse showed

LORR are shown (n = 10).

(E) Induction time with 2% sevoflurane exposure

after i.p. injections of vehicle or CNO for 1 h (n = 8).

(F) Emergence time with 2% sevoflurane exposure

for 1 h after i.p. injections of vehicle or CNO (n = 12).

The asterisk in (D)–(F) indicates a significant differ-

ence (**p < 0.01). Statistical comparisons were

conducted using Student’s two-tailed paired t test

(D–F). Error bars represent ± SEM. See also Table

S1.
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activation of NAcD1R neurons in ChR2 mice at 30 Hz induced

obvious behavioral emergence, including body movements (i.e.,

of the limbs, head, and tail; 9/9), righting (6/9), and walking (5/9)

in ChR2 mice (Table S2). However, mCherry mice exhibited no

obvious behavioral responses during photostimulation (Figure 4C;

Table S2; Video S2). The Bayesian 95%CI for the difference in the

probability of righting (walking) at 30 Hz between the two groups

was 0.158–0.818 (0.069–0.748; Figure 4E). The posterior probabil-

ity of the difference in righting (walking) between the two groups

greater than 0 at 30 Hz was 0.9962 (0.9887), which was statisti-

cally significant (Figure 4F). In addition, photostimulation of

NAcD1R neurons at 30 Hz rapidly induced a brain-state transition

from slow-wave activity or a burst-suppression pattern to low-

voltage fast activity in ChR2 mice (Figure 4G; Video S1), but not

in mCherry mice (Figure 4J; Video S2). Spectral analysis of elec-

troencephalogram (EEG) data revealed that acute photostimula-

tion of NAcD1R neurons at 30 Hz induced a significant decrease

in delta power (44.62% ± 3.94% versus 35.88% ± 1.93%; p <

0.001) and an increase in beta power (8.08% ± 0.80% versus

13.84% ± 1.20%; p = 0.025; Figure 4I). To further illustrate these
Current B
changes, corresponding EEG power den-

sities are alsopresented in Figure 4H.Pho-

tostimulation of NAcD1R neurons at 20 Hz

was still sufficient to cause a significant

change, as reflected by arousal scores

and spectral analysis (Figures 4C and
S3A). However, no differences were observed in mCherry mice

(Figures 4K, 4L, S3B, and S3D). These findings indicate that opto-

genetic activation of NAcD1R neurons was sufficient to induce

cortical activation and behavioral emergence during sevoflurane

maintenance.

Optogenetic stimulation of NAcD1R neurons induces
cortical activation and behavioral emergence during
burst-suppression oscillations induced by deep
sevoflurane anesthesia
We further investigated the effects of NAcD1R neuronal activation

on states of consciousness during constant and stable burst-

suppression oscillations, which are usually observed under

deep states of GA. We activated NAcD1R neurons in vivo with 5-

ms pulses of blue light at 10–30 Hz for 30 s, when a stable EEG

burst-suppression mode (lasting at least for 5min) was observed

during sevoflurane maintenance. Acute photostimulation of

NAcD1R neurons at 30 Hz induced ~100% cortical activation,

and some ChR2 mice displayed wake-like behaviors as defined

by increased electromyogram (EMG) activities or slight body
iology 31, 1893–1902, May 10, 2021 1897



Figure 4. Optogenetic stimulation of NAcD1R neurons induces cortical activation and behavioral emergence during continuous steady-state

GA with sevoflurane

(A) Left: schematic showing injection of AAV2/9-EF1a-DIO-ChR2-mCherry or AAV2/9-EF1a-DIO-mCherry into the NAc of D1R-Cre mice. Right: representative

images of mCherry/DAPI immunofluorescence in the NAc (scale bar, 200 mm) and magnified images (scale bar, 20 mm) are shown.

(B) Representative traces and fidelity of neuronal firing in ChR2-expressing NAcD1R neurons evoked by 473-nm light stimulation at different frequencies.

(C) Arousal scores based on behavioral responses of mice under sevoflurane CSSGA during photostimulation of NAcD1R neurons (10–30 Hz, 5 ms, 60 s). n = 9

ChR2 mice or n = 7 mCherry mice per group.

(D) Pie charts showing the proportion of ChR2 mice regaining their righting reflex following photostimulation of NAcD1R neurons at 10–30 Hz for 60 s. n = 9 ChR2

mice per group.

(E) Posterior densities for the probabilities of righting and walking for the ChR2 (n = 9) group and mCherry (n = 7) group under sevoflurane CSSGA during

photostimulation of NAcD1R neurons at 30 Hz for 60 s.

(legend continued on next page)
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movements (Figure 5A; Video S3). EEG/EMGactivity after photo-

stimulation at 30 Hz mostly shifted from a burst-suppression

oscillation mode toward a low-amplitude, high-frequency EEG

with increased EMG activity (Figure 5A; Video S3). Interestingly,

EEG activationmainly occurred at the later period of photostimu-

lation (average latency ~20 s at 30Hz), and this change sustained

for a few minutes before returning to burst-suppression mode.

There was no statistical difference in the burst-suppression ratio

(BSR) (41.06% ± 4.14% versus 36.39% ± 4.10%; p = 0.384) be-

tween the 30 s before and the 30 s during photostimulation

(Figure 5D), but photostimulation still produced a relative

decrease in delta power (49.29% ± 1.97% versus 41.49% ±

2.49%; p = 0.037) and an increase in beta power (8.01% ±

0.57% versus 11.67% ± 0.77%; p = 0.016; Figures 5B and 5C).

However, ChR2 mice exhibited a robust reduction in BSR during

the 30 s after photostimulation compared with the 30 s before

(9.87% ± 4.24% versus 41.06% ± 4.14%; p < 0.0001) or the

30 s during (9.87% ± 4.24% versus 36.39% ± 4.10%; p =

0.001) photostimulation (Figure 5D). Moreover, there was an

obvious alteration in the normalized EEG power spectrum after

photostimulation at 30 Hz (Figure 5B). The total power percent-

age of the delta power decreased from 49.29% ± 1.97% to

36.98% ± 3.42% (p = 0.026), and the beta power increased

from 8.01% ± 0.57% to 14.03% ± 1.54% (p = 0.019; Figure 5C).

Photostimulation of NAcD1R neurons at 20 Hz in ChR2 mice also

caused a significant reduction in BSR (post-pre comparison,

29.55%±4.60%versus 48.79%± 3.38%, p = 0.014; post-during

comparison, 29.55% ± 4.60% versus 43.48% ± 4.56%, p =

0.004; Figure S4C). In contrast, therewere no significant changes

inmCherrymicewith 10–30 Hz photostimulation (Figures 5E–5H,

S4D–S4F, and S4J–S4L; Video S4) or in ChR2 mice with 10 Hz

photostimulation (Figures S4G–S4I). These findings collectively

illustrate that NAcD1R neuronal activation was sufficient to pro-

mote cortical activation and behavioral emergence during deep

states of sevoflurane GA with burst-suppression oscillations.

DISCUSSION

Here, combining in vivo fiber photometry recordings, chemo-

genetic/optogenetic manipulations, behavioral tests, and pol-

ysomnographic recordings, we identified a specific neuronal

subpopulation in the ventral striatum that plays a modulatory

role during different stages of sevoflurane GA. We showed

that the Ca2+ signals of NAcD1R neurons began to decrease

before LOC during sevoflurane induction and gradually

increased after ROC during the emergence phase. Although

emergence from GA is not a simple reversal of induction,4

our present study revealed that induction into and emergence
(F) The difference in the probability of righting and walking between the ChR2 (n

sevoflurane CSSGA during photostimulation of NAcD1R neurons at 30 Hz for 60

(G) An example showing EEG, EMG, and EEG spectrograms in a ChR2 mouse fo

(H) Normalized power densities of EEG signals before and during photostimulati

Shading indicates SEM.

(I) Relative EEG power before (gray) and during (blue) photostimulation at 30 Hz

(J–L) Similar to (G)–(I) but for mCherry mice, n = 7.

The asterisk in (C) and (I) indicates a significant difference (*p < 0.05; **p < 0.01; ***p

Whitney rank-sum test for each frequency (C) or two-way repeated-measures AN

probability; RORR, recovery of righting reflex; Stim, stimulation. See also Figures
from sevoflurane GA were both significantly affected by

neuronal activity of NAcD1R cells, indicating the existence of

shared neural circuits in modulating consciousness during

the two different stages of GA. Finally, we revealed that

activation of NAcD1R neurons effectively induced cortical acti-

vation and behavioral emergence during CSSGA or burst-sup-

pression oscillations. To our knowledge, this is the first

demonstration of the potency of NAcD1R neurons in mediating

states of consciousness associated with GA. Burst suppres-

sion has also been observed in several different etiologies,

such as coma, cardiac arrest, hypothermia, and hypoxia.25,26

Our present results, therefore, not only emphasize the modu-

latory role of NAcD1R neurons in sevoflurane anesthesia but

also encourage further work to explore their role in other types

of etiologies displaying similar burst-suppression waves.

Moreover, given that different anesthetics induce different

EEG signatures and have distinct molecular targets,5,27,28 it

is difficult to predict whether NAcD1R neurons modulate con-

sciousness with the use of other anesthetics.

Our experiments revealed some significant conceptual find-

ings. First, cortical and behavioral state transitions under a

burst-suppression oscillation mode were much longer than

those under CSSGA with lighter sevoflurane or during non-rapid

eye movement (NREM) sleep. Our previous work has shown that

the transition from slow-wave sleep to wakefulness is immediate

after optoactivation of NAcD1R neurons in freely moving mice.11

Sevoflurane at a burst-suppression concentration has been re-

ported to robustly disrupt intracortical and thalamocortical func-

tional connectivity,29,30 which may require more time to meet the

cortical threshold for restoration of normal network connectivity

and brain-state transitions. Another possible explanation is that

NAcD1R neurons are modulators of burst suppression and play

their role via projections to the downstream ‘‘off switch’’ of burst

suppression. EEG oscillation modes (e.g., burst-suppression os-

cillations, delta oscillations, and slow-wave sleep oscillations),

brain states (e.g., depth of anesthesia, population activities of

specific neurons, and changes in functional connectivity), and

different neural mechanisms underlying sleep and GA may

all contribute to temporal differences in governing states of

consciousness. Second, during deep anesthesia states, cortical

EEG activation was sustained for a few minutes even after

transient activation of NAcD1R neurons in our present study.

This is unexpected because it is in contrast with the effects of

glutamatergic neuronal activation in the PB or PVT, as these ma-

nipulations do not induce sustained cortical activation after pho-

tostimulation is terminated;21,22 however, this phenomenon has

also been observed in the activation of the lateral hypothalamus-
GABA (LHGABA)–thalamic reticular nucleus circuit.24 These results
= 9) group and mCherry (n = 7) group derived from the beta distribution under

s.

llowing acute photostimulation (30 Hz, 5 ms, 60 s) during sevoflurane CSSGA.

on at 30 Hz in ChR2 mice (top) and differences between them (bottom), n = 9.

in ChR2 mice during sevoflurane CSSGA, n = 9.

< 0.001; ****p < 0.0001). Statistical comparisons were conducted usingMann-

OVA followed by Sidak’s post hoc test (I and L). Error bars represent ± SEM. Pr,

S1 and S3, Table S2, andVideos S1 and S2.
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Figure 5. Optogenetic stimulation of NAcD1R neurons induces cortical activation and behavioral emergence during burst-suppression oscil-

lations induced by deep sevoflurane anesthesia

(A) An example showing EEG, EMG, and EEG spectrograms in a ChR2 mouse following acute photostimulation (30 Hz, 5 ms, 30 s) during constant and stable

burst-suppression oscillations induced by deep sevoflurane anesthesia.

(B) Top: normalized power densities of EEG signals before and during acute photostimulation at 30 Hz in ChR2 mice (left) and differences between them (right).

Bottom: normalized power densities of EEG signals before and after photostimulation at 30 Hz in ChR2 mice (left) and differences between them (right; n = 11

ChR2 mice, 22 trials) are shown. Shading indicates SEM.

(C and D) Relative EEG power (C) and BSR (D) before (gray), during (blue), and after (green) acute photostimulation at 30 Hz in ChR2 mice (n = 11 ChR2 mice, 22

trials).

(E–H) Similar to (A)–(D) but for mCherry mice (n = 9 mCherry mice, 18 trials).

The asterisk in (C and D) indicates a significant difference (*p < 0.05; **p < 0.01; ****p < 0.0001). Statistical comparisons were conducted using one-way (D and H)

or two-way (C and G) repeated-measures ANOVA followed by Tukey’s post hoc test. Error bars represent ± SEM. BSR, burst-suppression ratio. See also Figures

S1 and S4 and Videos S3 and S4.
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highlight that the regulation of consciousness and correspond-

ing modulatory effects are highly specific to different brain re-

gions. Furthermore, long-lasting peptidergic signaling has been

reported to be vital for regulating GA-induced LOC.31 NAcD1R

neurons may facilitate the release of neuropeptides, and these

neuropeptides may further influence multiple neural activities

and work on a longer timescale.

Another surprising finding was that NAcD1R neurons induced

bothcortical activationandbehavioral emergenceduringsevoflur-

ane maintenance. A disassociation between cortical activation

and behavioral emergence has been reported in previous studies.

For example,microinjectionof histamine into thebasal forebrain or

optoactivation of PVT glutamatergic neurons only shifts the EEG
1900 Current Biology 31, 1893–1902, May 10, 2021
pattern from a burst-suppression pattern to delta activity but fails

to induce behavioral responses.21,32 In contrast, in our present

study, photostimulation of NAcD1R neurons effectively changed

the EEG pattern from burst-suppression oscillations to low-

voltage fast activity and induced behavioral emergence in some

mice. Brief activation of NAcD1R neurons during CSSGA induced

obvious wake-like behaviors and cortical activation. Activation of

VTA dopamine neurons during CSSGA has also been reported

to produce a profound behavioral emergence and significant

EEG changes (<5 Hz and 6–17 Hz).19 Taken together, our present

findings suggest that NAcD1R neurons are capable of regulating

states of consciousness in GA by effectively coordinating brain

states and behavioral responses. As a part of the basal ganglia
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modulating motivation and movement, NAcD1R neurons may

modulate sevoflurane GA-related behavioral emergence through

the basal ganglia circuitry. However, in the present study, in

most cases, we observed that optoactivation of NAcD1R neurons

decreased the EEG amplitudes first, followed by signs of behav-

ioral emergence with increased EMG tone. This time lag indicates

the existence of other neural circuits in mediating NAcD1R neuron

activation-induced wake-like behavior, such as the downstream

wake-promoting LHGABA neurons.11,24 This phenomenon has

also been observed in the transition from NREM sleep to

wakefulness.11

Recent studies have demonstrated the importance of D1Rs in

GA, whereas D1R-binding sites are widely distributed throughout

the entire brain.33,34 Whether D1Rs in other brain areas mediate

GA still needs to be further investigated. Moreover, because the

NAc is composed of five discernable cell types,6 further investiga-

tions are also needed to uncover the role of other NAc neuronal

subpopulations in the mechanism of action of GA and how these

subpopulations interact with each other.

In conclusion, our results uncovered a familiar but previously

neglected brain site that effectively modulates states of con-

sciousness in sevoflurane GA and offers a potential brain site

to target in future studies on GA-induced alterations in con-

sciousness. Therapeutic strategies targeting NAcD1R neurons

may help to further elucidate the etiologies of GA-related

adverse effects and disorders of consciousness.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Fos Millipore Cat#ABE457; RRID:

AB_2631318

Donkey AlexaFluor488 anti-

rabbit

Jackson ImmunoResearch Cat#711-545-152; RRID:

AB_2313584

Bacterial and virus strains

AAV2/9-hSyn-FLEX-

GCaMP6f

Taitool Bioscience Cat#S0227-9

AAV2/9-hSyn-DIO-

hM3D(Gq)-mCherry

Taitool Bioscience Cat#S0192-9

AAV2/9-hSyn-DIO-

hM4D(Gi)-mCherry

Taitool Bioscience Cat#S0193-9

AAV2/9-hEF1a-DIO-

mCherry

Taitool Bioscience Cat#S0197-9

AAV2/9-hEF1a-DIO-

hChR2(H134R)-mCherry

Taitool Bioscience Cat#S0170-9

Chemicals, peptides, and recombinant proteins

Isoflurane RWD Life Science Cat#R510-22

Sevoflurane AbbVie N/A

Clozapine-N-oxide LKT Cat#C4759

DAPI Fluoromount-G Southern Biotech Cat# 0100-20

Experimental models: organisms/strains

Mouse: B6.FVB(Cg)-

Tg(Drd1a-Cre) EY266Gsat/

Mmucd, GENSAT

11 N/A

Oligonucleotides

D1R-Cre mouse primers JAX stock Primers as recommended

Software and algorithms

SleepSign 3.0 Kissei Comtec RRID: SCR_018200

Spike2 Software Cambridge Electronic

Design

RRID: SCR_000903

ImageJ N/A RRID: SCR_003070

pClamp 10.3 Molecular Devices RRID: SCR_011323

GraphPad Prism 8.0 GraphPad Software RRID: SCR_002798

SPSS 19.0 IBM RRID: SCR_019096

Adobe Illustrator Adobe Systems RRID: SCR_010279

Adobe Photoshop Adobe Systems RRID: SCR_014199

MATLAB R2018a MathWorks RRID: SCR_001622

Other

Anesthesia monitor Royal Dutch Philips

Electronics

Cat#IntelliVue MP20

Sevoflurane vaporizer Beijing Aeonmed Cat#VP 3000

microtome Leica Cat#CM1950

vibratome Leica Cat#VT1200S

pipette puller Sutter Cat#P-1000
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Zhi-Li

Huang (huangzl@fudan.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The data and codes generated or analyzed during this study are available from the corresponding author upon reasonable request

(Zhi-Li Huang, huangzl@fudan.edu.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
D1R-Cre mice ((B6.FVB(Cg)-Tg(Drd1a-Cre) EY266Gsat/Mmucd, GENSAT; donated by Jiang-Fan Chen) were group-housed in a

soundproof room (22 ± 0.5�C, 55 ± 5% humidity, food and water ad libitum) with an automatic 12-h light/dark cycle (illumination in-

tensity »100 lux, lights on at 07:00).11,35 Adult male D1R-Cre mice (8–10 weeks old) weighting 22–28 g were used for all experiments.

Behavioral experiments were performed during the daytime. Animals were randomly assigned to different treatment groups. All

experimental procedures were approved by the Animal Care and Use Committee of Fudan University. All procedures were conduct-

ed in accordance with the Guidelines of the NIH (United States) regarding the care and use of animals.

METHOD DETAILS

Surgery
Mice were anesthetized with 1%–2% isoflurane and placed on a stereotaxic frame (RWD Life Science, China). A heating pad was

used to keep the temperature of each mouse constant throughout the operation. After sterilizing with 75% ethanol, an incision

wasmade in the skin and small craniotomy holes weremade above the target regions. A total of 70 nL of virus containing recombinant

AAV-DREADD, AAV-ChR2, or AAV-mCherry (Taitool Bioscience, China) was bilaterally injected into the NAc (anteroposterior

[AP] = +1.2 mm, mediolateral [ML] = ± 1.0 mm, dorsoventral [DV] = �4.5 mm deep relative to bregma) via a glass pipette and an

air-pressure-injector system. The AAV-GCaMP6f virus (Taitool Bioscience, China) was unilaterally delivered into the NAc. After

5 min of injection to each site, the glass pipette was left at the injection site for 10 min and was then slowly pulled out. Three weeks

after AAV injections, optical fibers (125 mm outer diameter [OD] 0.37 numerical aperture [NA]; Newdoon, Shanghai, China) were in-

serted toward the target regions followed by EEG/EMG electrode implantation, as previously described.11,22 For in-vivo fiber

photometry recordings and optogenetic experiments, the optical fiber cannula was placed above the NAc (AP = +1.2 mm,

ML = ± 1.0 mm, DV = �4.0 mm). Cannulas were secured to the skull with dental cement. After implantation, mice were allowed at

least 1–2 weeks for recovery before experiments.

Fiber photometry recording
As previously described,11,36 a laser beamwas passed through a 488-nm laser (OBIS 488LS; Coherent), reflected by a dichroicmirror

(MD498; Thorlabs), focused by an objective lens (Olympus), and then coupled to an optical commutator (Doric Lenses, Canada). The

light between the commutator and the implanted optical fiber was guided by an optical fiber (Newton, China). The GCaMP6f fluores-

cent signal was bandpass-filtered (MF525-39, Thorlabs) and collected by a photomultiplier tube (R3896, Hamamatsu). The photo-

multiplier-tube current output was converted to voltage signals by an amplifier (C7319, Hamamatsu), which was then filtered through

a low-pass filter (40 Hz cut-off; Brownlee 440). The photometry analog voltage signals were digitalized at 512 Hz and recorded by

using a Power1401 digitizer and Spike2 version-7 software (CED, Cambridge, UK) with simultaneous EEG/EMG recordings. Mice

were first placed in an acrylic glass chamber connected to a sevoflurane vaporizer (VP 300; Beijing Aeonmed, China). After habitu-

ation, sevoflurane (1%, 1.5%, or 2.0%) with 100% oxygen—or only oxygen, as a control—was administered on different days to

establish dose-response relationships. Sevoflurane concentrations weremonitored by an anesthesiamonitor (IntelliVueMP20, Royal

Dutch Philips Electronics, Netherlands) connected to the chamber. Following 20min of baseline recording after adaption in the cham-

ber, sevoflurane was continuously delivered for 20 min. The recording was continued for another 20 min after switching off the sevo-

flurane vapor. We recorded Ca2+ signals for 60 min (20 min before, during, and after the administration of sevoflurane with oxygen)

and calculated the averaged DF/F values before, during, and after treatments.

We further analyzed the real-time activities of NAcD1R neurons during the induction and emergence phases of 2% sevoflurane,

fromwakefulness to the LOC state or from LOC to the ROC state, as determined by EEG/EMG recordings.31 We identified state tran-

sitions and alignedDF/F with awindow of�180 s ~ +300 s before and after 2% sevoflurane being turned on or off.37 The onset of LOC

was defined as the transition from a low-amplitude, high-frequency EEG to a high-amplitude, low-frequency EEG, combined with
e2 Current Biology 31, 1893–1902.e1–e5, May 10, 2021
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continuously-minimal muscle tone.31,38 We calculated the Ca2+ signals in three consecutive time sections (from �180 to 300 s, 0 s

was the time point of 2% sevoflurane turning on): �180 to 0 s (pre-anesthesia baseline); the early period of anesthesia before LOC

(pre-LOC, from 0 s to LOC); and the initial period after LOC (post-LOC, from LOC to 300 s). Additionally, the onset of ROCwas defined

as the point with a low-amplitude, high-frequency EEGcombinedwith an obvious increase in EMGactivity.21,31We analyzed the Ca2+

signals in three consecutive time sections (from �180 to 300 s, 0 s was the time point of 2% sevoflurane turning off): �180 to 0 s

(unconsciousness anesthesia baseline); pre-return of consciousness (pre-ROC, from 0 s to ROC); and the initial period after ROC

(post-ROC, from ROC to 300 s). One mouse was excluded from the analysis due to a lack of reliable EEG/EMG signals.

MATLAB R2018a software (Mathworks, USA) was further used to analyze the photometry data exported from Spike2.36 The

photometry signal, F, was converted to DF/F = (F - Fbaseline)/Fbaseline, where Fbaseline was determined during the 20 min recording

period before gas inhalation. For analyzing the real-time activity of NAcD1R neurons during induction and emergence phases of

2% sevoflurane GA, we first identified each state transition and segmented the data based on the EEG/EMG recordings. The

photometry signal, F, was converted to DF/F = (F - Fbaseline)/Fbaseline, where Fbaseline was the baseline fluorescence signal during

the induction period (�180 to 0 s, pre-anesthesia baseline) or during the emergence period (�180 to 0 s, unconsciousness anesthesia

baseline). Furthermore, we calculated the average Ca2+ signals at baseline and during each state.

Chemogenetic manipulations
All behavioral experiments were undertaken between 09:00–17:00 h, with at least a 3-d washout between experiments.11 Before ex-

periments, mice were placed in a cylindrical LORR chamber with 1.5 L/min flow of 100% oxygen for 90 min for habituation over two

successive days. After habituation, mice were pretreated with normal saline or CNO (C4759, LKT, USA) 3 mg/kg (intraperitoneally,

i.p.) for 1 h before sevoflurane inhalation. To determine the dose–response curve for LORR, sevofluranewas initially delivered at 1.0%

and was increased in increments of 0.1% every 15 min to allow for equilibration of the mouse at each concentration with the anes-

thetic vapor.39 The cylindrical chamber was rotated 180� at the end of each 15-min interval to test for the righting reflex. When a

mouse was unable to turn itself prone onto four paws within 30 s, it was considered to exhibit LORR. Induction and emergence ex-

periments were conducted as follows. Mice were given normal saline (i.p.) or CNO (3 mg/kg, i.p.) at 1 h before 2% sevoflurane induc-

tion. The chamber was rotated every 15 s to check for LORR. The time to induction was defined as the interval between the onset of

sevoflurane to the timewhen themouse failed to right itself for more than 30 s. Normal saline or CNO (3mg/kg, i.p.) was also delivered

at 1 h before emergence testing. Each mouse was anesthetized with 2% sevoflurane for 1 h and was placed in the prone position,

after which the door of the chamber was slightly opened to let room air inside the chamber. Emergence was defined as the time from

the cessation of sevoflurane to RORR with all four paws touching the flour. LORR or RORR was confirmed by a second trial in all

experiments, as described previously.22,39 Mouse temperature was maintained by placing a 37�C heating pad under the chamber

during all experiments.

Optogenetic stimulation during burst suppression
After habituation in the acrylic glass chamber, a 5-min baseline EEG/EMG (in wakefulness) was recorded. Then, 2.5% sevoflurane

was initially delivered with oxygen at 1–2 L/min for induction.21 After induction, 2.0% sevoflurane was continuously delivered. After

entering a constant and stable burst-suppression oscillationmode for at least 5min, light-pulse trains (5-ms pulses at 10–30 Hz for 30

s) were applied during continuous deep sevoflurane through a laser stimulator (SEN-7103, Nihon Kohden, Japan).21,24 Before exper-

iments, the power intensity of the blue light was tested by a powermeter (PM10, Coherent, USA) as previously described.11,22,40 Sev-

oflurane vapor was turned off at 6min after the laser was turned off and themousewas then removed from the chamber. Eachmouse

was tested over 2–3 experimental trials, with a 2-d interval between each trial.19,31

Optogenetic manipulations during CSSGA
We also explored light-pulse trains (5-ms pulses at 10–30 Hz for 60 s) during CSSGAwith lighter sevoflurane, according to a previous

protocol.19 Briefly, after 5 min of an awake EEG/EMG baseline recording, each mouse was placed in the chamber to inhale 2.5%

sevoflurane for 20 min, followed by placing the mouse on its back in the center of the chamber. The sevoflurane concentration

was then lowered to 1.4%. If the mouse showed any signs of RORR, the chamber concentration was increased by 0.1% increments

until the mouse maintained LORR for 20 min consecutively at a constant concentration. Therefore, the sevoflurane concentration,

ranging from 1.4%–1.7%, slightly varied depending on the behavior of each mouse, as previously described.19,41–43 After the 20-

min equilibration period, acute optical stimulation (5-ms pulses at 10–30 Hz for 60 s) was initiated while themouse continued to inhale

the same concentration of sevoflurane during phtostimulation. The sevoflurane vapor was turned off at 6 min after the laser was

turned off and the mouse was then removed from the chamber. Arousal responses of each mouse during the 60 s photostimulation

period were scored according to analysis of video recordings.

EEG/EMG analysis
All EEG/EMG signals during optogenetic experiments were recorded and analyzed by SleepSign software (Kissei Comtec,

Japan).11,22,44 EEG/EMGsignals were amplified and filtered (EEG, 0.5–30Hz; EMG, 20–200Hz), andwere then digitized at a sampling

rate of 128 Hz. EEG power spectra were calculated for consecutive 4 s epochswithin the frequency range of 0–25 Hz using fast-Four-

ier transformation. EEG frequency bands (delta, 0.5–4.0 Hz; theta, 4.0–10 Hz; alpha, 10–15 Hz; beta, 15–25 Hz) were based on pre-

vious studies and relative changes in total power were calculated.20,21 For optogenetic experiments during burst-suppression
Current Biology 31, 1893–1902.e1–e5, May 10, 2021 e3
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oscillations, EEG changes from 28 s epochs within 90 s before, during, and after acute optical stimulation were computed. For

CSSGA experiments, EEG changes from 60 s epochs within 120 s before and during photostimulation were analyzed.

BSR is awidely adoptedmethod for quantifying burst suppression. RawEEGdata recorded by SleepSign softwarewere converted

to text format for further analysis of BSR usingMATLABR2018a software. EEG signals were processed by using the Hilbert transform

to calculate the instantaneous amplitude and a visually-based threshold was set in the transformed signal to segment burst and sup-

pression states for each mouse, as demonstrated previously.45,46 A binary series was applied for BSR calculation, with the

value being 1 if the transformed signal of EEG was outside the defined threshold and being 0 if it was within the threshold. The min-

imumduration of burst and suppression periods was set to 0.5 s.20,45,47 BSRwas calculated as the percentage of suppression at 30 s

before, during, or after photostimulation of NAcD1R neurons.

Arousal scoring during CSSGA
Arousal responses under sevoflurane CSSGA during acute photostimulation of NAcD1R neurons were scored according to video

recordings by accessors who were blinded to the experiments and were determined by an adaptation of the methods of pre-

vious studies.19,41–43 Spontaneous movements of the head, tail, and limbs were scored as one of three levels: absent (0), mild

(1), or moderate (2) in intensity. Righting was scored as 0 if the mouse remained with LORR, and 2 if the mouse recovered its

righting reflex during the 60 s acute photostimulation. Walking after RORR was scored as follows: 0 = no further movements; 1 =

crawled without the abdomen off the chamber bottom; and 2 = walked with the abdomen off the chamber bottom. The total

score for each mouse depended on the sum of all categories and was determined during the 60 s acute photostimulation. Pos-

terior densities for probabilities of righting and walking for the ChR2 group and mCherry group during CSSGA were drawn from

beta distributions. The differences in probabilities of these arousal responses were also derived from beta distributions, as pre-

viously described.19

Immunohistochemistry
Immunofluorescence was performed as described previously.11,40 Briefly, mice were deeply anaesthetized and were then intra-

cardially perfused with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer

(PB). For c-Fos immunostaining, mice were pretreated with either vehicle or CNO (3 mg/kg) for 1 h before anesthesia. For fix-

ation, brains were kept in 4% PFA for 6 h after removal. For cryoprotection, brains were successively placed in 10%, 20%, and

30% sucrose in PBS at 4�C until they sank to the bottom. Brain samples were sectioned into 30-mm-thick coronal slices via a

freezing microtome (CM1950; Leica, Germany) after embedding and freezing. Brain slices were washed three times in PBS and

were then incubated with primary antibody in PBST (containing 0.3% Triton X-100) for 48 h on an agitator at 4�C using anti-c-

Fos (1:8000, ABE457, Millipore, USA) antibody. Next, slices were washed three times in PBS and incubated at room temper-

ature for 2 h with a donkey-anti-rabbit Alexa488 secondary antibody (1:1000, 711-545-152, Jackson ImmunoResearch, USA) in

PBST. Then, brain slices were washed three times in PBS, mounted on glass slides, and coverslipped using DAPI Fluoromount-

G (Cat# 0100-20, Southern Biotech, USA). Finally, fluorescent images were captured by an Olympus microscope or Leica

confocal system. Only data from mice in which the AAV infection and the location of the optical fiber were confirmed were

included. In this study, 42 mice with poor AAV expression, misplaced optical fibers, and/or loose electrodes were excluded

from further analysis.

In vitro electrophysiology
Electrophysiological experiments were performed as previously described.10,11 Briefly, after AAV-DIO-hM3Dq/hM4Di/ChR2-

mCherry injection for 3–4 weeks, D1R-Cre mice were anesthetized with pentobarbital sodium (50 mg/kg, i.p.) and then trans-

cardially perfused with ice-cold high sucrose solution containing (in mM): 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 Dextrose, 2

Na-pyruvate, 0.4 ascorbic acid, 3 MgSO4 and 0.1 CaCl2, 213 sucrose and bubbled with 95% O2 and 5% CO2. Coronal slices

(300 mm) containing the NAc were prepared using a vibratome (Leica VT1200S). Slices were incubated at 32�C for 30 min in a

continuously aerated holding chamber containing artificial cerebrospinal fluid (aCSF) (in mM): 126 NaCl, 26 NaHCO3, 25

glucose, 2.5 KCl, 2 CaCl2, 1.25 NaH2PO4 and 1.0 MgSO4. Neurons were visualized using a BX51WI microscope (Olympus)

with an infrared-sensitive CCD camera (OptiMOS), mCherry-expressing NAcD1R neurons were visualized with a green LED. Re-

cordings were made in the NAc using a MultiClamp 700B amplifier (Molecular Devices). Signals were acquired using a DigiData

1440A A/D converter (Molecular Devices) filtered at 2 kHz and digitized at 10 kHz. The pipettes (6-8 MU) for recording NAcD1R

neurons contained (in mM): 130 potassium gluconate, 10 KCl, 10 phosphocreatine, 4 ATP-Mg, 0.5 EGTA, 0.5 GTP-Na, and 10

HEPES (pH 7.3, 285–300 mOsm). Series resistance was monitored throughout the experiment, and changes more than 20%

were discarded. Optogenetic stimulation was applied with wide-field blue illumination (5 ms) using a blue LED (470 nm,1–

100 Hz). The power of the LED light was 3–5 mW (Thorlabs). Data were acquired and analyzed using pClamp 10.3 software

(Molecular Devices).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are expressed as the mean ± SEM. Sample sizes were chosen based on similar experiments using chemogenetic and opto-

genetic methods.20–22,48 All data underwent Shapiro-Wilk normality tests before analysis. Parametric tests and non-parametric tests
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were used based on the results of the normality tests. Paired or unpaired two-tailed Student’s t tests were chosen for comparisons

between two groups. If the data were not normally distributed, Wilcoxon signed-rank tests or Mann-Whitney rank-sum tests were

used for further analysis. One-way or two-way repeated-measures ANOVAs followed by Tukey or Sidak’s post hoc comparison tests

were used for multiple comparisons. Graph Pad Prism 8.0 (GraphPad Software, USA) and SPSS 19.0 software (IBM, USA) were used

for statistical analyses. Statistical details of all experiments can be found in the figure legends. In all cases, p < 0.05 was considered

statistically significant.
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