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Introduction
Consciousness is an essential human attribute (1), but the neural 
mechanism controlling consciousness remains unknown (2, 3). 
Consciousness consists of two major components: arousal (i.e., 
the level of consciousness) and awareness of the environment and 
self (i.e., the content of consciousness). Arousal after cessation of 
general anesthesia provides an experimental model to investigate 
the neural mechanism that controls consciousness (3–6), as year-
ly more than 312 million patients are placed under general anes-
thesia worldwide (7). Although the exact mechanism underlying 
arousal from anesthesia is unknown, ample evidence suggests a 
remarkable similarity between anesthesia-induced unconscious-
ness and deep sleep (1, 3, 4, 6, 8). The hypothalamus is a key brain 
region for regulation of sleep and wakefulness (9–13). Specifically, 
the dorsomedial nucleus of the hypothalamus (DMH) conveys and 
reorganizes circadian rhythms of sleep and wakefulness from the 
suprachiasmatic nucleus to both the wake-promoting perifornical 

area (Pef) and the sleep-promoting ventrolateral preoptic nucleus 
(VLPO) (9–13). The DMH receives both GABAergic innervation 
from the suprachiasmatic nucleus (SCN) (9–13) and glutamatergic 
innervation from the prelimbic and infralimbic areas of the pre-
frontal cortex (PFC) (14) and then sends GABAergic axons inner-
vating VLPO GABA-containing neurons and glutamatergic axons 
innervating Pef orexin-containing neurons (Supplemental Figure 
1; supplemental material available online with this article; https://
doi.org/10.1172/JCI91038DS1) (9–13). However, it is unknown 
whether and how glutamatergic PFC-DMH, GABAergic SCN-
DMH, glutamatergic DMH-Pef, and GABAergic DMH-VLPO pro-
jections modulate arousal after general anesthesia.

Two well-characterized endogenous cannabinoids (endocan-
nabinoids [eCBs]) are 2-arachidonoylglycerol and anandamide (or 
N-arachidonoylethanolamine), which are mainly hydrolyzed by 
monoacylglycerol lipase (MAGL) and fatty acid amide hydrolase 
(FAAH), respectively (15). It is well established that eCB activation 
of presynaptic cannabinoid CB1 receptor (CB1R), the most abun-
dant G protein–coupled receptor in the brain (16), inhibits release 
of glutamate and GABA from glutamatergic and GABA ergic axon 
terminals, respectively (17, 18). However, it is not known wheth-
er and how eCB signaling at synapses of PFC-DMH, SCN-DMH, 
DMH-Pef, and DMH-VLPO projections participates in the pro-
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To examine whether increased eCB signaling modulates 
arousal after anesthesia, we injected JZL195 (20 mg/kg, i.p.), an 
inhibitor of both MAGL and FAAH (15). JZL195 significantly pro-
longed recovery time after isoflurane anesthesia (Figure 1A). We 
reasoned that if this longer recovery time resulted from increased 
eCB signaling, blocking eCB signaling should shorten recov-
ery time. Indeed, an i.p. injection of the CB1R antagonist AM281 
shortened recovery time after isoflurane anesthesia in a dose- 
dependent manner, with the maximal effect produced by 3 mg/
kg (Figure 1B). AM281 is a CB1R antagonist/inverse agonist; how-
ever, the CB1R neutral antagonist NESS0327 (21) also significantly 
shortened recovery time after isoflurane anesthesia (Figure 1C). 
Similar to the case with isoflurane, AM281 (3 mg/kg, i.p.) signifi-
cantly shortened recovery time in rats anesthetized with sevoflu-
rane (Figure 1D). Based on these results, isoflurane anesthesia and 
an i.p. injection of AM281 (3 mg/kg) were used in all subsequent 
experiments unless otherwise stated.

Next, we investigated the hypothesis that systemic AM281 
accelerates arousal by a direct blockade of CB1R in the wake-pro-
moting Pef, the sleep-promoting VLPO, or both. This hypothesis is 
unlikely to be supported, as no significant effects on recovery time 
were detected after bilateral microinjection of AM281 (0.1 μg/0.3 
μl/side) into either the Pef (Figure 1E and Supplemental Figure 4) 
or the VLPO (Figure 1F and Supplemental Figure 4). Because the 
DMH plays an essential role in the integration of sleep and wake-
fulness (9–12), we then probed whether intra-DMH application of 
AM281 could mimic the effects of systemically injected AM281. 
Indeed, bilateral intra-DMH application of AM281 (0.1 μg/0.3 μl/
side) (Supplemental Figure 4) significantly shortened recovery 
time (Figure 1G).

Anesthetics enhance eCB signaling at DMH glutamatergic but 
not GABAergic synapses. To reveal how anesthetics modulate eCB 
signaling in the DMH, we performed whole-cell patch clamp on 
hypothalamic slices. We identified two types of DMH neurons 
with distinct electrical fingerprints, i.e., neurons with or without 

cess of arousal after general anesthesia. Loss of wakefulness and 
arousal from anesthesia in rodents can be quantified as the time 
to loss or resumption of righting responses (LORR or RORR), 
respectively, following application or cessation of general anesthe-
sia. A recent study showed that CB1R blockade suppressed LORR 
following administration of the anesthetic propofol (19), indicat-
ing that anesthetic-increased eCB signaling enhances anesthetic 
induction of unconsciousness. We therefore hypothesized that 
decreased eCB signaling at PFC-DMH, SCN-DMH, DMH-Pef, 
and/or DMH-VLPO projections may participate in arousal after 
general anesthesia.

In the present study, we critically examine this hypothesis by 
employing behavioral, electrophysiological, electron microscopic, 
molecular biological, conditional mutagenetic, and chemogenet-
ic strategies. General anesthesia was induced by administration 
of isoflurane or sevoflurane, two volatile anesthetics commonly 
used in clinical practice. Our findings suggest that eCB signaling 
at axon terminals of glutamatergic PFC-DMH projection, but not 
GABAergic SCN-DMH projection, and subsequent involvement of 
both glutamatergic DMH-Pef and GABAergic DMH-VLPO projec-
tions participate in arousal after general anesthesia.

Results
eCB modulation of arousal from anesthesia through the DMH. Anes-
thesia was delivered to mice in a standard anesthetic chamber (Sup-
plemental Figure 2) (20). We quantified RORR time (i.e., emergence 
or recovery time) following a 30-minute exposure to isoflurane or 
sevoflurane anesthesia, with pharmacological interventions per-
formed 15 minutes before the end of anesthesia. We first quantified 
recovery time in association with a continuous EEG recording fol-
lowing isoflurane anesthesia. When rats showed RORR, their EEG 
spectrum displayed a sudden change from a generally high-power 
to low-power state (Supplemental Figure 3), clearly suggesting the 
reliability of measuring RORR time for the quantification of brain 
arousal after cessation of general anesthesia.

Figure 1. eCB modulation of arousal from anes-
thesia. (A and B) Relative to sham anesthesia 
(Sham), JZL195 (A: 20 mg/kg, i.p.) and AM281 (B: 
0.3, 1.5, 3.0 mg/kg, i.p.) — but not vehicle (Veh) 
— respectively prolong and shorten recovery time 
after isoflurane anesthesia. (C) Relative to Veh, 
NESS0327 (NESS, 0.3 mg/kg, i.p.) significantly 
shortens recovery time after isoflurane anesthe-
sia. (D) Relative to sham treatment, AM281 (3 
mg/kg, i.p.) but not Veh significantly shortens 
recovery time after sevoflurane anesthesia. (E and 
F) Neither intra-Pef (E) nor intra-VLPO microinjec-
tion (F) of AM281 (0.1 μg/0.3 μl/side) significantly 
affects recovery time (E: P = 0.0723; F: P = 0.231) 
after isoflurane anesthesia. (G) Bilateral intra-
DMH microinjection of AM281 (0.1 μg/0.3 μl/side) 
significantly shortens recovery time after isoflu-
rane anesthesia. All summary graphs show mean 
± SEM; n, number of rats in each group. *P < 0.05 
and **P < 0.01 vs. sham or Veh, Tukey’s post-hoc 
test after 1-way ANOVA (A: F2,12 = 11.63, P < 0.05; 
B: F4,20 = 46.17, P < 0.01; D: F2,13 = 12.13, P < 0.01) or 
Student’s t test (C and E–G).
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tamatergic DMH neurons. In contrast, isoflurane significantly 
increased DSE in both LTS+ and LTS– neurons (Figure 3, C–E), 
suggesting that isoflurane significantly increased eCB signaling 
at glutamatergic synapses in both GABAergic and glutamater-
gic DMH neurons. eCB activation of glutamatergic presynaptic 
CB1R inhibits presynaptic release of glutamate, inducing deacti-
vation (i.e., inhibition) of postsynaptic neurons (17, 18). We there-
fore hypothesized that general anesthesia would suppress both 
LTS+ and LTS– neurons in the DMH in a CB1R-dependent man-
ner. Indeed, bath application of either isoflurane or sevoflurane 
onto hypothalamic slices significantly reduced the firing rate of 
both LTS+ and LTS– neurons, which returned to pretreatment lev-
els after washout of isoflurane (Figure 3F) or sevoflurane (Sup-
plemental Figure 7A). In the presence of AM281, however, iso-
flurane did not significantly affect the firing rate of either LTS+ or 
LTS– neurons (Supplemental Figure 7B).

Blocking CB1R at DMH glutamatergic synapses accelerates 
arousal through VLPO and Pef. Based on our electrophysiological 
findings, we reasoned that if systemic AM281 shortened recov-
ery time via increased release of presynaptic glutamate but not 
GABA in the DMH, then intra-DMH application of the glutamate 
N-methyl-d-aspartate receptor (NMDAR) antagonist MK801, 
but not the GABA receptor (GABAR) antagonist bicuculline, 
would block the effects of systemic AM281. As expected, bilater-
al intra-DMH administration of MK801 (0.005 μg/0.3 μl/side), 
but not bicuculline (0.2 μg/0.3 μl/side) (Supplemental Figure 
4), abolished the shortened recovery time induced by systemic 
AM281 (Figure 4, A and B).

low-threshold spikes (LTS), referred as LTS+ or LTS– neurons, 
respectively (22) (Figure 2A). Glutamic acid decarboxylase 67 
(GAD67) is a GABA biosynthesis enzyme, so we employed trans-
genic mice expressing EGFP selectively in GAD67-synthesizing 
neurons (i.e., GAD67-GFP mice) (23) to identify GABAergic 
neurons under fluorescence microscopy. To identify DMH glu-
tamatergic neurons under fluorescence microscopy, we inject-
ed a double-floxed (DIO) Cre recombinase–dependent adeno- 
associated virus (AAV) vector fused with mCherry to form 
AAV-mCherry into the DMH of mice with knockin of improved 
CreERT2 (iCreERT2) into the Vglut2 locus (hereafter referred 
to as vGLUT2-iCreERT2 mice; Supplemental Figures 5 and 6). 
Fluorescent DMH cells in GAD67-GFP and vGLUT2-iCreERT2 
mutant mice were LTS+ and LTS– neurons, respectively (Figure 
2B), thus representing DMH GABAergic and glutamatergic neu-
rons, respectively.

The DMH contains a moderate density of CB1R-immuno-
reactive axons/terminals (24). Notably, our electron microscopic 
study showed that approximately 32% of DMH inhibitory synaps-
es and 8% of DMH excitatory synapses were CB1R-immunopos-
itive (Figure 2, C–F). We then recorded depolarization-induced 
suppression of inhibition (DSI) or excitation (DSE) at DMH GAB-
Aergic or glutamatergic synapses, respectively, because both DSI 
and DSE are specifically associated with eCB signaling (17, 25, 
26). Bath application of isoflurane did not significantly affect DSI 
in either LTS+ or LTS– neurons in the DMH (Figure 3, A, B, and 
E), suggesting that isoflurane does not significantly affect eCB 
signaling at GABAergic synapses onto either GABAergic or glu-

Figure 2. Electrophysiological and ultra structural 
characteristics of DMH GABAergic and gluta-
matergic neurons. (A) Sample current clamp 
traces (>20 repetitions) show two distinct types 
of DMH neurons with or without low-threshold 
spikes, i.e., LTS+ or LTS–, respectively, elicited 
when the membrane is depolarized from negative 
potentials. (B) Sample current clamp traces (>20 
repetitions) of LTS+ or LTS– (top) were recorded 
from fluorescent DMH neurons (bottom photos) 
of GABAergic (GABA) and glutamatergic neurons 
(Glutamate) from GAD67-GFP and vGLUT2-
iCreERT2 mutant mice, respectively. (C–F) 
Electron microscopic images (3 mice) show CB1R- 
immunoreactive peroxidase reaction product in 
DMH GABAergic axonal terminals (iT in C and D) 
or glutamatergic axonal terminals (eT in E and F). 
Black arrowheads identify symmetric and asym-
metric synaptic contacts of presumed GABAergic 
and glutamatergic nature, respectively, with the 
neuronal soma profile (Soma) or dendritic profile 
(D). Scale bars: 0.25 μm.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

2 2 9 8 jci.org   Volume 127   Number 6   June 2017

this hypothesis, bilateral intra-VLPO injection of bicuculline (0.2 
μg/0.3 μl/side) (Supplemental Figure 4) or bilateral intra-Pef injec-
tion of MK801 (0.005 μg/0.3 μl/side) (Supplemental Figure 4), 
doses that did not significantly affect recovery time on their own, 
prevented systemic AM281 from shortening recovery time (Figure 
4, C and D). Interestingly, systemic injection of either bicuculline 
(0.5 mg/kg, i.p.) or MK801 (0.02 mg/kg, i.p.), at doses that did not 
significantly affect recovery time on their own, also prevented sys-

The DMH sends GABAergic and glutamatergic axons inner-
vating the VLPO and Pef, respectively (9–13). If systemic AM281 
selectively increases release of presynaptic glutamate but not 
GABA in the DMH, both GABAergic DMH-VLPO and glutama-
tergic DMH-Pef projections should be activated. We therefore 
hypothesized that blocking either VLPO GABAergic or Pef glu-
tamatergic synaptic neurotransmission would abolish the short-
ened recovery time induced by systemic AM281. In support of 

Figure 3. Isoflurane-mediated 
increase of eCB signaling in 
DMH glutamatergic but not 
GABAergic synapses. (A–E) 
Plots of normalized IPSC (A and 
B) or EPSC amplitude (C and D) 
and summary histograms (E) 
show that the DSI magnitude 
of DMH LTS+ and LTS– neurons 
does not significantly change 
following bath application of 
isoflurane (Iso) as compared 
with baseline (Con) (E: A, P = 
0.1333; B, P = 0.8729), which, 
however, significantly increases 
DSE magnitude of both LTS+ and 
LTS– neurons. Representative 
IPSC and EPSC traces are shown 
above each plot. The summa-
rized data in E represent the 
first time point after depolariza-
tion of the cell, which is marked 
with “2” in A–D. (F) The repre-
sentative traces (left) and sum-
mary histograms (right) show 
that relative to baseline (Con), 
bath application of isoflurane 
induces rapid hyperpolarization 
of the membrane potential 
and significantly decreases 
of the firing rate of both LTS+ 
and LTS– neurons in the DMH, 
which return to the baseline 
levels after washout (Wash). All 
summary graphs show mean ± 
SEM; n, number of rats recorded 
in each group. *P < 0.05 and 
**P < 0.01 vs. Con, Student’s t 
test (E) or Tukey’s post-hoc test 
after 1-way ANOVA (F: LTS+, F2,12 
= 5.669, P < 0.05; LTS–, F2,3212 = 
8.517, P < 0.01).
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from glutamatergic axon terminals of the PFC-DMH projection 
in vGLUT1-CB1R–KO mice. Relative to vGLUT1-CB1R-WT mice, 
vGLUT1-CB1R-KO littermates recovered significantly faster after 
anesthesia (Figure 5D).

These results are not conclusive, however, because of vGLUT1’s 
widespread expression in glutamatergic neurons throughout the 
cerebral cortex, including the PFC. To overcome this potential 
limitation, we further examined the effects of selective deletion of 
CB1R from glutamatergic PFC neurons on arousal from anesthesia. 
AAV-CaMKII-iCre-GFP was injected bilaterally into prelimbic and 
infralimbic PFC in CB1R-floxed mice and their WT littermates (Sup-
plemental Figure 10), i.e., PFC- CB1R-flox and PFC-CB1R-WT litter-
mates. Electron microscopy study confirmed the absence of CB1R 
immunoreactivity in many vGLUT1-immunopositive glutamatergic 
terminals in the DMH (Figure 5, E–G), suggesting an effective dele-
tion of CB1R in axon terminals of the glutamatergic PFC-DMH pro-
jection. Relative to PFC-CB1R-WT mice, PFC-CB1R-flox littermates 
recovered significantly faster after anesthesia (Figure 5H).

Our initial findings that intra-Pef application of the CB1R 
antagonist AM281 did not significantly affect arousal from anes-
thesia suggest that CB1R in the glutamatergic DMH-Pef projection 

temic AM281 from shortening recovery time (Figure 4, E and F), 
indicating important contributions of either enhanced GABAergic 
DMH-VLPO projection or enhanced glutamatergic DMH-Pef pro-
jection to eCB modulation of arousal from anesthesia.

CB1R deletion from PFC glutamatergic neurons accelerates arousal.  
Our electrophysiological and behavioral results together suggest 
that activation of CB1R at DMH glutamatergic input participates 
in arousal from anesthesia. Because DMH neurons receive strong 
innervation directly from glutamatergic neurons in the prelimbic 
and infralimbic areas of the PFC (14), we examined the contri-
butions of CB1R at glutamatergic PFC-DMH projection to arous-
al by taking advantage of conditional mutagenesis to selectively 
delete CB1R from glutamatergic neurons. Glutamatergic neurons 
in the cerebral cortex, including the PFC, contain the glutamate 
transporter vGLUT1 (27). CB1R-floxed mice (CB1Rfl/fl) (28) were 
crossed with vGLUT1-iCreERT2 mutant mice with knockin of 
iCreERT2 into the Vglut1 locus (Supplemental Figures 8 and 9) to 
generate a vGLUT1-CB1R-KO mouse line. Electron microscopy 
studies confirmed the absence of CB1R immunoreactivity selec-
tively in vGLUT1-immunopositive glutamatergic terminals in the 
DMH (Figure 5, A–C), suggesting an inducible deletion of CB1R 

Figure 4. Blockade of CB1R at DMH glutamatergic 
synapses accelerates arousal through VLPO and Pef. 
Both high and low doses of the GABAR antagonist 
bicuculline and the NMDAR antagonist MK801 were used 
in order to reveal their dose-response effects on arousal 
after anesthesia. (A–D) Relative to vehicle (Veh), AM281 
(AM, 3.0 mg/kg, i.p.) significantly shortens recovery 
time, which is not significantly affected by bilateral 
intra-DMH microinjection of bicuculline (A: 0.2 μg/side/
injection). Bilateral intra-DMH microinjection of MK801 
(B: 0.005 μg/side/injection), intra-VLPO microinjection 
of bicuculline (C: 0.2 μg/side/injection), and intra-Pef 
microinjection of MK801 (D: 0.005 μg/side/injection) — 
which do not significantly affect recovery time on their 
own — prevents AM281 (3 mg/kg, i.p.) from shortening 
recovery time. (E and F) Relative to Veh, AM significantly 
shortens recovery time, which is blocked by an i.p injec-
tion of 0.5 mg/kg bicuculline (E) or 0.02 mg/kg MK801 
(F) that does not significantly affect recovery time on its 
own. All summary graphs show mean ± SEM; n, number 
of rats in each group. *P < 0.05 and **P < 0.01 vs. Veh, 
Tukey’s post-hoc test after 1-way ANOVA (A: F4,23 = 22.6, 
P < 0.01; B: F4,32 = 29.101, P < 0.01; C: F4,24 = 32.101, P < 
0.01; D: F4,25 = 15.025, P < 0.01; E: F4,26 = 34.053, P < 0.01; 
F: F4,27 = 19.273, P < 0.01).
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is not required for arousal after anesthesia. To confirm these find-
ings, we further studied the effects of selective deletion of CB1R 
from vGLUT2-containing glutamatergic neurons in the hypothal-
amus (27). The CB1R-floxed mice (28) were crossed with vGLUT2-
iCreERT2 mice as described above to generate the vGLUT2-

CB1R–KO mouse line. Electron microscopy study confirmed the 
absence of CB1R immunoreactivity in vGLUT2-immunopositive 
glutamatergic terminals in the Pef (Figure 5, I–K). vGLUT2-CB1R-
KO and vGLUT2-CB1R-WT littermates showed similar recovery 
time after anesthesia (Figure 5L).

Figure 5. CB1R deletion from PFC glutamatergic neurons accelerates arousal. (A–C, E–G, I–K, M, and N) In these electron microscopic images (3–4 mice 
in each genotype), the presumed glutamatergic and GABAergic nature of an axon terminal (T) is established by the presence of asymmetric (A–C, E–G, 
and I–K) or symmetric (M and N) synaptic contact (black arrowheads) with a dendritic (D) profile. CB1R-immunoreactive (CB1R-ir) silver grains are in both 
vGLUT1-ir glutamatergic terminals in the DMH of vGLUT1-CB1R-WT (A) or PFC-CB1R-WT mice (E) or the Pef of vGLUT2-CB1R-WT mice (I); and in vGLUT1- 
immunonegative (vGLUT1-in) (C and G) or vGLUT2-in (K) glutamatergic terminals in the DMH of vGLUT1-CB1R-KO (C) or PFC-CB1R-KO mice (G) or the Pef of 
vGLUT2-CB1R-KO mice (K); but not in vGLUT1-ir (B and F) or vGLUT2-ir (J) glutamatergic terminals in the DMH of vGLUT1-CB1R-KO (B) or PFC-CB1R-KO mice 
(F) or the Pef of vGLUT2-CB1R-KO mice (J). Similarly, CB1R-ir silver grains are in GABAergic terminals in the DMH of GAD65-CB1R-WT mice (M) but not in 
GAD65-CB1R-KO mice (N). Scale bars: 0.25 μm. (D, H, L, and O) A significant decrease in recovery time is detected in vGLUT1-CB1R-KO (D) and PFC-CB1R-KO 
mice (H), but not vGLUT2-CB1R-KO (L: P = 0.151) and GAD65-CB1R-KO mice (N: P = 0.8659), relative to corresponding WT littermates. All summary graphs 
show mean ± SEM; n, number of mice in each group. **P < 0.01 vs. WT, Student’s t test.
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Our electrophysiological and behavioral results suggest that 
systemic AM281-accelerated arousal does not require eCB signal-
ing in either DMH GABAergic synapses or GABAergic DMH-VLPO  
projection. To confirm this observation, we examined the effects 
of a selective deletion of CB1R from GABAergic neurons in the 

brain. GAD65 is a GABA biosynthetic enzyme in GABAergic neu-
rons. CB1R-floxed mice (28) were crossed with GAD65-iCreERT2 
mutant mice with knockin of iCreERT2 into the GAD65 locus 
(Supplemental Figure 11) to generate a GAD65-CB1R-KO mouse 
line. Electron microscopy study confirmed the absence of CB1R 

Figure 6. PFC-DMH-Pef/VLPO inactivation counteracts AM281’s effects on arousal. (A) The AAV-DREADD-mCherry employs the FLEX Switch strategy 
utilizing 2 pairs of heterotypic, antiparallel loxP-type recombination sites to achieve Cre-mediated transgene inversion and expression. ITR, inverted 
terminal repeat; phSyn1, promoter of human synapsin I; WPRE, woodchuck hepatitis posttranscriptional regulatory element; Poly (A), polyadenylic acid 
tail. (B) Illustration of intra-VLPO and intra-DMH injection of PRV-Cre and DREADD, respectively, and CNO activation of DREADD. (C) Coronal brain section 
shows red mCherry fluorescence in bilateral DMH after intra-DMH and intra-VLPO injection of DREADD and PRV-Cre, respectively. Scale bar: 500 μm. (D) 
Representative trace (left) and summary histogram (right) show that bath application of CNO induces rapid hyperpolarization of the membrane potential 
and decreases the firing rate in red fluorescence–labeled DMH neurons after intra-VLPO and intra-DMH injection of PRV-Cre and AAV-hM4Di-mCherry, 
respectively. (E–G) Rats received an i.p. injection of vehicle (Veh) or CNO with or without AM281 injection (3 mg/kg, i.p.) at 1–2 weeks after receiving both 
intra-DMH (E and F) or intra-PFC (G) injection of AAV-mCherry (Control) or AAV-hM4Di-mCherry (hM4Di) and intra-VLPO (E), intra-Pef (F), or intra-DMH 
(G) injection of PRV-Cre. The control rats receiving both CNO and AM281 show a significant decrease in recovery time (P < 0.05) relative to each of other 5 
groups (E–G). All summary graphs show mean ± SEM; n, number of rats in each group. *P < 0.05 vs. baseline (Base) or Veh group, Student’s t test (D) or 
Tukey’s post-hoc test after 1-way ANOVA (E: F5,32 = 4.929, P < 0.01; F: F5,28 = 5.767, P < 0.01; G: F5,25 = 7.485, P < 0.01).
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designer drugs (DREADD) technology and the pseudorabies virus 
(PRV) vector expressing Cre recombinase (PRV-Cre). To generate 
a DREADD, we mutated muscarinic receptors to be activated by 
clozapine N-oxide (CNO) but not by their natural ligands (29–31). 
DREADD was then delivered by an AAV expressing a doubly 
floxed inverted open reading frame, which was fused with mCher-
ry to form AAV-DREADD-mCherry. Thus, DREADD expression 
could be monitored, and stable transgene inversion was achieved 
with the FLEX Switch (Figure 6A) (32). After intra-VLPO injec-
tion, PRV-Cre entered axonal terminals and then underwent 
retrograde transport (33, 34) to DMH neurons (Figure 6B). As a 
thymidine kinase gene–null viral vector, the PRV-Cre used here 

immunoreactivity in GABAergic axon terminals in the DMH of 
GAD65-CB1R-KO mice (Figure 5, M and N). GAD65-CB1R-KO 
and GAD65-CB1R-WT littermates showed similar recovery times 
after anesthesia (Figure 5O), thus supporting our electrophysio-
logical and behavioral data obtained in WT rats.

PFC-DMH-Pef/VLPO inactivation counteracts AM281’s effects 
on arousal. Our behavioral and electrophysiological studies sug-
gest that AM281-mediated activation of PFC-DMH, DMH-Pef, 
and DMH-VLPO projections accelerates arousal from anesthesia. 
Thus, selective inactivation of these projections could counter-
act AM281’s effects. To examine this hypothesis, we employed 
a combination of designer receptors exclusively activated by 

Figure 7. PFC-DMH-Pef/VLPO activation enhances arousal. (A) A sample trace and summary histogram show that CNO induces rapid depolarization 
of membrane potential and increases firing rate of DMH neurons with red mCherry fluorescence after intra-VLPO and intra-DMH injection of PRV-Cre 
and AAV-hM3Dq-mCherry (hM3Dq), respectively. (B–E, I, and J) Rats (B–E), vGLUT2-iCreERT2 mice (I), or vGLUT1-iCreERT2 mice (J) received an i.p. 
(B–E), intra-Pef (I), or intra-DMH injection (J) of vehicle or CNO 1–2 weeks after receiving intra-DMH (B and C) or intra-PFC (D, E, I, and J) injection of 
AAV-mCherry (Control) or AAV-hM3Dq-mCherry (hM3Dq) with or without intra-VLPO (B), intra-Pef (C), or intra-DMH (D and E) injection of PRV-Cre. 
The hM3Dq animals receiving CNO show a significant decrease in recovery time (P < 0.05 or P < 0.01) relative to each of the other 3 groups (B–D, I, and 
J), but the hM3Dq animals injected with AM281 (AM; 3 mg/kg, i.p.) or its vehicle do not show a significant difference (P = 0.3601) in recovery time (E). 
(F–H) After intra-DMH injection of hM3Dq into vGLUT2-iCreERT2 mice, the DMH neurons containing both vGLUT2-driven iCre and mCherry are visible as 
fluorescent-labeling cells. (F: scale bar: 100 μm). Sample traces (G) and summary histograms (H) show that with patch clamp recording of Pef neurons 
and stimulation of DMH input axons, isoflurane reduces and increases the first EPSC amplitude and PPR, respectively, which are reversed by CNO. All 
summary graphs show mean ± SEM; n, number of animals in each group. *P < 0.05 and **P < 0.01 vs. baseline or Veh, Student’s t test (A and E) or 
Tukey’s post-hoc test after 1-way ANOVA (B: F3,20 = 5.8893, P < 0.01; C: F3,16 = 6.328, P < 0.01; D: F3,22 = 12.65, P < 0.01; H: left, F2,15 = 9.045, P < 0.01; right, 
F2,15 = 7.492, P < 0.01; I: F3,16 = 8.044, P < 0.01; J: F3,32 = 11.77, P < 0.01).
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axon terminals of the glutamatergic DMH-Pef projections. When 
AAV-hM4Di was injected into a brain region, it entered neuro-
nal cell bodies and then was anterogradely transported to their 
axon terminals where CNO was administered to activate hM4Di, 
hence inhibiting presynaptic release of neurotransmitters (35, 36). 
After intra-DMH injection of AAV-hM3Dq-mCherry in vGLUT2-
iCreERT2 mice, mCherry was detected in DMH cells (Figure 7F), 
suggesting iCre-mediated inversion and expression of the hM3Dq 
in glutamatergic neurons. Ten days later, the mice were killed for 
patch clamp recordings of glutamatergic DMH-Pef projection. 
Bath application of isoflurane onto hypothalamic slices signifi-
cantly reduced the amplitude of the first excitatory postsynaptic 
currents (EPSCs) and significantly increased the paired pulse ratio 
(PPR), changes that were reversed by CNO (Figure 7, G and H). In 
another group of vGLUT2-iCreERT2 mice receiving intra-DMH 
injection of AAV-hM3Dq-mCherry, bilateral intra-Pef injection of 
CNO significantly shortened recovery time (Figure 7I and Supple-
mental Figure 15). Collectively, the morphological, electrophysi-
ological, and behavioral data shown in Figure 7, F–I, suggest that 
after intra-DMH injection in vGLUT2-iCreERT2 mice, hM3Dq 
was expressed in DMH glutamatergic neurons and then antero-
gradely transported to their axon terminals in the Pef, where CNO 
activation of presynaptic hM3Dq increased release of glutamate at 
glutamatergic DMH-Pef synapses. As expected, we also observed 
that bilateral intra-DMH injection of CNO significantly short-
ened recovery time in vGLUT1-iCreERT2 mice receiving bilateral 
intra-PFC injection of AAV-hM3Dq-mCherry 2 weeks before CNO 
injection (Figure 7J and Supplemental Figure 16).

Discussion
It is unknown whether eCB signaling participates in arousal from 
general anesthesia. We observed here that increased eCB sig-
naling by the eCB degradation inhibitor JZL195 delayed arousal 
after general anesthesia, whereas the CB1R antagonists AM281 
and NESS0327 accelerated arousal. Application of AM281 into 
the DMH mimicked the effects of systemic injection, suggesting 
that decreased eCB signaling in the DMH participates in arousal 
from anesthesia. GABAergic SCN-DMH projection is required for 
circadian rhythms of sleep and wakefulness (9, 11–14). Feeding 
behavior requires integration through eCB activation of CB1R at 
GABAergic synapses onto both LTS+ and LTS– DMH neurons (22). 
Our electrophysiological study with GAD67-GFP and vGLUT2-
iCreERT2 mutant mice revealed LTS+ and LTS– neurons as GAB-
Aergic and glutamatergic neurons, respectively. Our electron 
microscopic study further suggests the existence of CB1R in both 
inhibitory and excitatory synapses in the DMH. Thus, DMH CB1Rs 
in both GABAergic and glutamatergic axon terminals synapsing 
with both GABAergic and glutamatergic DMH neurons are all like-
ly targets of eCB. This idea is supported by induction of DSI from 
GABAergic and DSE from glutamatergic DMH neurons, as both 
DSI and DSE are mediated by eCB signaling (17, 25, 26).

Surprisingly, isoflurane did not significantly affect DSI record-
ed from either GABAergic or glutamatergic DMH neurons, sug-
gesting that general anesthetics do not significantly affect eCB 
signaling at GABAergic inputs onto DMH neurons, including the 
GABAergic SCN-DMH projection. Therefore, arousal from anes-
thesia is unlikely to require decreased eCB signaling at GABA-

is unable to replicate in neurons or to be transmitted trans-syn-
aptically and does not produce detectable deleterious effects on 
infected neurons or animals (33). When AAV-DREADD-mCherry 
was injected into the DMH, mCherry was detected in those DMH 
neurons projecting to the VLPO that had received PRV-Cre injec-
tion (Figure 6, B and C).

To inactivate DMH-VLPO projection, we employed Gi/o-cou-
pled hM4Di receptors, whose activation by CNO stimulates G 
protein–coupled inwardly rectifying potassium channels, result-
ing in membrane hyperpolarization and subsequent neuronal 
silencing (29–31). Rats received intra-VLPO injection of PRV-Cre 
and intra-DMH injection of AAV-hM4Di-mCherry (Supplemental 
Figure 12). Patch clamp recording revealed that bath application of 
CNO to hypothalamic slices significantly decreased the firing rate 
of mCherry-labeled DMH neurons (Figure 6D), suggesting that 
CNO activation of AAV-hM4Di-mCherry inactivates the DMH 
neurons innervating the VLPO. As expected, an i.p. injection of 
CNO in these rats prevented systemic AM281 from shortening 
recovery time (Figure 6E). Similar results were observed in rats 
receiving intra-Pef injection of PRV-Cre and intra-DMH injection 
of AAV-hM4Di-mCherry (Figure 6F and Supplemental Figure 13) 
or intra-DMH injection of PRV-Cre and intra-PFC (i.e., prelim-
bic and infralimbic areas of the PFC) injection of AAV- hM4Di-
mCherry (Figure 6G and Supplemental Figure 14).

PFC-DMH-Pef/VLPO activation enhances arousal. We next 
examined whether selective activation of DMH-VLPO, DMH-
Pef, or PFC-DMH projection could mimic the effects of AM281 
on arousal from anesthesia. To activate DMH-VLPO projection, 
we employed Gq-coupled hM3Dq receptors, as their activation by 
CNO induces membrane depolarization and subsequent neuronal 
activation (29–31). Rats received intra-VLPO injection of PRV-Cre 
and intra-DMH injection of AAV-hM3Dq-mCherry (Supplemental 
Figure 12). Patch clamp recording revealed that bath application of 
CNO to hypothalamic slices significantly increased the firing rate 
of mCherry-labeled DMH neurons (Figure 7A), suggesting CNO 
activates DMH-VLPO projection. As expected, an i.p. injection of 
CNO significantly shortened recovery time (Figure 7B). Similar 
results were found in rats receiving either intra-Pef injection of 
PRV-Cre and intra-DMH injection of AAV-hM3Dq-mCherry (Fig-
ure 7C and Supplemental Figure 13) or intra-DMH injection of PRV-
Cre and intra-PFC injection of AAV-hM3Dq-mCherry (Figure 7D 
and Supplemental Figure 14). However, rats treated with AM281 
(3 mg/kg, i.p.) or its vehicle after receiving intra-DMH injection 
of PRV-Cre and intra-PFC injection of AAV-hM3Dq-mCherry did 
not show a significant difference in recovery time (Figure 7E and 
Supplemental Figure 14), indicating the bottom or floor effects 
produced by AM281 injection or DREADD-mediated activation of 
PFC-DMH projection.

These results are inconclusive for two reasons. First, because 
the same DMH neurons innervate both the Pef and other brain 
regions (13), CNO stimulation of these neurons could activate 
the Pef and other brain regions. Second, while approximately 
59% of DMH-Pef projections were glutamate immunoreactive 
(13), CNO activation of DMH neurons retrogradely labeled by 
intra-Pef–injected PRV-Cre could activate both glutamatergic 
and non- glutamatergic DMH neurons. To overcome these poten-
tial problems, we studied the effects of selective activation of 



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

2 3 0 4 jci.org   Volume 127   Number 6   June 2017

ing arousal system (1, 9). We therefore propose that activation 
of the sleep-promoting inhibitory VLPO neurons and wake-pro-
moting excitatory Pef neurons suppresses and promotes arousal, 
respectively. If activation of excitatory PFC-DMH projection par-
ticipates in arousal from anesthesia, the accelerated arousal could 
result from enhancement of GABAergic DMH-VLPO projection, 
glutamatergic DMH-Pef projection, or both. This is because 
enhancement of inhibitory DMH-VLPO projection could inhibit 
the arousal-suppressing VLPO, hence accelerating arousal, which 
could also result from activation of the arousal-promoting Pef fol-
lowing enhancement of excitatory DMH-Pef projection. Indeed, 
we found that activation of DMH-VLPO projection or activation of 
either cell bodies or glutamatergic axon terminals of the DMH-Pef 
projection significantly accelerated arousal.

Our results clearly suggest that during the natural process 
of arousal after cessation of anesthesia, any driving force to pro-
mote arousal, such as enhancement of PFC-DMH, DMH-VLPO, 
or DMH-Pef projection alone, is able to accelerate arousal. How-
ever, AM281-accelerated arousal may require a simultaneous 
enhancement of multiple brain circuitries, including PFC-DMH, 
DMH-VLPO, and DMH-Pef projections. Therefore, system-
ic AM281-accelerated arousal was abolished after systemic or 
intra-VLPO injection of bicuculline; after systemic or intra-Pef 
injection of MK801; or after chemogenetic-mediated inactivation 
of PFC-DMH, DMH-VLPO, or DMH-Pef projection. If activation 
of glutamatergic PFC-DMH, glutamatergic DMH-Pef, and GAB-
Aergic DMH-VLPO projections accelerates arousal, blockade or 
inactivation of each projection may delay arousal after anesthe-
sia. Unexpectedly, we found recovery time after anesthesia was 
not significantly prolonged after systemic or intra-VLPO injection 
of bicuculline, after systemic or intra-Pef injection of MK801, 
or after chemogenetic-mediated inactivation of PFC-DMH, 
DMH-VLPO, or DMH-Pef projection. After the cessation of anes-
thesia, multiple mechanisms, such as the simultaneous involve-
ment of multiple brain circuitries, may be necessary for arousal. 
Therefore, blockade or inactivation of the PFC-DMH-Pef/ VLPO 
circuitry alone may not strong enough to prolong arousal time 
after anesthesia. Accordingly, our finding that increased brain 
eCB signaling after a systemic injection of JZL195 prolonged 
recovery time indicates that the increased eCB signaling to pro-
long arousal may occur in multiple brain circuitries including the 
PFC-DMH-Pef/VLPO projection.

Here we employed a combination of behavioral, ultrastruc-
tural, electrophysiological, conditional mutagenesis, and che-
mogenetic strategies to investigate the questions of whether and 
how eCB signaling in PFC-DMH-VLPO/Pef circuitry modulates 
arousal. We provide evidence suggesting that after cessation of 
anesthesia, the driving force to increase eCB signaling disap-
pears, leading to decreased eCB signaling at a specific hypotha-
lamic node, i.e., the DMH glutamatergic synapses connecting the 
PFC-DMH, DMH-VLPO, and DMH-Pef circuitries. Decreased 
eCB signaling increases release of glutamate from axon termi-
nals of the PFC-DMH projection, thus activating both inhibitory 
DMH-VLPO and excitatory DMH-Pef projections. Consequent-
ly, the arousal-suppressing VLPO is suppressed and the arous-
al-promoting Pef is activated, each or both of which accelerate 
arousal after anesthesia (Figure 8).

ergic inputs onto DMH neurons. Indeed, intra-DMH injection 
of the GABAR antagonist bicuculline did not significantly affect 
systemic AM281-accelerated arousal. The insignificant contribu-
tions of eCB signaling at DMH GABAergic synapses, including the 
GABAergic SCN-DMH projection, to arousal is further supported 
by our observation that an inducible deletion of CB1R selectively 
from forebrain GABAergic neurons in GAD65-CB1R-KO mice did 
not significantly affect arousal.

In contrast to DSI, DSE recorded from both GABAergic and 
glutamatergic DMH neurons was significantly enhanced by isoflu-
rane, strongly suggesting that anesthetics enhance eCB signaling 
at DMH glutamatergic synapses, although the mechanisms under-
lying isoflurane’s increase of DSE, but not DSI, are unknown. 
Notably, intra-DMH injection of the NMDAR antagonist MK801 
blocked systemic AM281-accelerated arousal, suggesting that 
decreased eCB signaling in the DMH during arousal from anes-
thesia occurs in glutamatergic inputs into the DMH. Because the 
DMH receives strong glutamatergic innervation from the prelim-
bic and infralimbic areas of the PFC (14), we hypothesized that 
decreased eCB signaling during arousal occurs at axon terminals 
of glutamatergic PFC-DMH projection. Indeed, we observed that 
a selective deletion of glutamatergic CB1R either from the entire 
cerebral cortex or from the PFC mimicked the effects of system-
ic and intra-DMH application of AM281. Because decreased eCB 
signaling at axon terminals of glutamatergic PFC-DMH projection 
could increase release of glutamate, inactivation or activation of 
PFC-DMH projection, respectively, would counteract or mimic 
the arousal-accelerating effects of AM281. This idea is supported 
by data showing that AM281’s effects on arousal were counter-
acted by inactivation of neurons of the PFC-DMH projection and 
mimicked by activation of either somata or glutamatergic axon 
terminals of the PFC-DMH projection.

The DMH is the largest source of inputs to both the VLPO and 
Pef (9, 11, 12). Approximately two-thirds of DMH-VLPO projec-
tions are GABAergic, and approximately two-thirds of DMH-Pef 
projections are glutamatergic (13). Our findings that intra-VLPO 
or intra-Pef injection of AM281 did not significantly affect arous-
al exclude a significant role of eCB signaling at either GABAergic 
VLPO or glutamatergic Pef synapses in arousal. This idea is further 
supported by the finding that arousal was not significantly affect-
ed by inducible deletion of CB1R from either GABAergic neurons 
in GAD65-CB1R-KO mice or hypothalamic glutamatergic neurons 
in vGLUT2-CB1R-KO mice. These results also suggest that the 
very low level of CB1R in somata of DMH neurons, as indicated by 
immunohistochemical staining (37), plays an insignificant role in 
arousal from anesthesia.

However, our findings that systemic AM281-accelerated 
arousal was abolished after either intra-VLPO injection of bicuc-
ulline or intra-Pef injection of MK801 suggest the association of 
GABAergic DMH-VLPO and glutamatergic DMH-Pef projections 
with arousal from anesthesia. This idea is also supported by that 
finding that inactivation of either DMH-VLPO or DMH-Pef pro-
jection counteracted systemic AM281-accelerated arousal. GAB-
Aergic neurons in the VLPO promote sleep through inhibition of 
the main ascending arousal nuclei in the brainstem, whereas orex-
inergic neurons in the Pef promote wakefulness via widespread 
excitation throughout the brain, including the brainstem ascend-
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bral application of AAV vectors or vehicle. To achieve the goal of 
restricting the treatment within the boundaries of the VLPO, Pef, 
DMH, or PFC, a well-trained experimenter steadily injected a 0.3 
μl volume in 5 minutes. We excluded all animals with an injection 
site outside the target brain region. Although we cannot exclude the 
possibility that a small amount of injected agent spread outside the 
target brain region, the major effects were likely achieved through 
the effective action of injected agents within the target brain 
region. This idea is supported by our finding that the same amount 
of AM281 produced significant behavioral effects after intra-DMH 
injection but not after intra-Pef injection, even though these two 
hypothalamic regions are adjacent (Supplemental Figure 4).

Methods
Animals. Behavioral and electrophysiological studies employed male 
Sprague-Dawley rats (Charles River) weighing 250–300 g and 75–100 
g, respectively. Electron microscopy studies used adult male C57BL/6 
mice (Charles River) weighing 25–30 g. Rats and mice were housed 
in groups of 2 and 4, respectively, in standard cages under standard 
laboratory conditions (12-hour light/12-hour dark cycle, 22 ± 2°C, food 
and water ad libitum). Animals were allowed to adapt to laboratory 
conditions for at least 1 week and adapt to the testing room for at least 
30 minutes before behavioral tests.

Generation of mutant mice. CB1R-floxed mice were produced as 
described previously (29). vGLUT1-iCreERT2, vGLUT2-iCreERT2, 
and GAD65-iCreERT2 mutant mice were generated by Biocytogen 

In this study, we employed iCreERT2 mutant mice for elec-
trophysiological, behavioral, and chemogenetic studies. The 
transgenic strategy has been used over the past couple decades 
for generation of traditional Cre mice, but it is now known that 
both the transgenic strategy and traditional Cre have potential 
problems. For example, the traditional bacteriophage-derived Cre 
is not optimal for eukaryotes due to its codon usage of prokary-
otes, and its 65 CpG dinucleotides may induce epigenetic silenc-
ing (38). To overcome these potential problems, we generated 
vGLUT1-iCreERT2, vGLUT2-iCreERT2, and GAD65-iCreERT2 
mutant mice with a knockin of iCreERT2 (38, 39) into the Vglut1, 
Vglut2, or GAD65 locus. Mice received 8 daily injection of tamox-
ifen 1 week before use (40). In the case of intra-DMH injection of 
AAV-mCherry into vGLUT2-iCreERT2 mice, red fluorescent cells 
were detected in the DMH, signifying the successful inversion and 
expression of the mCherry and EYFP by Cre. This finding was 
confirmed with in situ hybridization of Vglut1 or Vglut2 and iCre 
mRNAs in the PFC and DMH.

The present study relies heavily on a large number of experi-
ments with intracerebral microinjections of various receptor ago-
nists or antagonists, AAV vectors, or vehicle. In order to minimize 
the potential problem of acute reaction following intracerebral 
insertion of injection needle, we collected behavioral data either 
acutely after an intracerebral administration of various recep-
tor agonists or antagonists or vehicle through the guide cannula 
implanted 1–2 weeks in advance, or 1–2 weeks after intracere-

Figure 8. Proposed model for eCB modulation of brain circuitry participating in arousal from anesthesia. Glutamatergic neurons in the prelimbic and 
infralimbic areas of the PFC directly innervate both glutamatergic and GABAergic neurons in the DMH, which then send glutamatergic axons into the Pef 
and GABAergic axons into the VLPO, respectively. Glutamatergic DMH-Pef projection innervates excitatory orexin-containing neurons in the Pef, activa-
tion of which accelerates arousal. In contrast, GABAergic DMH-VLPO projection innervates inhibitory GABA-containing neurons in the VLPO, activation of 
which suppresses arousal. Thus, reduced eCB activation of CB1R in axon terminals of glutamatergic PFC-DMH projection increases presynaptic release of 
glutamate, which activates inhibitory DMH-VLPO projection, excitatory DMH-Pef projection, or both. Then suppression of the inhibitory VLPO neurons, 
enhancement of the excitatory Pef neurons, or both accelerate arousal after anesthesia.
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NaH2PO4, 5 mM Na2HPO4, 0.01 mg/ml yeast tRNA (Sigma-Aldrich, 
TRNABAK-RO), 1× Denhardt’s solution (Sigma-Aldrich, D2532), and 
10% wt/vol dextran sulfate (Sigma-Aldrich, D8906). After washes 
with a series of saline sodium citrate (SSC) solutions, the sections 
were counterstained with 1 μg/ml DAPI (Thermo Fisher Scientific, 
D1306) for 10 minutes and were coverslipped with SlowFade Gold 
antifade reagent (Invitrogen, MP 32956). Photographs were taken 
with an Olympus BX51 microscope or Zeiss confocal microscope. No 
hybridization signal was detected when sense RNA probes were used. 
The distribution of Vglut1 and Vglut2 mRNA in the mouse brain was 
compared with that reported in a recent study (43).

Quantification of recovery time from anesthesia. Five minutes before 
anesthesia, an animal was placed into a rotating Plexiglas anesthesia 
chamber (Supplemental Figure 2) (20) connected to an isoflurane or 
sevoflurane vaporizer (Ohmeda). Anesthesia was 1.4% isoflurane or 
2.4% sevoflurane in 100% oxygen, which was continuously delivered 
into the chamber at 1.5 l/min for 30 minutes. Immediately after ces-
sation of anesthesia, pure oxygen was continuously delivered at 1.5 l/
min into the chamber, where the rat was placed in a dorsal recumbent 
position on the floor of the chamber for quantification of RORR or 
recovery time, i.e., the time from cessation of isoflurane administra-
tion to resumption of a prone position.

EEG recording. Rats were anesthetized with 1.5%–2% isoflurane 
(vol/vol) and placed in a stereotaxic frame. Body temperature was 
kept constant throughout the operation by using a heating pad. After 
anesthesia was established, the skin was incised to expose the skull 
and the overlying connective tissue removed. Two pairs of stainless 
steel screws were implanted bilaterally over the frontal cortex (anteri-
or-posterior [AP] 3.9, medial-lateral [ML] ±2 mm) and occipital cortex 
(AP –7.4 mm, ML ±5 mm) (44). The screws and electrodes were secured 
to the skull using dental cement. After surgery, rats were allowed to 
recover for at least 1 week before experiments. Rats were acclimat-
ed to the EEG recoding cable for 30 minutes, during which EEG was 
recorded with a sampling frequency of 0–150 Hz using Powerlab 16/35 
amplifier system (PL3516, ADInstruments) and Labchart Pro v8.0.10 
(MLU60/8, ADInstruments). Then the rats were transferred into the 
Plexiglas anesthesia chamber for isoflurane anesthesia for 30 min-
utes as described above. Vehicle for AM281 was injected 15 minutes 
before the end of anesthesia. EEG was recorded continuously until 15 
minutes after RORR. EEG spectrum analysis and spectrograms were 
performed by using MATLAB software (Mathworks).

Chemical/viral treatment. For consciousness recovery study, ani-
mals received an i.p. injection or an intra-hypothalamic (i.h.) injection 
of a chemical, virus vector, or vehicle 15 minutes before the cessation 
of isoflurane anesthesia, with or without i.p. or i.h. administration 
of another chemical or vehicle 25 minutes before anesthesia cessa-
tion. The following chemicals were purchased from Tocris Biosci-
ence and dissolved in physiological saline, unless otherwise stated: 
AM281 (0.3, 1.5, or 3 mg/kg, i.p.; 0.1 μg/0.3 μl/side, i.h.; dissolved in 
5% Tween-80, 5% DMSO, and 90% physiological saline); NESS0327 
(Cayman Chemical; 0.3 mg/kg, i.p.; dissolved in 5% Tween-80, 5% 
DMSO, and 90% physiological saline) (21); MK801 (0.02 or 0.2 mg/
kg, i.p.; 0.02 or 0.005 μg/0.3 μl/side, i.h.); bicuculline (0.5 or 2 mg/
kg, i.p.; 0.2, 0.4, or 4 μg/0.3 μl/side, i.h.); JZL195 (20 mg/kg, i.p.; dis-
solved in 5% Tween-80, 5% DMSO, and 90% physiological saline). 
All AAV viruses, including AAV8-hSyn-DIO-mCherry (AAV-mCher-
ry), AAV8-hSyn-DIO-hM4Di-mCherry (AAV-hM4Di-mCherry), and 

with the same procedures. Briefly, to make the targeting construct, 
the appropriate regions were designed and cloned from BAC library 
to be the homologous arms. For vGLUT1 targeting construct, the 
5.8-kb of genomic fragment from the upstream of exon 2 to the 
downstream of exon 11 and the 6.7-kb fragment beginning from 
the 3′ UTR of the Vglut1 gene (also known as Slc17a7) were cloned. 
For vGLUT2 targeting construct, the 5′ homologous region is a 9.0-
kb fragment containing Vglut2 exons 9, 10, and 11 and the intron 
sequences, and the 3′ homologous region is a 4.9-kb one contain-
ing the Vglut2 3′ UTR. For GAD65-iCreERT2 mice, the 5′ and 3′ 
homologous regions are an 8.5-kb fragment spanning exons 13, 14, 
and 15, and a 4.0-kb fragment beginning from the 3′ UTR of GAD65 
gene, respectively. To avoid disruption of normal gene expression, 
2A-CreERT2 was introduced between the coding sequence of the 
last exon of each gene and its 3′ UTR. The final targeting vector 
included the 5′ homologous region, a neomycin phosphotrans-
ferase expression (Neo) cassette with two FRT sites flanked, the 
coding sequence of the last exon, 2A-CreERT2, and the 3′ homolo-
gous region. To generate the knockin mice, the linearized targeting 
construct obtained with the restriction endonuclease indicated in 
Supplemental Figures 5, 8, and 11 was electroporated into embry-
onic stem (ES) cells (Biocytogen) with a C57BL/6 background. Ran-
dom integrations will be negatively selected by diphtheria toxin A 
(DTA). Positive clones were screened by G418 and then identified 
by Southern blot analysis. The targeted clones were then injected 
into C57BL/6 blastocysts. Chimeric mice were generated and bred 
with WT mice. The primers used to identify each type of knockin 
mice are shown in Supplemental Table 1. The CB1R-floxed mice 
were crossed with the vGLUT1-iCreERT2, vGLUT2-iCreERT2, or 
GAD65-iCreERT2 mutant mice to generate vGLUT1-CB1R-KO, 
vGLUT2-CB1R-KO, and GAD65-CB1R-KO mouse lines with the 
same protocol described previously (29). These 3 lines of mice and 
all iCreERT2 mice received 8 daily injections of tamoxifen (1 mg/
mouse/d; dissolved in corn oil) 1 week before use (40).

FISH. The pBluescript II KS (+) plasmids containing comple-
mentary DNA fragments of either Vglut1 (nucleotides 855–1,788; 
GenBank XM_133432.2) or Vglut2 (nucleotides 848–2,044; GenBank 
NM_080853.2) were a gift from Minhua Zheng (Fourth Military Med-
ical University, Xi’an, China) and are described elsewhere (41). The 
pBBI plasmid (Addgene, 65795) containing iCre coding sequences 
(CDs) was subcloned to reverse the iCre CDs to obtain pBBI-reversed 
plasmid with the complementary DNA fragment of iCre (nucleotides 
1–1,053) under the T7 promoter. Using the linearized plasmids as tem-
plates, we synthesized sense and antisense single-strand RNA probes 
with a fluorescein labeling kit (Invitrogen, MP 32956). Double FISH 
on cryosections was carried out as previously described (41, 42). In 
short, 20-μm coronal brain sections were mounted on microscope 
slides (Fisher Scientific, J1800AMNZ). After fixation with 4% parafor-
maldehyde (PFA), the slides were treated with 10 μg/ml proteinase K 
(Invitrogen, AM2546) in buffer containing 5 mM EDTA and 50 mM 
Tris-HCl, pH 7.5, for 15 minutes at room temperature and post-fixed 
with 4% PFA for 15 minutes. After prehybridization, the sections were 
incubated for 16 hours at 62°C in hybridization buffer with a mixture 
of 1 μg/ml Alexa Fluor 488–labeled probe for vGLUT1 or vGLUT2 and 
1 μg/ml Alexa Fluor 594–labeled probe for iCre. The hybridization 
buffer contained 50% (vol/vol) deionized formamide (Sigma-Aldrich, 
F9037), 200 mM NaCl, 5 mM EDTA, 10 mM Tris-HCl pH 7.5, 5 mM 



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

2 3 0 7jci.org   Volume 127   Number 6   June 2017

Synaptic Systems). After several washes in TBS, tissue sections were 
incubated overnight with a mixture of 1.4-nm gold particle–conju-
gated goat ant-rabbit IgG (1:100, Nanoprobes) with or without bioti-
nylated donkey anti-mouse IgG (1:200, Millipore) or biotinylated 
donkey anti-guinea pig IgG (1:200, Millipore). Next, the sections were 
postfixed with 1% (wt/vol) glutaraldehyde in 0.1 M PB (pH 7.4) for 
10 minutes and washed in distilled water; this was followed by silver 
enhancement in the dark with an HQ Silver Kit (Nanoprobes). For dou-
ble labeling, sections were incubated in avidin-biotin-peroxidase com-
plex (1:50, Elite ABC Kit; Vector Laboratories) for 6 hours and then 
in 0.02% 3,3′-diaminobenzidine-4HCl and 0.003% (vol/vol) H2O2 
for 20–30 minutes. Then all the sections were placed in 0.1 M PB con-
taining 1% OsO4 for 1 hour and finally counterstained with 1% uranyl 
acetate in 70% ethanol for 1 hour. After dehydration, the sections were 
mounted on silicon-coated glass slides and flat embedded in epoxy 
resin (Durcupan; Fluka, Buchs). Tissues containing the DMH or the 
Pef were cut on an ultramicrotome into 60-nm-thick sections, which 
were mounted on single-slot grids membrane and examined with a 
JEM-1400 electron microscope. CB1R-positive labeling was consid-
ered if at least 3 immunoparticles were within approximately 30 nm 
from the membrane.

Electrophysiology analysis. After decapitation, the brain was 
removed, and coronal hypothalamic vibrosections (300 μm) were cut 
and maintained in the artificial cerebral spinal fluid (ACSF) (in mM: 125 
NaCl, 25 NaHCO3, 1.25 KCl, 1.25 KH2PO4, 1.5 MgCl2, 1 CaCl2, and 16 
glucose) saturated with 95% O2/5% CO2. The patch pipettes contained 
an intracellular solution (in mM: 120 K gluconate, 20 KCl, 10 HEPES, 
10 phosphocreatine Na salt, 2 ATP Na salt, 0.4 GTP Na salt, 2 MgCl2, 
pH 7.35). To record AMPAR-mediated EPSCs, 50 μM D-APV and 10 μM 
BMI were added in the perfusion solution to block NMDAR-mediated 
EPSCs and GABAR-mediated inhibitory postsynaptic currents (IPSCs), 
respectively. To record IPSCs, 10 μM CNQX was added in the perfusion 
solution to block AMPAR-mediated EPSCs. To record postsynaptic cur-
rents (PSCs), neurons were whole-cell voltage clamped at −70 mV with 
a Multiclamp 700B amplifier (Molecular Devices). To evoke PSCs, a 
stable whole-cell recording configuration was established on the DMH 
cell. Then a second stimulation glass electrode (2–6 MΩ) filled with 
2M NaCl was lowered into the slice 100 μm away from the recording 
site. PSCs were collected by voltage clamp recordings using a stimulus 
pulse of a single square wave (stimulation intensity: 100 μs, 50–200 
μA). The data were acquired with pCLAMP 10.4 (Molecular Devices) 
at a sampling rate of 5–10 kHz, measured, and plotted with pCLAMP 
10.0 and GraphPad Prism 6.0. To evoke DSI/DSE at 4-second intervals, 
cells were depolarized from –70 to 0 mV for 5 seconds. Saturated iso-
flurane was prepared by mixing isoflurane and ACSF in a tightly sealed 
glass bottle and then shaking overnight to reach the saturated concen-
tration of 13–15 mM. After dilution to 1:10 (1.3–1.5 mM) with ACSF, the 
isoflurane solution was delivered with polytetrafluorethylene tubing to 
the recording chamber with the final isoflurane concentration at clini-
cally relevant 200–300 μM (48–50). Sevoflurane-containing gas mix-
tures (2%) were prepared by delivering the carbogen (95% O2/5% CO2) 
through a calibrated vaporizer. As determined in a recent study (51), the 
concentration of sevoflurane in the ACSF bubbled with the gas mixtures 
for >30 minutes was 200 μM, which is the value within the range for 
clinical and in vivo experimental use (52, 53). High-quality polytetraflu-
orethylene tubing and valves were used to minimize the loss of sevo-
flurane. To test whether the effects of isoflurane or sevoflurane were 

AAV8-hSyn-DIO-hM3Dq-mCherry (AAV-hM3Dq-mCherry), were 
purchased from the University of North Carolina Gene Therapy Cen-
ter, Vector Core. Aliquots of virus vectors were stored at –80°C before 
an i.h. microinjection. PRV-Cre stocks were prepared and titered as 
described previously (45), except that each 10-cm dish of virus stock 
was resuspended in 500 μl and stored in 50-μl aliquots at –80°C. On 
the day of surgery, stocks were thawed, cell debris was pelleted by cen-
trifugation at high speed for 1 minute in a benchtop centrifuge, and the 
supernatant was carefully taken for injection.

Under isoflurane anesthesia, two guide cannulae (33-gauge, 
Plastics One) were implanted into the bilateral DMH (AP –3.2, ML 
±0.75, dorsal-ventral [DV] –8.8 mm), VLPO (AP –0.4, ML ±1, DV –9 
mm), Pef (AP –3.1, ML ±1.4, DV –8.6 mm), or PFC (AP +3.7, ML ±0.7, 
DV –4.8 mm), after which the cannulae were affixed to the skull with 
screws and dental acrylic and then filled with stylets. One week later, 
animals received isoflurane anesthesia for quantification of recovery 
time, during which an i.h. injection of 0.3 μl of the chemical or vehi-
cle was performed in a 5-minute period. For chemogenetic study, 
rats were anesthetized to receive an i.h. injection of 0.5 μl PRV-Cre 
(6.0 × 105 to 7.0 × 105 genome copies per ml), AAV-hM4Di-mCherry 
or AAV-hM3Dq-mCherry (4.6 × 1012 genome copies per ml) (46), or 
AAV-mCherry into bilateral DMH, VLPO, Pef, or PFC at a speed of 
0.1 μl/min. Seven or 14 days after surgery, rats were given CNO (Cay-
man Chemical; 5 mg/kg, i.p.; dissolved in DMSO), followed 1 hour 
later by isoflurane anesthesia for quantification of recovery time. 
Finally, all rats were perfused transcardially with 4% PFA. Brains 
were sectioned to identify cannula placement and/or the location of 
mCherry fluorescence expression.

The vGLUT2-iCreERT2 and vGLUT1-iCreERT2 mice used for 
chemogenetic study of the activation of DMH-Pef or PFC-DMH ter-
minals received bilateral intra-DMH injection (AP –1.7, ML ±0.5, DV 
–5.6 mm) or intra-PFC injection (AP +1.7, ML ±0.4, DV –3.35 mm) of 
AAV-hM3Dq-mCherry and implantation of cannulae into the Pef (AP 
–1.9, ML ±1.0, DV –4.8 mm) or DMH (AP –1.7, ML ±0.5, DV –4.6 mm) 
as described above. Two weeks after surgery, vGLUT2-iCreERT2 
mice received intra-Pef administration of CNO (10 μM/0.2 μl/side) 
and vGLUT1-iCreERT2 mice received intra-DMH administration of 
CNO 4 hours before experiments to study consciousness recovery 
after anesthesia.

The CB1R-floxed mice used for AAV-mediated deletion of CB1R in 
PFC glutamatergic neurons received bilateral intra-PFC injection (AP 
+1.7, ML ±0.4, DV –3.35 mm) of AAV-CaMKII-iCre-GFP (a gift from 
Liping Wang, Shenzhen Institutes of Advanced Technology, Chinese 
Academy of Sciences, Shenzhen, China) and 6 weeks later underwent 
electron microscopic study or behavioral study to quantify the recov-
ery time after isoflurane anesthesia.

Electron microscopy analysis. See our recent study (29) for detailed 
protocols. Briefly, animals were transcardially perfused under anes-
thesia with 100 ml of 0.1% glutaraldehyde, 4% formaldehyde, and 
15% saturated picric acid in phosphate buffer (PB, pH 7.4). Coronal 
hypothalamus vibrosections were cut at 50 μm. After being freeze-
thawed with liquid nitrogen, the sections were incubated for 1 hour in 
0.05 M Tris-HCl-buffered saline (TBS; pH 7.4) containing 20% (vol/
vol) normal goat serum, for 24 hours in primary polyclonal rabbit 
anti-CB1R (1:100) antibody (47) with or without monoclonal mouse 
anti-vGlUT1 antibody (1:500, catalog 135311, Synaptic Systems) or 
polyclonal guinea pig anti-vGLUT2 antibody (1:200, catalog 135404, 
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reversible, isoflurane or sevoflurane solution was replaced with normal 
ACSF at 4 minutes after application. To test whether isoflurane inhibi-
tion of firing rate was CB1R dependent, we applied ACSF solution con-
taining AM281 (1 μM) onto brain slices, and AM281 solution was pres-
ent throughout the whole experiment. To identify DMH glutamatergic 
neurons in the vGLUT2-iCreERT2 mice, young mice received a micro-
injection of AAV-mCherry into the DMH at a rate of 0.15 μl/min for 2 
minutes; 1 week later hypothalamic slices were prepared as described 
above. To reveal chemogenetic functioning, young rats received a 
microinjection of AAV-hM3Dq-mCherry into the DMH (AP –3.0, ML 
±0.6, DV –8.9 mm) and PRV-Cre into the VLPO (AP –0.3, ML ±0.9, 
DV –8.1 mm) at a rate of 0.15 μl/min for 2 minutes. One week later, rats 
were killed for preparation of hypothalamic slices as described above, 
and mCherry-positive DMH neurons were identified and recorded. 
After acquisition of stable recordings for 5–7 minutes, slices were per-
fused with ACSF solution containing 1 μM CNO. Changes in membrane 
potential and spike activity were monitored, recorded, measured, and 
plotted with a pCLAMP 10.0 and GraphPad Prism 6.0. To reveal ter-
minal release properties of DMH-Pef projection in vGLUT2-iCreERT2 
mice, a stable whole-cell recording configuration was established on a 
Pef neuron, and a second stimulation glass electrode (2–6 MΩ) filled 
with 2 M NaCl was placed about 100 μm away from the patched neu-
ron. Paired pulse facilitation (PPF) or depression (PPD) was collected 
by voltage clamp recordings using a stimulus pulse with a single square 
wave every 10 seconds. Paired-pulse responses were performed at inter-
vals of 100 ms. PPR was measured as the amplitude ratio of the second 
to the first postsynaptic response from an average of 10 pairs of pulses. 
The data were acquired with pCLAMP 10.4 (Molecular Devices), and 
measured and plotted with Clampfit 10.4 and GraphPad Prism 6.0.

Statistics. Results are reported as mean ± SEM. Statistical anal-
ysis of the data was performed using 2-tailed Student’s t test, 1-way 
ANOVA, followed by Tukey’s post-hoc test. Statistical significance 
was set at P < 0.05.
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