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Activation of the Lateral Habenula-Ventral Tegmental Area
Neural Circuit Contributes to Postoperative Cognitive
Dysfunction in Mice

Juan Xin, Weiran Shan, Jun Li, Hai Yu, and Zhiyi Zuo*

Postoperative cognitive dysfunction (POCD) is common and is associated
with poor outcome. Neural circuit involvement in POCD is unknown. Lateral
habenula (LHb) that regulates coping and depression-like behaviors after
aversive stimuli is activated by surgery in the previous study. Here, surgery
activated LHb and ventral tegmental area (VTA) are presented. VTA is known
to receive projections from LHb and project to the prefrontal cortex and
hippocampus. Direct chemogenetic inhibition of LHb or damaging LHb
attenuates surgery-induced learning and memory impairment,
N-methyl-d-aspartate (NMDA) receptor activation, endoplasmic reticulum
stress, inflammatory responses and cell injury in the VTA, and activation of
rostromedial tegmental nucleus, an intermediate station to connect LHb with
VTA. LHb inhibition preserves dendritic spine density in the prefrontal cortex
and hippocampus. Retrograde inhibition of LHb via its projections to VTA
attenuated surgery-induced learning and memory dysfunction is observed.
Retrograde activation of LHb induced learning and memory dysfunction is
observed. Inhibition of NMDA receptors, dopamine synthesis, and
endoplasmic reticulum stress in the VTA reduced surgery-induced learning
and memory impairment, inflammatory responses, and cell injury are
observed. These results suggest that surgery activates the LHb-VTA neural
circuit, which contributes to POCD and neuropathological changes in the
brain. These novel findings represent initial evidence for neural circuit
involvement in surgery effects.
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1. Introduction

Postoperative cognitive dysfunction
(POCD) is a severe post-surgery com-
plication characterized by deterioration of
memory and execution ability.[1,2] It can
last several months, which seriously affects
the quality of life of patients and places a
heavy burden on the family and society.[2,3]

Thus, there is an urgent need to identify
effective interventions to reduce POCD.
This need requires better understanding of
the mechanisms of POCD.

POCD may involve dysfunction of mul-
tiple cognitive domains including working
memory, long-term memory, mental flexi-
bility, selective attention, processing speed,
and language processing. These functions
involve cerebral cortex and various subcorti-
cal brain regions.[4] However, basic science
research mainly has focused on the changes
in the hippocampus,[5] a structure that is
involved in long-term memory.[4] The role
of other brain regions including neural cir-
cuits in POCD has not been reported.

Lateral habenula (LHb), a hub connect-
ing the limbic forebrain and midbrain
monoaminergic nuclei, modulates diverse
physiological functions, including cogni-
tion, anxiety, sleep and pain processing.[6,7,8]

LHb receives strong inputs from the prefrontal cortex and con-
tributes to value-based decision-making.[9] In addition, LHb is
adjacent to the hippocampus and interacts with the dorsal hip-
pocampus to participate in the hippocampus-dependent spatial
information processing.[10] Indeed, the spontaneous theta oscil-
lation activity of the LHb is coupled with the hippocampal theta
oscillation.[11] Given the involvement in multiple cognitive func-
tions and intimate interactions with the hippocampus, LHb may
be involved in POCD. Consistent with this possibility, surgery ac-
tivates LHb.[12] Ventral tegmental area (VTA) is the major source
of dopamine in the brain and has been linked to the pathogenesis
of cognitive dysfunction.[13,14,15] Dopamine neurons in the VTA
project to the frontal cortex and hippocampus and regulate the
development of dendritic spines in these brain regions.[16,17,18]

LHb projects to the VTA. Stimulating the projection fiber from
LHb to VTA activates 48% of dopaminergic neurons in the VTA
in a brain slice study[19] but activating LHb can induce tran-
sient inhibition of dopaminergic neurons in the VTA via indirect
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Figure 1. Surgery impaired learning and memory in mice. a,b) Performance in the open field test. c) Performance in the novel object recognition test.
d) Performance in the training sessions of Barnes maze test. e) Performance in the memory phase of Barnes maze test. f) Performance in the context-
and tone-related fear conditioning test. Data are presented as mean ± S.D. with the presentation of data of each individual animal (n = 15). Results
were analyzed by one-way or two-way repeated measures ANOVA (panel d) and t-test (all other panels). *P < 0.05 for the comparison, **P < 0.01 for
the comparison, ˆP < 0.05 compared with the corresponding data on day 1.

connections between LHb and VTA.[20] In addition, the LHb-VTA
circuit participates in coding responses to aversive stimuli.[21]

Thus, we hypothesize that the LHb-VTA circuit contributes to the
development of POCD. To test this hypothesis, we subjected adult
mice to carotid artery exposure, a surgical procedure that does not
affect motor function of limbs and the functions of major intra-
abdominal and intra-thoracic organs. The role of the LHb-VTA
circuit in POCD was determined by inhibiting or injuring neu-
rons in the LHb or VTA. Here, we showed that surgery activated
the LHb-VTA circuit. The activation of projections from LHb to
VTA led to endoplasmic reticulum stress in the VTA. Chemoge-
netic inhibition of the LHb-VTA circuit attenuated cognitive dys-
function after surgery. Our findings reveal the role of the LHb-
VTA circuit in POCD.

2. Results

2.1. Right Carotid Artery Exposure Surgery Activated LHb-VTA
Circuit and Impaired Cognitive Function

There was no significant difference in total traveled distance and
time spent in the corner, center and border areas between con-
trol and surgery mice in the open field test (Figure 1a,b). These
results suggest that mice in the control group and surgery group
have similar locomotor activities. In the novel object recognition
test, mice in the surgery group spent less time exploring a novel
object compared with control group, indicating impaired cogni-
tive function after surgery (Figure 1c). To explore their spatial
learning and memory, mice were subjected to the Barnes maze
test. As the number of training sessions was increased, the time
for the two groups of mice to find the target hole in the maze
was decreased compared to their corresponding time on the first
day (Figure 1d). However, surgery was a significant factor to in-
fluence the performance of mice during the training sessions

[F(1,27) = 19.20, P = 0.0002]. In addition, mice in the surgery
group took a longer time than control mice to identify the target
hole at 1 day and 8 days after the training sessions (Figure 1e).
These results suggest that mice with surgery have poorer spa-
tial learning and memory than control mice. To test the learning
and memory of mice towards aversive stimuli, a fear conditioning
experiment was conducted. The freezing behavior of mice with
surgery was significantly shorter than control mice in the context-
and tone-related fear conditioning tests (Figure 1f). These results
indicate that the right carotid artery exposure surgery impairs
multiple domains of learning and memory in mice.

To explore the activity of the LHb-VTA circuit after surgery, c-
Fos staining was used to identify the neuronal activation 3 h after
surgery. The number of c-Fos positive cells was significantly in-
creased in the LHb and VTA after surgery (Figure 2a). The expres-
sion of c-Fos protein in the LHb and VTA of mice with surgery
remained high at 48 h after surgery and returned to the control
level at 72 h after surgery (Figure 2b,c). To confirm the projection
from LHb to VTA in our study, AAV2-hSyn-mCherry was injected
into the LHb. Four weeks later, confocal microscopic imaging re-
vealed the projections from the LHb to VTA. The projection fibers
of LHb were co-stained with vesicular glutamate transporter 2
(vGluT2), but not with vesicular GABA transporter (VGAT) (Fig-
ure S1a,b, Supporting Information). These results indicate that
the LHb-VTA circuit is activated after surgery and that the LHb
projections to VTA are mainly from glutamatergic neurons. In
addition, the retrograde virus carrying gfp code injected into the
VTA also led to the expression of GFP in the LHb (Figure S2,
Supporting Information), confirming that there are projections
from the LHb to VTA. There was also GFP in the hippocam-
pus and prefrontal cortex (PFC) after the injection of the retro-
grade virus into VTA (Figure S2, Supporting Information), sug-
gesting that there are projections from the hippocampus and PFC
to VTA.
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Figure 2. Activation of the LHb-VTA circuit of mice with surgery and effectiveness of inhibition of this activation by a DREADDs approach. a) Left panel:
Representative immunofluorescent images of c-Fos staining (green) at 3 h (S3h) after surgery. Scale bar: 10 μm. Right panel: Quantitative data of the
number of c-Fos positive cells. b,c) Expression of c-Fos in the LHb and VTA, respectively, at 3 h (S3h), 24 h (S24h), 48 h (S48h), or 72 h (S72h) after
operation. d,e) Number of c-Fos positive cells in the LHb and VTA, respectively, at 3 h after surgery. Left panel: Representative immunofluorescent images
of c-Fos staining. Scale bar: 100 μm. Right panel: quantitative data. Data are presented as mean ± S.D. with the presentation of data of each individual
animal (n = 5 for panels (a–c) = 6 for panels (d,e). Results were analyzed by t-test (panel a) and one-way ANOVA followed with Tukey test (all other
panels). * P < 0.05 for the comparison, ** P < 0.01 for the comparison.

2.2. Inhibition of the LHb-VTA Circuit Attenuated
Surgery-Induced Learning and Memory Decline

To determine if activation of the LHb-VTA circuit played a role
in POCD, a chemogenetic approach was applied to inhibit neu-
rons in the LHb. Since the use of chemogenetic and pharmaco-
logical approaches would involve injection of viruses or chemi-
cals into the LHb and VTA, Evans blue was injected into these
brain regions to examine the diffusion of solution. The stain-
ing of Evans blue was limited in these brain regions (Figure
S3, Supporting Information), suggesting that the chemical does
not diffuse to an area larger than intended after the injection.
To apply the chemogenetic approach, mice received an injection
of AAV2-hsyn-hM4Di-mCherry or AAV2-hsyn-mCherry into the
LHb. This injection led to transfections of more than 80% of
the neurons in the LHb (Figure S1c, Supporting Information).
Mice with surgery and receiving AAV2-hsyn-hM4Di-mCherry
and compound 21 had a decreased number of c-Fos positive cells
in the LHb and VTA compared with mice with surgery and receiv-
ing AAV2-hsyn-hM4Di-mCherry and saline or receiving AAV2-
hsyn-mCherry and compound 21. The number of c-Fos positive
cells in mice with surgery and injections of AAV2-hsyn-hM4Di-
mCherry and compound 21 was similar to that of control mice
that did not receive surgery or injection of any solutions (Fig-
ure 2d,e). These results suggest that the designer receptors ex-

clusively activated by designer drugs (DREADDs) approach ef-
fectively inhibits activation of the LHb-VTA circuit in mice with
surgery. It is known that LHb can project to the rostromedial
tegmental nucleus (RMTg) that then projects to VTA.[22,23] As an-
ticipated, the inhibition of the LHb neurons reduced the num-
ber of c-Fos positive cells in the RMTg (Figure S4a,b, Support-
ing Information). Neurobehaviorally, inhibition of the LHb did
not affect the performance of surgery mice in the open field
test (Figure 3a,b). However, this inhibition increased the time
for mice to explore a new object after surgery (Figure 3c). In-
hibition of the LHb was a significant factor to affect the perfor-
mance of mice with surgery in the Barnes maze training ses-
sions [F(1,28) = 26.56, P < 0.0001 for the comparison between
surgery plus mCherry plus compound 21 group and surgery plus
hM4Di plus compound 21 group] (Figure 3d). Inhibition of the
LHb decreased the time for mice with surgery to identify the
target hole at 1 day and 8 days after the training sessions (Fig-
ure 3e). The inhibition also increased the freezing behavior of
surgery mice in the context-related and tone-related fear condi-
tioning (Figure 3f). These results suggest that the activation of
LHb mediates surgery-induced learning and memory dysfunc-
tion.

To determine the role of LHb-VTA connection in POCD, mice
received AAV2/2 retro plus-hSyn-Cre-WPRE-pA injection into
the VTA and AAV2/9-hSyn-DIO-hM4Di-mCherry-WPRE-pA or
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Figure 3. DREADDs-based inhibition of the LHb-VTA circuit attenuated learning and memory decline in mice with surgery. a,b) Performance in the
open field test. c) Performance in the novel object recognition test. d) Performance in the training sessions of Barnes maze test. e) Performance in the
memory phase of Barnes maze test. f) Performance in the context- and tone-related fear conditioning test. Data are presented as mean ± S.D. with
the presentation of data of each individual animal (n = 15). Results were analyzed by one-way and two-way repeated measures ANOVA (panel (d)) and
one-way ANOVA followed with Tukey test (all other panels). *P < 0.05 for the comparison, ** P < 0.01 for the comparison, ˆP < 0.05 compared with the
corresponding data on day 1.

AAV2/9-hSyn-DIO-mCherry-WPRE-pA injection into the LHb
(Figure 4a,b). The application of compound 21 in mice receiving
the injection of AAV2/2 retro plus-hSyn-Cre-WPRE-pA into the
VTA and AAV2/9-hSyn-DIO-hM4Di-mCherry-WPRE-pA into the
LHb would induce retrograde inhibition of neurons in the LHb.
As anticipated, mice with surgery and this retrograde inhibition
had a reduced number of c-Fos positive cells in the LHb than
mice with surgery but without the activation of the retrograde
inhibition mechanisms (Figure S4a,c, Supporting Information).
Consequently, the number of c-Fos positive cells in the VTA and
RMTg was decreased in mice with surgery and retrograde inhi-
bition of the LHb neurons (Figure S4d,e, Supporting Informa-
tion). Neurobehaviorally, there was no difference in the perfor-
mance in the open field test among the five groups with various
treatments (Figure 4c,d). However, mice with surgery and retro-
grade inhibition of neurons in the LHb spent more time to ex-
plore a new object than mice with surgery and without the inhi-
bition (Figure 4e). Retrograde inhibition of neurons in the LHb
was a significant factor to affect the performance of mice with
surgery in the Barnes maze training sessions [F(1,28) = 33.716,
P < 0.0001 for the comparison between surgery plus mCherry
plus compound 21 group and surgery plus retrograde inhibition
group] (Figure 4f). Retrograde inhibition decreased the time for
mice with surgery to identify the target hole at 8 days after the
training sessions (Figure 4g). This inhibition also increased the
freezing behavior of mice with surgery in the tone-related fear
conditioning (Figure 4h). These results clearly suggest the im-
portance of LHb-VTA connections in surgery-induced learning
and memory dysfunction.

To supplement the approach of DREADDs, ibotenic acid, a
commonly used neurotoxin to injure neurons but without dam-
aging neighboring nerve fibers,[24] was used to cause a LHb le-
sion. The injection of ibotenic acid into the LHb caused LHb in-
jury (Figure 5a). This injury inhibited the VTA and RMTg neu-
ronal activation after surgery (Figure 5b; Figure S4f,g, Support-
ing Information) but did not affect the performance of mice in
the open field test (Figure 5c,d). Although the LHb lesion did not
affect the performance of mice without surgery in the novel ob-
ject recognition test, this lesion increased the time of mice with
surgery to explore a new object (Figure 5e). The LHb lesion im-
proved the performance of mice after surgery in the training ses-
sions of the Barnes maze test [F(1,28) = 21.49, P < 0.0001] (Fig-
ure 5f). Compared to mice with surgery, surgery mice receiving
ibotenic acid needed less time to identify the target hole at 1 day
and 8 days after the training sessions of Barnes maze test (Fig-
ure 5g). Surgery mice with the LHb lesion increased the freezing
behavior in the context-related and tone-related fear conditioning
(Figure 5h). These results, along with the results of DREADDs,
strongly suggest the involvement of LHb-VTA circuit activation
in POCD.

2.3. Activation of LHb Neurons Induced Learning and Memory
Dysfunction

To retrogradely activate the LHb neurons, mice received AAV2/2
retro plus-hSyn-Cre-WPRE-pA injection into the VTA and
AAV2/9-hSyn-DIO-hM3Dq-mCherry-WPRE-pA injection into
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Figure 4. Retrograde inhibition of LHb neurons via the projections from LHb to VTA attenuated surgery-induced learning and memory impairment.
a) Top: schematic presentation of viral injections. Bottom: a) representative image of hM4Di-mCherry expression in the LHb. Scale bar: 500 μm. b)
Representative images of hM4Di-transduced neurons and c-Fos expression after surgery with intraperitoneal injection of saline (top panels, scale bar:
100 μm) and magnified images of a selected area shown in the top right image (scale bar: 10 μm) in the LHb. c,d) Performance in the open field test.
e) Performance in the novel object recognition test. f) Performance in the training sessions of Barnes maze test. g) Performance in the memory phase
of Barnes maze test. h) Performance in the context- and tone-related fear conditioning test. Data are presented as mean ± S.D. with the presentation
of data of each individual animal (n = 15). Results were analyzed by one-way and two-way repeated measures ANOVA (panel (f)) and one-way ANOVA
followed with Tukey test (all other panels). *P < 0.05 for the comparison, **P < 0.01 for the comparison, ˆP < 0.05 compared with the corresponding
data on day 1.

the LHb (Figure 6a). Retrograde activation of the LHb neurons
did not affect the performance of mice in the open field test (Fig-
ure 6b,c). However, mice with retrograde activation of neurons
in the LHb spent less time to explore a new object than control
mice or mice receiving virus injection but without compound
21 to induce the activation of LHb neurons (Figure 6d). Retro-
grade activation of neurons in the LHb was a significant factor
to impair the performance of mice in the Barnes maze training
sessions [F(1,28) = 29.467, P < 0.0001 for the comparison be-
tween mCherry plus compound 21 group and retrograde activa-
tion group] (Figure 6e). Retrograde activation increased the time
for mice to identify the target hole at 1 day or 8 days after the
training sessions (Figure 6f). This activation also decreased the
freezing behavior of mice with surgery in the tone-related fear
conditioning (Figure 6g). These results suggest that the activa-
tion of LHb neurons via the LHb-VTA connections is sufficient
to induce learning and memory dysfunction.

2.4. Surgery Induced Endoplasmic Reticulum Stress in VTA via
Activation of NMDA Receptors

To determine the molecular mechanism after the LHb-VTA cir-
cuit activation for POCD, molecular changes in the VTA were ex-
amined. The phosphorylated NMDA receptor 1 (p-NR1) level in
the VTA was increased 24 and 48 h after surgery and returned to
the control level at 72 h after the operation (Figure 7a), which was
consistent with the time-course of activation of the LHb-VTA cir-
cuit. DREADDs-based inhibition of the LHb reduced the level of

p-NR1 in the VTA (Figure 7b). Considering that the LHb projec-
tions to VTA are mainly glutamatergic,[25] p-NR1 level is closely
related to NMDA receptor activity[26] and continuous excitation of
NMDA receptors may cause excitotoxicity in VTA,[27] endoplas-
mic reticulum stress was determined. The expression of endo-
plasmic reticulum stress-related proteins, X-box binding protein
1s (XBP1s) and CCAAT-enhancer-binding protein homologous
protein (CHOP),[28,29] in the VTA was inhibited in surgery mice
with LHb inhibition compared with that in surgery mice without
LHb inhibition (Figure 7c). The inhibition of LHb reduced the
levels of interleukin (IL)-1𝛽, IL-6, and cleaved caspase-3 in the
VTA of mice with surgery (Figure 7d,e). There was a reduction
in the number of terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) positive staining cells in the VTA of
surgery mice with LHb inhibition (Figure 7f). The VTA is a brain
area where dopaminergic neurons are concentrated.[30] Consis-
tent with the findings of reduced endoplasmic reticulum stress
and neuropathological changes after LHb inhibition, this inhi-
bition maintained the number of dopaminergic neurons in the
VTA of surgery mice (Figure 7g). It is known that VTA releases
dopamine to the PFC and hippocampus and that dopamine reg-
ulates the development of dendritic spines,[16,17,18] structures that
are involved in cognitive function. Our previous studies have
shown that dendritic spine density is reduced in the hippocam-
pus after a peripheral surgery.[31,32] Consistent with these pre-
vious findings, inhibition of the LHb-VTA circuit maintained
spine density in the PFC and hippocampus of surgery mice
(Figure 7h). Taken together, these data suggest that activation
of the LHb-VTA circuit leads to endoplasmic reticulum stress,
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Figure 5. Chemical lesion of the LHb attenuated cognitive dysfunction in mice with surgery. a) Representative images of Nissl staining showing structural
damage in the LHb. Scale bar: 100 μm. b) Left panel: Representative immunofluorescent images of c-Fos in the VTA at 3 h after surgery. Scale bar: 100 μm.
Right panel: Quantitative results of c-Fos positive cells. c,d) Performance in the open field test. e) Performance in the novel object recognition test. f)
Performance in the training sessions of Barnes maze test. g) Performance in the memory phase of Barnes maze test. h) Performance in the context- and
tone-related fear conditioning test. Data are presented as mean ± S.D. with the presentation of data of each individual animal (n = 6 for panel (b), =
15 for all other panels). Results were analyzed by one-way and two-way repeated measures ANOVA (panel (f)) and one-way ANOVA followed with Tukey
test (all other panels). *P < 0.05 for the comparison, **P < 0.01 for the comparison, ˆP < 0.05 compared with the corresponding data on day 1. Hip:
hippocampus; IBO: ibotenic acid; MHb: medial habenular nucleus; PV: paraventricular thalamic nucleus; TH: tyrosine hydrolase.

Figure 6. Chemogenetic activation of LHb neurons via the projections from LHb to VTA impaired learning and memory. a) Top: schematic presentation
of the viral injections. Bottom: representative images of hM3Dq-mCherry expression in the LHb. Scale bar: 500 μm). b,c) Performance in the open field
test. d) Performance in the novel object recognition test. e) Performance in the training sessions of Barnes maze test. f) Performance in the memory
phase of Barnes maze. g) Performance in the context- and tone-related fear conditioning test. Data are presented as mean ± S.D. with the presentation
of data of each individual animal (n = 15). Results were analyzed by one-way and two-way repeated measures ANOVA (panel (e)) and one-way ANOVA
followed with Tukey test (all other panels). *P < 0.05 for the comparison, **P < 0.01 for the comparison, ˆP < 0.05 compared with the corresponding
data on day 1.
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Figure 7. Inhibition of the LHb-VTA circuit reduced NMDA receptor activation and endoplasmic reticulum stress in mice with surgery. a) Expression of
p-NR1 in the VTA at 24 h (S24h), 48 h (S48h), or 72 h (S72h) after surgery. Left panel: Representative images of Western blots. Right panel: Quantitative
results. b,c) Expression of p-NR1, XBP1s and CHOP in the VTA at 24 h after surgery. Left panel: Representative images of Western blots. Right panel:
Quantitative results. d) Concentrations of IL-1𝛽 and IL-6 in the VTA at 24 h after surgery. e) Expression of caspase-3 and cleaved caspase-3 in the VTA at
24 h after surgery. Top panel: Representative images of Western blots. Bottom panel: Quantitative results. f) Number of TUNEL positive cells in the VTA
at 24 h after surgery. Left panel: Representative images of TUNEL staining. Scale bar: 100 μm. Right panel: Quantitative data. g) Number of dopaminergic
neurons in the VTA at 20 days after surgery. Left panel: Representative images of staining for tyrosine hydrolase (TH). Scale bar: 400 μm (left column) and
100 μm (right column). Right panel: Quantitative data of TH-positive cells. h) Dendritic spine density in the prefrontal cortex (PFC) and hippocampus
(HIP) at 20 days after surgery. Left panel: Representative images of Golgi staining. Scale bar: 5 μm. Right panel: Quantitative data. Data are presented
as mean ± S.D. with the presentation of data of each individual animal (n = 5 for panel (a), = 6 for all other panels). Results were analyzed by one-way
ANOVA followed with Tukey test. * P < 0.05 for the comparison, ** P < 0.01 for the comparison.

neuroinflammatory responses, cell injury and impairment of
dendritic spine development after surgery.

2.5. Inhibition of NMDA Receptors in VTA Alleviated
Surgery-Induced Cognitive Decline through Reduction of
Endoplasmic Reticulum Stress

As shown above, surgery increased p-NR1 expression/activated
NMDA receptors. Inhibition of the NMDA receptors by MK-801
in the VTA decreased the expression of p-NR1, XBP1s, CHOP, IL-
1𝛽, IL-6, and cleaved caspase-3 after surgery (Figure 8a–d). The
number of TUNEL positive staining cells in surgery mice was
decreased by MK-801 (Figure 8e). MK-801 also maintained the
number of dopaminergic neurons in the VTA after surgery (Fig-
ure 8f). Administrating MK-801 to the VTA did not change the
performance of mice in the open field test but improved the per-
formance of surgery mice in novel object recognition test (Fig-
ure 9a–c). MK-801 improved the performance of surgery mice in
the training sessions of the Barnes maze test [F(1,28) = 13.29,
P = 0.0011] (Figure 9d). Compared to mice with surgery, mice
receiving MK-801 needed less time to identify the target hole at

1 day and 8 days after surgery (Figure 9e). MK-801 increased the
freezing behavior of surgery mice in the context-related and tone-
related fear conditioning (Figure 9f). These results suggest that
the activation of NMDA receptors in the VTA mediates surgery-
induced neuropathological changes and the impairment of learn-
ing and memory in mice.

2.6. Inhibition of Dopaminergic Neurons in the VTA Attenuated
Surgery-Induced Learning and Memory Dysfunction

To determine the role of dopaminergic neurons in the VTA in the
surgical effects on learning and memory, 3-iodo-L-tyrosin (MIT),
a tyrosine hydroxylase inhibitor,[33] was injected into the VTA.
Tyrosine hydroxylase is needed for dopamine synthesis in the
neurons.[33] Surgery and MIT did not affect the performance of
mice in the open field test (Figure 10a,b). However, MIT im-
proved the performance of surgery mice in novel object recog-
nition test (Figure 10c). MIT also improved the performance of
surgery mice in the training sessions of the Barnes maze test
[F(1,28) = 16.134, P < 0.001] (Figure 10d). Mice with surgery and
receiving MIT needed less time than mice with surgery to identify
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Figure 8. NMDA receptor inhibition by MK-801 attenuated endoplasmic reticulum stress and neuropathological changes in mice with surgery. a,b)
Expression of p-NR1, XBP1s and CHOP in the VTA at 24 h after surgery. Left panel: Representative images of Western blots. Right panel: Quantitative
results. c) Concentrations of IL-1𝛽 and IL-6 in the VTA at 24 h after surgery. d) Expression of caspase-3 and cleaved caspase-3 in the VTA at 24 h after
surgery. Left panel: Representative images of Western blots. Right panel: Quantitative results. e) Number of TUNEL positive cells in the VTA at 24 h after
surgery. Left panel: Representative images of TUNEL staining. Scale bar: 100 μm. Right panel: Quantitative data. f) Number of dopaminergic neurons in
the VTA at 20 days after surgery. Left panel: Representative images of staining for tyrosine hydrolase (TH). Scale bar: 400 μm (left column) and 100 μm
(right column). Right panel: Quantitative data of TH positive cells. Data are presented as mean ± S.D. with the presentation of data of each individual
animal (n = 6). Results were analyzed by one-way ANOVA followed with Tukey test. * P < 0.05 for the comparison, ** P < 0.01 for the comparison.

the target hole at 1 day after surgery (Figure 10e). MIT increased
the freezing behavior of surgery mice in the tone-related fear con-
ditioning (Figure 10f). These results suggest a role of dopaminer-
gic neurons in the VTA in surgery-induced learning and memory
dysfunction.

2.7. Inhibition of Endoplasmic Reticulum Stress in VTA
Attenuated Surgery-Induced Learning and Memory Dysfunction

To determine the role of endoplasmic reticulum stress in the
surgery-induced neuropathology and POCD, an endoplasmic
reticulum stress inhibitor, tauroursodeoxycholic acid (TUDCA),
was injected into the VTA. As expected, inhibition of endoplas-
mic reticulum stress decreased the expression of XBP1s and
CHOP after surgery (Figure 11a). TUDCA reduced IL-1𝛽 and IL-
6 concentrations and cleaved caspase-3 expression in the VTA
of surgery mice (Figure 11b,c). TUDCA also reduced the num-
ber of apoptotic cells evaluated by TUNEL staining and main-
tained the number of dopaminergic neurons in the VTA after
surgery (Figure 11d,e). Although TUDCA did not affect the loco-
motor activities of surgery mice, it increased the time to explore a
new object in surgery mice (Figure 12a–c). TUDCA improved the
performance of surgery mice in the training sessions [F(1,28) =
21.58, P < 0.0001] and decreased the time for these mice to iden-

tify the target hole at 1 day and 8 days after training sessions in
the Barnes maze test (Figure 12d,e). TUDCA also increased the
freezing behavior of surgery mice in the context-related and tone-
related fear conditioning (Figure 12f). These results suggest that
endoplasmic reticulum stress in the VTA mediates inflammatory
response, cell injury and impairment of learning and memory af-
ter surgery.

3. Discussion

The neural circuit mechanisms for POCD, a significant syn-
drome during the perioperative period,[1,2] are not known. Our
study showed that surgery activates the LHb-VTA neural circuit
and that inhibiting this circuit or injuring the LHb neurons atten-
uated surgery-induced learning and memory impairment. This
study represents an initial effort to identify neural circuits that are
affected by surgery and provides initial evidence for the involve-
ment of the LHb-VTA circuit activation in the development of
POCD. Interestingly, inhibiting or activating LHb by a DREADDs
approach or damaging LHb by ibotenic acid did not affect the lo-
comotor functions of mice assessed by the open field test. Simi-
larly, inhibiting NMDA receptors, endoplasmic reticulum stress
or dopamine synthesis in the VTA did not affect the locomotor
functions. These results suggest that the improvement of learn-
ing and memory of surgery mice after various treatments in the
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Figure 9. NMDA receptor inhibition by MK-801 attenuated postoperative cognitive decline in mice. a,b) Performance in the open field test. c) Perfor-
mance in the novel object recognition test. d) Performance in the training sessions of Barnes maze test. e) Performance in the memory phase of Barnes
maze test. f) Performance in the context- and tone-related fear conditioning test. Data are presented as mean ± S.D. with the presentation of data of
each individual animal (n = 15). Results were analyzed by one-way and two-way repeated measures ANOVA (panel (d)) and one-way ANOVA followed
with Tukey test (all other panels). *P < 0.05 for the comparison, **P < 0.01 for the comparison, ˆP < 0.05 compared with the corresponding data on day
1.

Figure 10. Tyrosine hydroxylase inhibition by MIT mitigated learning and memory decline in mice with surgery. a,b) Performance in the open field test.
c) Performance in the novel object recognition. d) Performance in the training sessions of Barnes maze. e) Performance in the memory phase of Barnes
maze. f) Performance in the context- and tone-related fear conditioning test. Data are presented as mean ± S.D. with the presentation of data of each
individual animal (n = 15). Results were analyzed by one-way and two-way repeated measures ANOVA (panel (d)) and one-way ANOVA followed with
Tukey test (all other panels). *P < 0.05 for the comparison, **P < 0.01 for the comparison, ˆP < 0.05 compared with the corresponding data on day 1.
MIT: 3-Iodo-L-tyrosine.
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Figure 11. Endoplasmic reticulum stress inhibition by TUDCA reduced neuropathological changes in mice with surgery. a) Expression of XBP1s and
CHOP in the VTA at 24 h after surgery. Left panel: Representative images of Western blots. Right panel: Quantitative results. b) Concentrations of IL-1𝛽
and IL-6 in the VTA at 24 h after surgery. c) Expression of caspase-3 and cleaved caspase-3 in the VTA at 24 h after surgery. Left panel: Representative
images of Western blots. Right panel: Quantitative results. d) Number of TUNEL positive cells in the VTA at 24 h after surgery. Left panel: Representative
images of TUNEL staining. Scale bar: 100 μm. Right panel: Quantitative data. e) Number of dopaminergic neurons in the VTA at 20 days after surgery.
Left panel: Representative images of staining for tyrosine hydrolase (TH). Scale bar: 400 μm (left column) and 100 μm (right column). Right panel:
Quantitative data of TH positive cells. Data are presented as mean ± S.D. with the presentation of data of each individual animal (n = 6). Results were
analyzed by one-way ANOVA followed with Tukey test. ** P < 0.01 for the comparison.

LHb and VTA may not be related to the alterations of locomotor
functions. In addition, there was no difference in the locomotor
functions between control and surgery mice, indicating that the
impairment of learning and memory caused by surgery may not
be the result of locomotor dysfunction.

As we reported in a previous study,[12] very few cells in the
LHb expressed c-Fos under control conditions but surgery in-
duced a large increase in the number of c-Fos positive cells.
This increase lasted for 2 days after surgery, a time-course that
is consistent with that of surgical trauma-induced pain and
inflammation.[34,35] LHb is implicated in the perception of nox-
ious and aversive stimuli[36] and believed to play a vital role in
regulating pain and mood[37] and modulating fear memory.[38]

There is a direct excitatory projection from LHb to VTA and stim-
ulating the fasciculus retroflexus fiber bundle that contains ef-
ferent projections from the LHb to the VTA[39,40] excites VTA
dopamine neurons.[19] Consistent with these previous findings,
our results suggest that there are projections from LHb to VTA
and that LHb may regulate VTA activity via glutamatergic signals
because the tracer (mCherry) was co-localized with vGlut2, a glu-
tamatergic neuron biomarker,[41] and inhibition of the LHb neu-
rons reduced the level of activated NMDA receptors in the VTA.
Direction inhibition or damage of the LHb or retrograde inhi-
bition of LHb neurons via its projections to the VTA attenuated

surgery-induced learning and memory impairment. Retrograde
activation of LHb neurons via its projections to the VTA induced
learning and memory dysfunction. These results suggest a novel
and critical role of the LHb-VTA connections in the pathogenesis
of POCD. This role may not be a surprise because LHb is known
to mediate depression-like behavior after aversive stimuli[42] and
surgery may be considered as an aversive stimulus.

Interestingly, LHb has projections to the RMTg that sends pro-
jections to the VTA[22,23] in addition to the direct projections from
LHb to VTA as described above. Consistent with the existence
of LHb and RMTg connections, surgery increased the number
of c-Fos positive cells in the RMTg and damage or inhibition of
the LHb reduced surgery-induced increase of c-Fos positive cells
in the RMTg. Thus, LHb neurons can regulate the activation of
VTA neurons via the direct projections from LHb to VTA or via
an indirect mechanism mediated by RMTg neurons in mice with
surgery.

Dendritic spines are a form of microstructure for transmit-
ting information between neurons.[43] Dendritic spine density
is a representative synaptic plasticity, which is closely related to
learning and memory functions.[44,45] VTA dopaminergic neu-
rons release dopamine to the hippocampus[46] and PFC,[47] which
modulates memory encoding, consolidation, and retrieval.[13] A
previous study has shown that the dendritic spine density of the
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Figure 12. Endoplasmic reticulum stress inhibition by TUDCA attenuated learning and memory decline in mice with surgery. a,b) Performance in the
open field test. c) Performance in the novel object recognition test. d) Performance in the training sessions of Barnes maze test. e) Performance in the
memory phase of Barnes maze test. f) Performance in the context- and tone-related fear conditioning test. Data are presented as mean ± S.D. with
the presentation of data of each individual animal (n = 15). Results were analyzed by one-way and two-way repeated measures ANOVA (panel d) and
one-way ANOVA followed with Tukey test (all other panels). **P < 0.01 for the comparison, ˆP < 0.05 compared with the corresponding data on day 1.

striatum changes in a dopamine concentration-dependent man-
ner in a Parkinson’s disease animal model.[18] Our previous stud-
ies have shown that the density of hippocampal dendritic spines
is reduced in mice with surgery.[31,32] The present study found
that chemogenetic suppression of the LHb reduced the VTA
dopaminergic neuron damage after surgery and preserved the
density of dendritic spines in the PFC and hippocampus. These
results provide structural evidence for the involvement of LHb-
VTA circuit activation in POCD development.

In addition to the effect on spine density, inhibition of LHb
activation or damaging LHb attenuated endoplasmic reticulum
stress, inflammatory responses and cell injury in the VTA of
surgery mice. These pathological processes can affect learning
and memory.[48,49] In fact, neuroinflammation may be a major
pathological process for POCD.[50] Thus, endoplasmic reticulum
stress, inflammatory responses and cell injury identified in this
study may be general neuropathological processes for POCD.

NMDA receptors are a type of ionotropic glutamate
receptors.[51] NR1 is a subunit that combines with other subunits
to form NMDA receptors.[52] Activation of NMDA receptors in-
duces the influx of Ca2+ into the cell. Ca2+ overloading in the
cell can cause cell damage.[53] The phosphorylation level of NR1
is closely related to the activity of NMDA receptors.[54] In this
study, the phosphorylation level of NR1 in the VTA was increased
after surgery, consistent with the finding that surgery induces
the activation of the LHb-VTA circuit. Continuous activation of
NMDA receptors leads to intracellular Ca2+ overload and induces
endoplasmic reticulum stress.[55] Our study showed that the

injection of the NMDA receptor inhibitor MK-801 into the VTA
reduced endoplasmic reticulum stress, inflammatory response
and apoptosis in the VTA and improved the cognitive functions
of mice after surgery. These results clearly suggest that activation
of NMDA receptors in the VTA plays a role in surgery-induced
neuropathology and dysfunction of learning and memory.

VTA is enriched with dopaminergic neurons.[16,17,18] MIT, a ty-
rosine hydroxylase inhibitor[33] that can inhibit dopamine synthe-
sis, injected into the VTA attenuated surgery-induced learning
and memory impairment. These results suggest that the activa-
tion of dopaminergic neurons in the VTA plays a role in POCD.

The endoplasmic reticulum participates in the folding and
post-translational modification of almost all membrane pro-
teins and secreted proteins.[56] It plays an important role
in cell homeostasis and participates in a variety of cellu-
lar functions, including protein degradation, signal transduc-
tion, lipid metabolism, and intercellular communication.[57]

The endoplasmic reticulum is sensitive to internal and exter-
nal stimuli. Inflammation, hypoxia, oxidative stress and cal-
cium deficiency affect the homeostasis of the endoplasmic
reticulum, leading to protein folding errors and inducing endo-
plasmic reticulum stress.[58] To restore the homeostasis of pro-
tein folding, a cell initiates a non-folded protein response, re-
duces protein synthesis by increasing the phosphorylation of
eukaryotic initiation factor 2𝛼, and increases the folding and
degradability of endoplasmic reticulum proteins through the
transcriptional activation of XBP1 and activating transcription
factor 6𝛼.[59] If the unfolded protein response fails to restore
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the homeostasis of the endoplasmic reticulum, apoptosis occurs
because of the activation of the following pathways: endoplas-
mic reticulum stress induces continuous release of Ca2+, which
causes cytochrome c to bind apoptotic peptidase activating factor
1 in the cytoplasm to activate caspase 3.[60] Under normal phys-
iological conditions, CHOP is expressed at a very low level. The
phosphorylation of eukaryotic initiation factor 2𝛼 and the tran-
scriptional activation of activating transcription factor 6𝛼 caused
by endoplasmic reticulum stress up-regulate the transcription of
the pro-apoptotic gene chop, leading to cell apoptosis.[61] In this
study, the level of XBP1s and CHOP in the surgery mice was
reduced by the endoplasmic reticulum stress inhibitor TUDCA
injected into the VTA. TUDCA also reduced inflammation and
apoptosis and improved the cognitive functions of mice after
surgery. These data suggest a role of endoplasmic reticulum
stress in the development of POCD.

Our findings suggest that the activation of the LHb-VTA neural
circuit in mice with surgery is necessary and sufficient for POCD.
This activation involves glutamate receptors to activate dopamin-
ergic neurons and induce endoplasmic reticulum stress and in-
flammation in the VTA, which ultimately leads to a decreased
number of neurons and impaired dendritic spines at a delayed
phase. These cascade events may be the mechanisms for the pre-
sentation of POCD at acute and delayed phases.[31,49,62] Of note,
a lower volume of the temporal lobe is associated with the occur-
rence of POCD in humans.[63] However, there is no clinical study
defining neural circuit activation or inhibition in POCD.

Three paradigms were used to measure learning and mem-
ory for the consideration that multiple domains of cognition may
be affected in patients with POCD. Novel object recognition re-
quires the functions of perirhinal cortex and hippocampus.[64]

Barnes maze tests spatial learning and memory and needs the
functions of hippocampus, entorhinal cortex and other cortical
areas.[65,66] The performance of fear conditioning depends on
amygdala, cerebral cortex, and hippocampus.[67] Thus, functions
of many brain regions, in addition to those of hippocampus, were
tested in our study.

Our study has limitations. There was a decrease in the den-
dritic spine density in the PFC and hippocampus and a reduc-
tion of dopaminergic neurons in the VTA after surgery. VTA has
a large number of dopaminergic neurons that send projections to
the PFC and hippocampus.[16,17,18,30] One will infer that dopamin-
ergic neurons in the VTA are involved in the development of
POCD. This inference is supported by our finding that MIT at-
tenuated POCD. However, additional evidence is needed to ex-
clude a role of non-dopaminergic neurons of the VTA in POCD.
Also, the phosphorylation level of NR1 was used to indicate the
activation of NMDA receptors. This activation was not confirmed
with electrophysiological measurements. However, the phospho-
rylation of NR1 was decreased by MK-801 in our study, suggest-
ing the appropriate use of NR1 phosphorylation as an indicator
for NMDA receptor activation. Finally, our study was performed
in male mice. Studies using female mice are needed to deter-
mine whether there is a sex-difference in the findings presented
here.

In conclusion, our results suggest novel neuronal circuit and
molecular mechanisms that mediate the development of POCD:
surgery activates the LHb neurons including the glutamatergic
neurons in this brain region, which leads to endoplasmic reticu-

lum stress, inflammatory responses and dopaminergic neuronal
injury in the VTA that results in a decrease of dendritic spine
density in the PFC and hippocampus (Figure 13).

4. Experimental Section
The protocol of animal experiments in this study was approved by the

Institutional Animal Care and Use Committee at the University of Virginia
(Charlottesville, VA, USA) (protocol number: 3114, to Zhiyi Zuo’s labo-
ratory). All animal experiments were conducted in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH publication number 80-23, revised in 2011).

Animals and Experimental Groups: Six- to eight-week-old CD-1 male
mice, weighing 31–36 g, were purchased from Charles River Laboratory
Inc. (Wilmington, MA), and maintained under a 12 h light/dark cycle with
free access to food and water.

In experiment 1 (Figure S5a, Supporting Information), mice were ran-
domly assigned to a control group or a surgery group.

In experiment 2 (Figure S5b, Supporting Information), five cohorts of
mice and the DREADDs technique were used to test the role of the LHb-
VTA circuit in POCD. AAV2-hSyn-mCherry (5 × 10¹2 vg mL−1) 200 nL per
side was injected into the LHb to determine the neural projection from
LHb to VTA in the first set of experiments. In the second set of experi-
ments, the retrograde virus AAV2-retro-CAG-GFP (≥ 7 × 10¹2 vg mL−1)
300 nL was injected into the VTA. Four weeks later, these mice were sub-
jected to carotid artery exposure. Mouse brains were harvested 3 h af-
ter surgery and frozen sections were used to examine the projections of
LHb, PFC or hippocampus to VTA. The DREADDs technique was used in
the following three sets of experiments to inhibit the LHb-VTA circuit af-
ter surgery. First, mice were randomly assigned to four groups: control,
surgery plus hM4Di plus saline, surgery plus mCherry plus compound
21, and surgery plus hM4Di plus compound 21. Mice were bilaterally in-
jected with AAV2-hsyn-hM4Di-mCherry (7 × 10¹2 vg mL−1), AAV2-hsyn-
mCherry (5 × 10¹2 vg mL−1) or normal saline 200 nL per side into the
LHb four weeks before surgery. The DREADDs agonist compound 21 was
used to activate hM4Di[12] to inhibit the activation of LHb. Compound
21 was dissolved in normal saline and was injected intraperitoneally with
the first dose at 30 min before surgery, 3 times a day, until 2 days after
the operation. Second, to determine the role of the LHb neuronal projec-
tions to the VTA in POCD, mice were randomly assigned to the follow-
ing five groups: control, surgery, surgery plus hM4Di plus saline, surgery
plus mCherry plus compound 21, and surgery plus hM4Di plus compound
21. Mice were bilaterally injected with AAV2/2 retro plus-hSyn-Cre-WPRE-
pA (1 × 1013 vg mL−1) 300 nL per side into the VTA and AAV2/9-hSyn-
DIO-hM4Di-mCherry-WPRE-pA (1 × 1013 vg mL−1) or AAV2/9-hSyn-DIO-
mCherry-WPRE-pA (1 × 1013 vg mL−1) 200 nL per side into the LHb four
weeks before surgery. Compound 21 or the same volume of saline was in-
jected intraperitoneally 30 min before surgery, 3 times a day, until 2 days
after the operation. Third, to determine the effect of activating the LHb-VTA
circuit on cognitive performance, mice were randomly assigned to the fol-
lowing four groups: control, hM3Dq plus saline, mCherry plus compound
21, and hM3Dq plus compound 21. Mice were bilaterally injected with
AAV2/2 retro plus-hSyn-Cre-WPRE-pA (1 × 1013 vg mL−1) 300 nL per side
into the VTA and AAV2/9-hSyn-DIO-hM3Dq-mCherry-WPRE-pA (1 × 1013

vg mL−1) or AAV2/9-hSyn-DIO-mCherry-WPRE-pA (1 × 1013 vg mL−1) 200
nL per side into the LHb four weeks before behavioral tests. Compound
21 or the same volume of saline was injected intraperitoneally 3 times a
day for 3 days (day 0 to day 2). Animals were subjected to the behavioral
tests from day 4.

In experiment 3 (Figure S5c, Supporting Information), induction of LHb
lesion was used to supplement the DREADDs approach. Mice were ran-
domly assigned to four groups: control, ibotenic acid lesion, saline plus
surgery, and ibotenic acid lesion plus surgery. Mice were bilaterally injected
with ibotenic acid or normal saline into the LHb 14 days before surgery.

To determine the role of NMDA receptors in mediating POCD via the
activation of the LHb-VTA circuit, four groups of mice were included in
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Figure 13. Diagram of possible neural circuits and molecules for postoperative cognitive dysfunction. PFC: prefrontal cortex, HIP: hippocampus, LHb:
Lateral habenula, CHOP: CCAAT-enhancer-binding protein homologous protein, DA: Dopamine, ER: endoplasmic reticulum, NMDAR: N-methyl-d-
aspartate receptors, POCD: postoperative cognitive dysfunction, VTA: ventral tegmental area, XBP1s: X-box binding protein 1.

experiment 4 (Figure S5d, Supporting Information): control, MK-801,
saline plus surgery, and MK-801 plus surgery. MK-801 was dissolved in
normal saline and bilaterally injected into the VTA 30 min before surgery
and then once every day for the first two days after surgery. The control
and saline plus surgery groups received injections of normal saline at a
volume equal to that of MK-801 solution.

To determine the role of dopaminergic neurons in mediating the cog-
nitive dysfunction after surgery, mice were randomly assigned to the fol-
lowing four groups in experiment 5 (Figure S5e, Supporting Information):
control, MIT, saline plus surgery, and MIT plus surgery. MIT was dissolved
in saline and bilaterally injected into the VTA 30 min before surgery and the
first two days after surgery. Equal volume of normal saline to that of MIT
was injected into the VTA of control group and saline plus surgery group.

Experiment 6 (Figure S5f, Supporting Information) was conducted to
investigate the involvement of endoplasmic reticulum stress in the effects
of LHb-VTA circuit on POCD. The following four groups were included:
control, TUDCA, saline plus surgery, and TUDCA plus surgery. TUDCA, an
endoplasmic reticulum stress inhibitor,[68] was dissolved in normal saline
and bilaterally injected into the VTA 30 min before surgery and then once
every day for the first two days after surgery. Equal volume of normal saline
to that of TUDCA was injected into the VTA of control group and saline plus
surgery group.

To determine the diffusion of solution after being injected, 0.1% Evans
blue was injected into the LHb (200 nL per side) and VTA (300 nL per side).
The brain was harvested 3 h after the injection and 100 μm-thick sections
were cut and observed under a microscope.

Animal Surgery: The right carotid artery exposure surgery was used as
the model to induce POCD.[50] Briefly, mice were anesthetized by 1.8%
isoflurane whose concentration was monitored with a DatexTM infrared
analyzer (Capnomac, Helsinki, Finland). Their temperature was main-
tained by a warm pad. The mouse was placed in a supine position and
a 1.5-cm midline neck incision was made after the mouse was exposed
to isoflurane for at least 30 min. The soft tissues over the trachea were
retracted gently. One centimeter long right common carotid artery was
dissected carefully free from adjacent tissues without damaging vagus
nerve. The wound was then irrigated and closed by using surgical su-
ture. The surgical procedure was performed under sterile conditions and
lasted around 15 min. After the surgery, all animals received a subcu-

taneous injection of 3 mg kg−1 bupivacaine for postoperative analge-
sia. After a total of 2-h anesthesia, the mouse was allowed to wake up
spontaneously.

Virus or Chemical Injection: The viruses AAV2-hSyn-hM4D(Gi)-
mCherry (Addgene, catalogue number: 50 475), AAV2-hSyn-mCherry
(Addgene, catalogue number: 114 472), AAV2/9-hSyn-DIO-hM4Di-
mCherry-WPRE-pA (Tailtool Bioscience, Shanghai, China; catalogue
number: S0193-9) or AAV2/9-hSyn-DIO-mCherry-WPRE-pA (Tailtool
Bioscience, catalogue number: S0240-9), or AAV2/9-hSyn-DIO-hM3Dq-
mCherry-WPRE-pA (Tailtool Bioscience, catalogue number: S0192-9) were
stereotaxically injected bilaterally into the LHb (coordinates: anteropos-
terior −1.7 mm from the bregma, mediolateral ±0.6 mm, dorsoventral
−2.7 mm from dura) using a 1 μL Hamilton Neuros syringe 7001 KH
at a volume of 200 nL per side and a rate of 25 nL min−1. Similarly,
AAV2/2 retro plus-hSyn-Cre-WPRE-pA (Tailtool Bioscience, catalogue
number: S0278-2RP) or AAV2-retro-CAG-GFP (Addgene, catalogue num-
ber: 37825-AAVrg) was stereotaxically injected bilaterally into the VTA
(coordinates: anteroposterior −2.3 mm from the bregma, mediolateral
±0.5 mm, dorsoventral −4.5 mm from dura) at a volume of 300 nL per
side and a rate of 50 nL min−1. Mice were returned to their cages for
4 weeks. Ibotenic acid (Millipore, catalogue number: 5.05024.0001), a
neurotoxin,[24] was dissolved in normal saline to a concentration of 1 mg
ml−1 and bilaterally injected into the LHb at a volume of 100 nL per
side. Mice were used 2 weeks after the LHb lesion. The NMDA receptor
antagonist MK-801 (500 μg mL−1)[69] (Sigma-Aldrich, catalogue number:
M107), the tyrosine hydroxylase inhibitor MIT (3 μg mL−1)[33] (APExBIO,
catalogue number: C7043) or the endoplasmic reticulum stress antag-
onist TUDCA (100 μg mL−1)[68] (Millipore, catalogue number: 580 549)
was stereotaxically injected bilaterally into the VTA at a volume of 300
nL per side and a rate of 50 nL min−1. After the injection, mice were
allowed to wake up from the anesthesia. Mice were anesthetized again
30 min later and underwent the right carotid artery exposure surgery.
MK-801, MIT and TUDCA were injected once a day for two consecutive
days after surgery. Compound 21 (C21) (Hello Bio, catalogue number:
HB6124) was dissolved in normal saline to a concentration of 1 mg
mL−1 and injected 1 mg kg−1 intraperitoneally 30 min before right
carotid artery exposure surgery, 3 times a day, until 2 days after the
operation.
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Behavioral Tests: Open field test was used to assess locomotor activ-
ities of mice. The novel object recognition, Barnes maze and fear condi-
tioning tests were used to determine learning and memory functions.

Open field test was performed on the 4th day after surgery. As described
before,[70] mice were placed into the open field box for 5 min. The ANY-
maze behavioral tracking software (SD Instruments) was used to record
the distance traveled and time spent in the corner, border and center areas
of the open field.

One day after open field test, mice were subjected to novel object
recognition test. As we described previously,[70] two identical objects were
placed in opposite sides of the box during a training session. The mouse
was placed in the middle of the box and allowed to explore for 5 min. One
hour later, one of the training objects was replaced with a novel object.
The mouse was allowed to explore for 5 min. The ANY-maze software was
used to track and record the time exploring objects. The ratio of time spent
on the new object to total exploration time on both objects was calculated.

Mice were subjected to the Barnes maze test on the 6th day after surgery
to assess spatial learning and memory. As we did before,[50] the mouse
was placed in the center of a circular platform with 20 equally spaced holes.
One of the holes was connected to a dark chamber called target hole (SD
Instruments). Aversive noise (85 dB) and bright light (200 W) shed on
the platform were used to encourage the mouse to find the target hole.
The spatial acquisition training phase was 4 days with 2 trials per day,
3 min per trial, and 2 h interval between each trial. The short-term and
long-term spatial memory tests were performed on the first and eighth
day after training phase. No test was performed during the period from
first to eighth day after training phase. The latency to find the target hole
was recorded by the ANY-maze video tracking system.

A fear conditioning test was conducted 24 h after the Barnes maze
test to measure the associative memory of mice. As we previously
described,[50] the mouse was placed into a test chamber wiped with 70%
alcohol and exposed to 3 tone-foot shock pairings (tone: 2000 Hz, 85db,
30 s; foot shock: 0.7 mA, 2 s) with an inter-pairing interval of 1 min in a
relatively dark room. The mouse was removed from the test chamber 30
s after the conditioning stimuli. Mice were placed back into the same test
chamber for 6 min but without tone and shock 24 h after being exposed to
the conditioning stimuli. The animal was placed into another test cham-
ber that had different context and smell and wiped with 1% acetic acid in
a relatively light room 2 h later. Freezing behavior was recorded for 3 min
without the tone stimulus. The tone was then turned on for 3 cycles, each
cycle for 30 s followed by 1-min inter-cycle interval (a total of 4.5 min).
The length of context-related freezing behavior during the 6 min in the
first chamber and tone-related freezing behavior during the 4.5 min in the
second chamber was recorded by an observer who was blind to the group
assignment.

Brain Tissue Collection: Mice were deeply anesthetized with isoflurane
and transcardially perfused with 4% paraformaldehyde 4 weeks after viral
injection, 2 weeks after ibotenic acid lesion, and 3 h, 24 h, and 20 days after
surgery. The coronal brain slices from bregma −1.5 to −2.1 mm or −2.9
to −3.8 mm were used for immunofluorescent, immunohistochemistry,
TUNEL or Nissl staining of the LHb and VTA, respectively.

Brain tissues in another set of experiments were immediately removed
and the LHb and VTA were quickly dissected out on ice at 3, 24, 48 and
72 h after surgery for Western blotting or enzyme-linked immunosorbent
assay (ELISA) analysis.

Mouse brain was quickly removed 20 days after surgery and immerged
in the AB mixture for Golgi staining.

Immunofluorescent Staining: Neuronal activation was assessed by de-
tecting the expression of c-Fos using immunofluorescent staining as we
previously described.[12] Briefly, brains were fixed in 4% paraformaldehyde
for 3 days at 4 °C and then embedded in paraffin. Coronal 5-μm thick
brain sections at −1.5 to −2.1 mm (for LHb) or −2.9 to −3.8 mm (for
VTA) from bregma were cut and mounted on slides. Antigen retrieval was
performed in sodium citrate buffer (10 × 10−3 m sodium citrate, 0.05%
Tween 20, pH 6.0) at 95–100 °C for 20 min. After being blocked in 5% don-
key serum plus 1% bovine serum albumin in Tris-buffered saline (TBS)
for 2 h at room temperature, sections were incubated with the primary
antibodies mouse anti-c-Fos monoclonal antibody (1:1000, Abcam, cat-

alogue number: ab208942), rabbit polyclonal anti-c-Fos (1:1000, Abcam,
catalogue number: ab190289), mouse monoclonal anti-NeuN (1:1000,
Sigma-Aldrich, catalogue number: MAB377) or sheep anti-tyrosine hy-
droxylase (TH) polyclonal antibody (1:1000, Invitrogen, catalogue num-
ber: PA1-4679) at 4 °C overnight. Sections were washed with Tris-buffered
saline (TBS), and incubated with the secondary antibodies donkey anti-
mouse IgG antibody conjugated with Alexa Fluor 488 (1:500, Invitrogen,
catalogue number: A21202), donkey anti-rabbit IgG antibody conjugated
with Alexa Fluor 594 (1:200, Invitrogen, catalogue number: A21207) or
donkey anti-sheep IgG antibody conjugated with Alexa Fluor 647 (1:500,
Abcam, catalogue number: ab150179) at room temperature in the dark
for 1 h. Cell nuclei were stained by Hoechst 33 342 (1:1000, Thermo Sci-
entific, catalogue number: 62 249) at room temperature for 15 min in the
dark. Images were acquired with a confocal microscope (Zeiss 710) and
three sections per mouse were analyzed. The results of the three sections
were averaged to reflect the expression level of a protein in the mouse.

To determine cell types that expressed mCherry whose code was car-
ried by the viral vector, 25-μm thick frozen coronal sections containing
the LHb were cut and incubated with rabbit anti-NeuN monoclonal an-
tibody (1:1000, Abcam, catalogue number: ab177487) and then donkey
anti-rabbit IgG antibody conjugated with Alexa Fluor 488 (1:500, Invit-
rogen, catalogue number: A31573) for detecting NeuN expression. Sec-
tions in the VTA were incubated with mouse anti-VGluT2 monoclonal an-
tibody (1:1000, Abcam, catalogue number: ab79157) followed by donkey
anti-mouse IgG antibody conjugated with Alexa Fluor 488 (1:500, Invitro-
gen, catalogue number: A21202) or rabbit anti-VGAT polyclonal antibody
(1:1000, Abcam, catalogue number: ab235952) detected by donkey anti-
rabbit IgG antibody conjugated with Alexa Fluor 488 (1:500, Invitrogen,
catalogue number: A21207).

Nissl Staining: The LHb lesion by ibotenic acid was confirmed by Nissl
staining as we did before.[12] After being deparaffinized and rehydrated,
sections were stained with 0.1% crystal violet solution at 37°C for 10 min.
Sections were rinsed quickly in distilled water, differentiated in alcohol,
cleaned in xylene and mounted with permanent mounting medium (Fisher
Scientific, catalogue number: 192 497). Images were acquired with a bright
field microscope (Olympus DP70).

Western Blotting: Briefly, the LHb and VTA were collected on ice
and homogenized in RIPA buffer (Thermo Scientific, catalogue num-
ber: 89 901) with protease inhibitor cocktail (Sigma, catalogue number:
P2714) and phosphatase inhibitor cocktail (Roche, catalogue number:
0 469 313 2001). Protein concentration was determined using Pierce BCA
Protein Assay Kit (Thermo Scientific, catalogue number: 23 228). Equal
amounts of proteins were loaded onto 4–20% SDS-PAGE gels (Bio-Rad,
catalogue number: 4 568 094). Proteins were transferred to a polyvinyli-
dene difluoride membrane (Bio-Rad, catalogue number: 1 620 177) and
blocked with a blocking buffer (Thermo Scientific, catalogue number:
37 573) at room temperature for 1 h. The membrane was incubated with
the primary antibodies anti-c-Fos monoclonal antibody (1:1000, Abcam,
catalogue number:ab208942), anti-NR1 monoclonal antibody (1:1000, In-
vitrogen, catalogue number: 320 500), anti-p-NR1 polyclonal antibody
(1:1000, Millipore, catalogue number: ABN99), anti-XBP1 monoclonal an-
tibody (1:1000, Cell Signaling Technology, catalogue number: 12782s),
anti-CHOP monoclonal antibody (1:1000, Cell Signaling Technology, cat-
alogue number: 2895s), anti-caspase-3 polyclonal antibody (1:1000, Cell
Signaling Technology, catalogue number: 9662s), anti-cleaved Caspase-3
polyclonal antibody (1:1000, Cell Signaling Technology, catalogue number:
9661s) or anti-𝛼-tubulin monoclonal antibody (1:1000, Cell Signaling Tech-
nology, catalogue number: 5335s) overnight at 4 °C. The secondary anti-
bodies goat anti-rabbit IgG antibody or goat anti-mouse IgG antibody con-
jugated with horseradish peroxidase (1:5000, Santa Cruz Biotechnology)
were used. The protein bands were detected by enhanced chemilumines-
cence and quantified by Genetools version 4.01. The amount of phospho-
rylated proteins was normalized by the total amount of these proteins.
Cleaved caspase 3 was normalized by total caspase 3. Other proteins were
normalized by 𝛼-tubulin. The results of various experimental conditions
were then normalized by the results of corresponding control group.

Enzyme-Linked Immunosorbent Assay: Cytokines were detected as we
did before.[71] The mice were anesthetized with isoflurane 24 h after
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surgery and their VTA was dissected out on ice and homogenized in RIPA
buffer (Thermo Scientific, catalogue number: 89 901) with protease in-
hibitor cocktail (Sigma, catalogue number: P2714). IL-1𝛽 and IL-6 were
quantified using ELISA kits following the manufacturer’s instructions
(R&D Systems). The concentrations of IL-1𝛽 and IL-6 in the VTA were stan-
dardized to the protein contents.

TUNEL Staining: As we did before,[71] TUNEL staining was performed
to detect apoptotic cells at 24 h after surgery in the VTA using an in-situ
apoptosis detection kit (Millipore, catalogue number: S7110) in accor-
dance with the manufacturer’s protocol. Sections were co-stained with an
anti-TH polyclonal antibody (1:1000, Invitrogen, catalogue number: PA1-
4679) and donkey anti-sheep IgG antibody conjugated with Alexa Fluor
647 (1:500, Abcam, catalogue number: ab150179). Images were captured
using a confocal microscope (Zeiss 710). The percentage of nuclei marked
with green fluorescence (TUNEL positive staining) in all nuclei labeled
with Hoechst 33 342 was calculated. Three sections per mouse were ana-
lyzed.

Immunohistochemistry Staining: Coronal 5-μm thick brain sections
harvested 20 days after surgery were processed for immunohistochemi-
cal staining to count dopaminergic neurons as previously described.[72]

Briefly, sections were deparaffinized, antigen retrieved, and endogenous
peroxidase activity inactivated. Dopaminergic neurons were identified us-
ing an anti-TH polyclonal antibody (1:1000, Invitrogen, catalogue number:
PA1-4679) and goat anti-sheep IgG antibody conjugated with horseradish
peroxidase (1:500, Santa Cruz Biotechnology, catalogue number: C0513).
Immunoreactivity was detected with a bright-field microscope (Olympus
DP70) and analyzed by Image J software. Three sections per mouse were
analyzed.

Golgi Staining: The prefrontal cortical and hippocampal dendritic
spines were detected using the FD Rapid Golgi StainTM Kit (FD Neurotech,
catalogue number: PK401) as we did before.[31] Brains were harvested 20
days after surgery and incubated in impregnation solutions for 2 weeks
at room temperature in the dark. The brains were transferred to solution
C for 1 week and 150-μm thick coronal sections at around 1.9 mm and
−2.7 mm from bregma were cut on a vibratome (Ted Pella 10 110). The
tissues were mounted to gelatin-coated slides (FD Neurotech, catalogue
number: 101 281) and stained. Images were taken by using a Zeiss Axio
Imager Z2 microscope. Neurons in the PFC and hippocampus were ran-
domly selected from each mouse and image series of z-stack were taken
at intervals of 0.1 μm with a ×100 oil objective and intervals of 1.0 μm
with a ×40 oil objective. The MBF software (MBF Bioscience) was used for
dimensional reconstruction. Five neurons were randomly selected from
each animal for quantitative analysis.

Statistical Analysis: All data were analyzed by GraphPad Prism 8.0. The
protein expression data as detected by Western blotting were normalized
as described in section 4.8. Since there was no plan to exclude any data,
evaluation of outliers was not performed. The Shapiro-Wilk test was used
to test the normal distribution of the data and all data are present as
mean ± S.D. with the presentation of data of each individual animal in
the bar graphs. The sample size for each experiment was described in the
figure legends. The results were analyzed by using Student’s t test, one-
way or two-way analysis of variance (ANOVA) followed with Tukey test as
appropriate. Two-way or one-way repeated measures ANOVA was used to
compare the data of Barnes maze training sessions between groups and
within one group, respectively. Differences were considered significant at
a P < 0.05 based on two-tailed hypothesis testing.
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