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Background: As a severe complication of sepsis, sepsis-associated encephalopathy (SAE) usually manifests as impaired learning and 
memory ability in survivors. Previous studies have reported that environmental enrichment (EE) can increase the learning and memory 
ability in different brain injury models. However, there has been no research on the possible positive effect of EE on SAE.
Aim: The present study aimed to test the effect of EE on SAE-induced impairment of learning and memory and its related 
mechanisms.
Methods: A Morris water maze test (MWM) was used to evaluate the learning and memory ability of SAE rats that received EE 
housing or not. The expression of vasopressin (VP) was assessed using immunofluorescence microscopy and enzyme-linked 
immunosorbent assays (ELISAs). The synthesis of VP in the supraoptic nucleus (SON) was determined using quantitative real-time 
reverse transcription-PCR analysis. Moreover, inflammatory markers and brain-derived neurotrophic factor (BDNF) were detected 
using ELISA.
Results: The results showed that SAE induced a decreased learning and memory ability, while EE reversed this impairment. EE also 
enhanced the synthesis and secretion of VP in the SON. Blocking the action of VP in the hippocampus interrupted the EE-induced 
amelioration of learning and memory impairment. Moreover, EE induced changes to the levels of BDNF and cytokines in the 
hippocampus and these effects were mediated by VP binding to the VP receptor 1a.
Conclusion: Our findings demonstrated that the enhanced synthesis and secretion of VP in the SON are a key determinant responsible 
for EE-induced alleviation of learning and memory deficits caused by SAE.
Keywords: sepsis associated encephalopathy, environmental enrichment, vasopressin, learning and memory, vasopressin receptor 1a

Introduction
Sepsis is induced by systemic responses to infection and has a high and growing prevalence worldwide.1–3 More than 
half of patients with sepsis have symptoms of sepsis-associated encephalopathy (SAE), which might be the first feature 
of sepsis before admission to the intensive care unit (ICU).4 Cognitive impairment is one of the major manifestations of 
SAE and can represent a serious social problem for survivors.5 SAE might pose substantial risks of long-term cognitive 
impairment, including deficits in learning and memory ability.6–10 These can lead to poor quality of life and an increased 
social burden. Therefore, how to improve the learning and memory deficits after SAE is a focus of current research.

Environmental enrichment (EE), a housing condition permitting exercise items, novelty, and social interaction, has 
been proven to ameliorate or attenuate functional deficits associated with various brain injuries.11,12 For example, sensory 
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and memory impairment after traumatic brain injury (TBI) can be relieved by EE, possibly via cortical excitability and 
reorganization.13–17 EE was also shown to prevent stroke-induced learning and memory disorder.18–20 Moreover, in 
models of ethanol binge-drinking or perinatal asphyxia, accumulating evidence points to the positive effects of EE on 
learning and memory deficits.21–25 However, there has no research exploring the effect of EE on SAE.

Vasopressin (VP) is a neuroendocrine hormone that is produced mainly by magnocellular neurons (MONs) in the 
supraoptic nucleus (SON).26 Upon entering the systemic blood supply, VP exerts its endocrine actions, including the 
maintenance of stable osmolarity.27 In addition to its endocrine actions, VP is also involved in learning and memory 
ability.28 The hippocampus is generally regarded as the primary target structure for the enhanced effect of VP on learning 
and memory ability, and this enhanced effect is achieved via VP receptor 1a (V1aR).29 The hippocampus contains 
abundant VP-expressing fibers and V1aR can be detected in the whole hippocampus, particularly in the Cornu Ammonis 
2 (CA2) region.30 However, septic cerebral dysfunction commonly causes impairment of the synthesis and release of VP 
in response to hypovolemia,31,32 which might be one of the explanations for SAE-induced learning and memory 
impairment. Recent research showed that EE increases the level of VP in pregnant SD rats, which suggested that EE 
might enhance the level of VP under SAE conditions.33

Accordingly, our study was designed to test the efficacy of EE on learning and memory impairment following SAE 
and its related mechanisms. To this end, SAE rats were placed in an enriched environment and changes in their learning 
and memory ability were evaluated. If it has a protective effect on learning and memory ability, EE could be an effective 
means to protect against the cognitive deficits after SAE and could be applied in clinical practice. In the present study, we 
also investigated the possible mechanism underlying the effect of EE. Considering that previous studies demonstrated the 
role of VP in learning and memory ability and SAE, we assessed whether VP mediates the effect of EE on learning and 
memory under SAE conditions.

Materials and Methods
Animals
Male Sprague-Dawley (SD) rats (60 days old, 200–250 g) were obtained from the Animal Center of the China-Japan 
Friendship Hospital. The experimental procedures were performed in compliance with the Guidelines for the use of 
animals in neuroscience research (published in the Membership Directory of the Society, pp 27–28, 1992), and with 
permission from the committee of Animal Use for Research and Education in China-Japan Friendship Hospital 
(Approval number: zryhyy61210324). All animals were housed in groups of four animals in polycarbonate cages and 
maintained under a 12-h light/dark cycle in a temperature-controlled room at 24 ± 1 °C with food and water available ad 
libitum.

SAE Induction via a Cecal Ligation and Perforation (CLP) Model
The cecal ligation and perforation (CLP) model was carried out to induce SAE, as previously described.34,35 Briefly, 
animals were anesthetized using sodium pentobarbital (50 mg/kg), administered intraperitoneally. The cecum and 
adjoining intestine were uncovered under aseptic conditions. The cecum was ligated using a 3.0 silk suture at its base, 
below the ileocecal valve and was perforated twice using a 14-gauge needle. The operator gently squeezed the cecum to 
extrude a small amount of feces through the perforation site into the peritoneal cavity. Finally, the cecum was then 
returned to the peritoneal cavity, and the laparotomy was closed using 4.0 silk sutures. Animals were resuscitated using 
regular saline (50 mL/kg) subcutaneously (s.c.) immediately after and at 12 h after CLP. All rats received antibiotics 
(ceftriaxone at 30 mg/kg and clindamycin 25 mg/kg) every 6 h s.c. for a maximum of 3 days. The animals were allowed 
to recover with free access to water and food for 24 h post-surgery until use. For the sham group, the laparotomy and the 
cecum exposure were performed, but without ligation and perforation. To exclude variability, the same investigator 
performed the experiments. The mortality of the rats in the model was about 53% at 10 days after surgery, and was 
compatible with severe sepsis.
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Housing Conditions and Grouping
Two housing conditions were used in this study: standard environment conditions (SE) and enriched environment 
conditions (EE).

Standard environment (SE): Rats were housed in standard-sized polycarbonate cages (25 cm × 40 cm × 20 cm), with 
two rats per cage, located in a quiet room. The cages allowed for moderate activity and exploration.

Enriched environment (EE): Under these conditions, rats were reared in a large cage (40 cm × 54 cm × 30 cm) with 
six rats per cage. As described previously, the cages contained multiple objects, including wooden blocks, plastic bone- 
shaped toys, a running wheel, and a plastic tunnel.36,37 Moreover, the rats could complete climbing from one level to 
another through suspended ropes. All Objects were replaced twice a week. During the enrichment period, water and food 
were available ad libitum. After 30 days of EE housing, the objects were removed from the cages and no additional 
enrichment was given.

After 10 days of recovery, all animals were randomly divided into the following groups (six rats in each group): The 
sham group (Sham) (Rats received sham injury and were housed under SE conditions); the SAE group (Rats received 
CLP and were maintained under SE conditions); SAE-VP group (Rats received CLP, were given VP, and were housed 
under SE conditions); SAE-MIX group (Rats received CLP, were given a mixture of VP and SR49059 (the most potent 
nonpeptide competitive V1aR antagonist), and were housed under SE conditions); SAE-EE group (Rats received CLP 
and were maintained under EE conditions), SAE-EE-shRNA V1aR group (Rats received CLP, were given a short hairpin 
RNA (shRNA) targeting V1ar, and were housed under EE conditions); SAE-EE-anti-VP serum group (Rats received 
CLP, were given anti-VP serum, and were housed under EE conditions); SAE-EE-SR49059 group (Rats received CLP, 
were given SR49059, and were housed under EE conditions). The Morris water maze (MWM) is used widely to detect 
spatial learning and reference/working memory.38,39 Figure 1 shows the experimental process.

Learning and Memory Testing
This MWM was a dark circular tank (178 cm in diameter) that was separated into four quadrants (A, B, C, and D). The 
tank contained water to a depth of about 37 cm. A plexiglass platform (10.2 cm in diameter) was submerged to a depth of 
2 cm below waterline (ie, invisible to the rat) and about 28 cm from the pool wall of quadrant C. Spatial learning was 
detected using a 5-day block comprising four tests each day. For each test, the rats were placed in the maze facing the 
wall in random quadrants. If the rats did not climb onto the platform within 120 s, they were physically guided to it. Once 
they reached the platform, the rats were kept on it for 30s and then given a 5-minute break before the next test. As a 
control, the platform was also elevated above the surface of the water to be visible to the rats on day 6 to identify the 
contributions of non-spatial factors. On the same day, memory retention was also measured through a single probe trial. 

Figure 1 Flow chart of the experimental process.
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We removed the platform and gave the rats 30s exploration time. The percent time spent in the target quadrant (quadrant 
C) and the number of crossings of the platform location were recorded.

Drugs Used and Their Administration
To examine the role of VP in EE protection against SAE-induced learning and memory impairment, we inserted two 
sterile polyethylene tubes into the bilateral hippocampus. With the help of a brain stereotaxic apparatus, the injection 
coordinates were determined as follows: dorsoventral, 2.7 mm; mediolateral, 1.5 mm; anteroposterior, 2.8 mm.

In this study, we used an shRNA for long term knockdown of V1ar. The shRNA sequences were inserted into adeno- 
associated virus (AAV) vectors, as reported previously.40 In this study, the AAVrh10 serotype was adopted because it 
possesses a highly neurotropic character and shows strong gene transfer into neurons. AAV-shRNA or the scrambled 
AAV control were injected bilaterally into the hippocampus of rats (300 nL/side). According to a previous study,40 the 
sequence of the shRNA was: sense sequence GCACGCCTCAGTACTTCATCT, hairpin loop CGAA, antisense sequence 
AGATGAAGTACTGAGGCGTGC; the sequence of the scrambled shRNA was: sense sequence 
GCTCCGTGACTTCACTACTCA, hairpin loop CGAA, antisense sequence TGAGTAGTGAAGTCACGGAGC. The 
vectors were injected at a titer of 1.0×1013 genomic particles/mL. The injection lasted over 10 min and the viral 
expression could persist for 3–4 months. Gel foam was used to fill the openings in the cranium, and the incision site was 
closed with absorbable antibiotic sutures.

Depending on the experimental design, VP (Sigma-Aldrich, St. Louis, MO, USA), anti-VP serum (Yu Xin Hui Ye 
Biotechnology Co., Ltd, Beijing, China), or SR49059 (Sigma-Aldrich) were also injected bilaterally into the hippocam-
pus at daily doses of 0.3 μL (25 pg), 0.5 μL (1:10 dilution), and 0.3 μL (0.32 nmol),41 respectively, during EE or SE 
housing. The injection also lasted over 10 min.

Immunofluorescent Microscopy
Rats were killed and perfused transcardially with 100 mL of phosphate buffer (PB; 0.1 M, PH 7.4) followed by 500 mL 
of PB containing 4% paraformaldehyde. After being removed immediately, the brains were placed in 0.1 M PB 
containing 20% sucrose overnight at 4 °C. Forebrain slices through the SON were prepared for immunofluorescent 
staining, as described previously.42 The sections were incubated at 4 °C overnight with a mixture of rabbit anti-VP 
polyclonal antiserum (1:1000; Chemicon at Merck, Temecula, CA, USA; AB1565) in phosphate-buffered saline (PBS) 
containing 1% bovine serum albumin (BSA) and 0.3% Triton-X100. After washing for 1 h in 0.1 M PBS Triton X-100, 
the sections were then incubated with secondary antibodies (FITC-conjugated goat anti-rabbit IgG; 1:500; Sigma; 
AP132F) for 24 h at 48 °C. After further washing, the sections were mounted in Fluoromount (Sigma; F4680) and 
examined under a confocal laser microscope (LSM 510, Zeiss, Oberkochen, Germany).

Real-Time Quantitative Reverse Transcription-PCR Analysis
Real-time quantitative reverse transcription-PCR (qRT-PCR) analysis was carried out to detect the expression of Vp in 
the SON and the effect of AAV-shRNA on V1ar in the hippocampus. The rat SON or hippocampus was collected and 
total RNA was extracted using the Trizol reagent (Invitrogen, Waltham, MA, USA) and reverse transcribed into cDNA. 
The qPCR step was performed using the ABI 7901HT sequence detection system (Applied Biosystems, Foster City, CA, 
USA) with a Power SYBR green PCR Master Mix kit (Takara, Dalian, China) and the cDNA as the template. The 
sequences of the primers were as follows: Vp, 5′ primer (5′-CGGCAAAGGGCGCTGCTTCG-3′) and 3′ primer (5′- 
CCGGGGCTTGGCAGAATCCA-3′); V1ar, 5′ primer (5′-TACGTGKCTGGATGACCAG-3′) and 3′ primer (5′- 
AGCAACGCCGTGATTGTGAT-3′); Gapdh (encoding glyceraldehyde-3-phosphate dehydrogenase), 5′ primer (5′- 
ACAGCAACAGGGTGGTGGA-3′) and 3′ primer (5′-TTTGAGGGTGCAGCGAACT-3′). All data were normalized to 
the expression of Gapdh expression and further normalized to the control.

Enzyme-Linked Immunosorbent Assay
Inflammatory mediators and brain-derived neurotrophic factor (BDNF) levels in the hippocampus and VP levels in the 
SON and hippocampus were tested using enzyme-linked immunosorbent assays (ELISAs). Rats were killed and 
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decapitated. Hippocampus or SON tissues were collected for ELISA as reported previously.43 In brief, the brains were 
microdissected and the hippocampus or SON was isolated. The tissue was homogenized in normal saline and centrifuged 
at 2000 rpm at 4 °C for 10 min. The supernatants were used to measure interleukin (IL)- 1β, IL-6, IL-10, tumor necrosis 
factor alpha (TNF-α), BDNF, or VP levels using ELISA kits (Nanjing Jiancheng, Nanjing, China) following the 
manufacturer’s instructions.

Inflammatory mediators or VP were also detected in serum using ELISA. Blood was collected from the right 
ventricle. After standing for 2 h at room temperature, the blood was centrifuged at 2000 rpm at 4 °C for 20 min and 
serum was collected. Serum IL-6, IL-1β, IL-10, TNF-α, and VP levels were tested using ELISA.

Statistical Analysis
All data are expressed as the mean ± the standard error of the mean (SEM). The Kolmogorov–Smirnov (K-S) test was 
used to test normality. The data were analyzed using analysis of variance (ANOVA). When a statistically significant 
difference was detected, Tukey’s post hoc analysis was carried out. P < 0.05 was considered statistically significant. The 
statistical analysis was performed using GraphPad Prism 9.0 software (GraphPad Inc. La Jolla, CA, USA).

Results
EE Ameliorated SAE-Induced Learning and Memory Impairment
In this section, the effect of EE on learning and memory was determined using the MWM, a hippocampus-dependent 
learning and memory task.

During the acquisition phase (learning testing), escape latency was recorded for 5 consecutive days. The findings 
revealed that there was a significant difference among sham group, SAE group, and SAE-EE group (F (2, 15) = 19.50, p 
< 0.0001; Figure 2A). Further post-hoc analysis indicated that both the sham rats and SAE-EE rats showed better latency 
to reach the hidden platform than the SAE rats at days 4 and 5, suggesting that SAE-impaired learning was ameliorated 
by EE housing (SAE-EE vs SAE group; day 4: p < 0.0001, day 5: p < 0.0001; Figure 2A). In addition, latency to the 
visible platform was also measured on day 6. The results exhibited no obvious differences among the groups (F (2, 15) = 
1.764, p = 0.2051; Figure 2B), confirming that vision was not responsible for the differences observed in escape 
latencies. These results suggested that EE ameliorated the SAE-induced learning deficit.

On day 6, the platform was removed and time spent in quadrant C and crossing times of the platform zone were 
recorded and analyzed for reference and/or working memory retention. The results showed that the rats in the Sham and 
SAE-EE group displayed better memory retention, as revealed by a higher percentage of allotted time spent in quadrant 
C, compared with that in the SAE rats (F (2, 15) = 11.83, p = 0.0008; Sham vs SAE group: p = 0.0013; SAE vs SAE-EE 
group: p = 0.0035; Figure 2C), which suggested that EE relieved the SAE-induced memory impairment. Analysis of 
crossing times of the platform zone showed similar results. The rats in the sham and SAE-EE group crossed the platform 
zone more often than those in the SAE group (F (2, 15) = 6.20, p = 0.0109; Sham vs SAE group: p = 0.0130; SAE vs 
SAE-EE group: p = 0.0382; Figure 2D).

Lastly, for swimming speed, no obvious differences was observed among the groups (F (2, 15) = 0.5217, p = 0.6039; 
Figure 2E), indicating that no motor deficits contributed to the above differences.

EE Attenuated the SAE-Induced Decrease in VP Synthesis and Release in the SON
As mentioned previously, sepsis commonly induces a persistent deficiency of VP.31 Moreover, VP is implicated in the 
learning and memory process.44 Thus, to verify the mechanism underlying the learning and memory enhancement caused 
by EE, we detected the effect of EE on VP synthesis and release after SAE.

As shown in Figure 3A, VP immunoreactivity was present on cells in the SON, as demonstrated previously.45 In the 
sham group, the mean fluorescence intensity (MFI) of VP was 352 ± 20.98 AU (Figure 3A and B). However, in the SAE 
group, the MFI decreased significantly to 162.7 ± 13.76 AU (Figure 3A and B), whereas this reduction was inhibited in 
the SAE-EE rats (398 ± 25.85 AU, Figure 3A and B). As expected, ELISA testing showed similar results (Figure 3C). 
Moreover, the qRT-PCR results also showed decreased Vp mRNA expression after SAE, while EE housing inhibited this 
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decrease in Vp mRNA (Figure 3D). These results suggested that EE effectively relieves the impairment of VP synthesis 
resulting from SAE.

We also examined the changes in VP levels in the blood, which are considered an index of VP release. After SAE, the 
VP concentration decreased dramatically to 2.43 ± 0.13 pg/mL, which was markedly lower than that in the sham group 
(3.88 ± 0.22 pg/mL; Sham vs SAE: p = 0.0001; Figure 3E). As expected, the VP concentration in the SAE-EE group 
recovered to 3.40 ± 0.18 pg/mL (SAE vs SAE-EE group: p = 0.0045; Figure 3E). These findings implied that EE housing 
also ameliorated the SAE-induced impairment of VP release.

VP Accounts for EE-Induced Improvement of Learning and Memory After SAE
To gain an insight into how EE affects learning and memory after SAE, we examined the role of VP, which has been 
demonstrated to increase learning and memory ability by binding to V1aR in the hippocampus.

The hippocampus of rats contains VP-expressing fibers that arise from the SON.46 For the rats in the SAE-EE group, 
the ELISA results revealed that the content of VP in the hippocampus was markedly higher relative to that in the rats in 
the SAE group (Figure 3F), indicating that EE enhanced the delivery of VP to the hippocampus.

The shRNA for V1aR was capable of blocking the production of V1aR over the long term.47 As shown in the 
Supplemental Data (Supplemental Figure A), microinjection of the AAV-shRNA for V1ar led to a 60% decrease in the 
V1ar mRNA level in the hippocampus compared with that in rats transfected with the scrambled controls. Treatment with 
AAV-shRNA for V1ar markedly blocked the EE-induced amelioration of the learning and memory impairment caused by 
SAE (Figure 4A–C). In agreement with this, SR49059, a highly specific V1aR receptor antagonist, also abrogated the 
EE-induced enhancement of learning and memory after SAE (Figure 4A–C).

Figure 2 (A) From day 3 on, the rats with SAE had a longer latency time to the platform than the sham rats. From day 4 on, the SAE-EE rats reached the submerged 
platform quicker than the SAE rats. For A, Sham vs SAE: #p < 0.05, ##P < 0.01, ####P < 0.0001; SAE vs SAE-EE: ****p < 0.0001. (B) No differences were found in latency to 
the visible platform. (C) The SAE rats spent less time in target quadrant C compared with sham or SAE-EE rats. For C, **p < 0.01. (D) The SAE rats had fewer target 
crossing times when compared with the sham or SAE-EE rats. For D, *p < 0.05. (E) No differences were observed for swimming speed among the groups. The assignment of 
order was counterbalanced across the rats in this test. Data represent the means ± standard error of the mean. 
Abbreviations: SAE, sepsis-associated encephalopathy; EE, environmental enrichment.
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Additionally, for the SAE rats, microinjection of VP into the hippocampus mimicked the positive effect of EE on 
learning and memory (Figure 4D–F). By contrast, anti-VP serum blunted the EE-induced enhancement of learning and 
memory (Figure 4A–C). We also applied a mixture (MIX) of both VP and SR49059 to SAE rats. The results showed no 
obvious amelioration of the learning and memory deficit (Figure 4D–F). To rule out the possibility that the effect of 
AAV-shRNA, SR49059, or anti-VP serum was achieved through changing the expression of VP, we also detected the 
level of VP signaling in the hippocampus after treatment with shRNA, VP serum, and SR49059. We found no change of 
VP signaling (vs the SAE-EE group. See Supplemental Figure B).

Figure 3 (A) VP staining in the SON. (B) The VP mean fluorescence intensity in the SAE rats was significantly lower than that in the sham or SAE-EE rats. (C) The amount 
of VP in the SON in the SAE rats was lower than that in the sham or SAE-EE rats. (D) The level of Vp mRNA in the SON was lower in the SAE rats compared with that in 
the sham or SAE-EE rats. (E) The plasma VP concentration in the SAE rats was lower than that in the sham or SAE-EE rats. (F) The amount of VP in the hippocampus of SAE 
rats was lower than that of the sham or SAE-EE rats. **p < 0.01, ***p < 0.001, ****p < 0.0001. Data represent the means ± standard error of the mean. 
Abbreviations: VP, vasopressin; SON, supraoptic nucleus; SAE, sepsis-associated encephalopathy; EE, environmental enrichment; Magnification, 40×.
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Collectively, these findings suggested that EE increases the delivery of VP to the hippocampus and this increase in 
VP, via binding to V1aR, is a key factor responsible for the EE-induced improvement in learning and memory in SAE 
rats.

VP Mediates the EE-Induced Alleviation of Neuroinflammation in the Hippocampus
We have shown that VP contributes to the EE-induced improvement of learning and memory after SAE. In this section, 
we examined the underlying mechanism.

In the hippocampus, accumulating evidence revealed that inflammatory mediators play significant roles in the 
impairment of learning and memory.48–51 Accordingly, we examined the levels of inflammatory mediators in the 
hippocampus. For the rats in the SAE group, the levels of IL-1β, IL-6, and IL-10 increased in the hippocampus 
(Sham vs SAE group: IL-1β: p < 0.0001, IL-6: p < 0.0001, IL-10: p < 0.0001; Figure 5A–C). By contrast, in the 
SAE-EE group, there was no change in IL-1β or IL-6 levels; however, the IL-10 level was further increased compared 
with that in the SAE group (SAE vs SAE-EE group: IL-1β: p < 0.0001, IL-6: p < 0.0001; IL-10: p = 0.0317; Figure 5A– 
C), which indicated that EE counteracted the SAE-induced pro-inflammatory profile towards an anti-inflammatory profile 
in the hippocampus. Treatment with the shRNA for V1ar, SR49059, or anti-VP serum partly blocked the effects of EE on 
the IL-1β, IL-6, and IL-10 levels (SAE-EE vs SAE-EE-shRNA group: IL-1β: p = 0.021, IL-6: p = 0.0218; IL-10: p = 
0.0390; SAE-EE vs SAE-EE-anti-VP serum group: IL-1β: p = 0.0004, IL-6: p = 0.0011; IL-10: p = 0.0478; SAE-EE vs 
SAE-EE-SR49059 group: IL-1β: p=0.0019, IL-6: p=0.0010; IL-10: p = 0.0390; Figure 5A–C). Additionally, 

Figure 4 (A) The rats in the SAE-EE-anti-VP serum, SAE-EE-shRNA, or SAE-EE-SR49059 groups had a longer latency to platform than the rats in the SAE-EE group (from 
day 3 to day 5). SAE-EE vs SAE-EE-anti-VP serum: #p < 0.05, ####p < 0.0001; SAE-EE vs SAE-EE-shRNA:***p<0.001; SAE-EE vs SAE-EE-SR49059: aaaap < 0.0001. (B) The rats 
in the SAE-EE group spent more time in target quadrant C compared with the rats in the SAE-EE-anti-VP serum, SAE-EE-shRNA or SAE-EE-SR49059 groups. *p < 0.05,**p < 
0.01. (C) The rats in the SAE-EE group had more target crossing times when compared with the rats in the SAE-EE-anti-VP serum, SAE-EE-shRNA or SAE-EE-SR49059 
groups. *p < 0.05. (D) At day 5, the rats in the SAE and SAE-MIX group had a longer latency to the platform than the rats in the SAE-VP group. SAE vs SAE-VP: ***p < 0.001; 
SAE-VP vs SAE-MIX: #p < 0.05. (E) The rats in the SAE-VP group spent more time in target quadrant C compared with the rats in the SAE or SAE-MIX group. *p < 0.05. (F) 
The rats in the SAE-VP group had more target crossing times when compared with the rats in the SAE or SAE-MIX group. *p < 0.05,**p < 0.01. Data represent the means ± 
standard error of the mean. 
Abbreviations: EE, environmental enrichment; VP, vasopressin; SAE, sepsis-associated encephalopathy; MIX, a mixture of VP and SR49059; shRNA, short hairpin RNA.
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Figure 5 (A) The hippocampal IL-1β level in the SAE group was higher than that in the sham, SAE-EE group, or SAE-VP groups. No difference existed between the SAE group and SAE- 
MIX group. The hippocampal IL-1β level in the SAE-EE group was lower than that in the SAE-EE-anti-VP serum, SAE-EE-shRNA, or SAE-EE-SR49059 groups. (B) The hippocampal IL-6 
level in the SAE group was higher than that in the Sham, SAE-EE, or SAE-VP groups. No difference existed between the SAE group and SAE-MIX group. The hippocampal IL-6 level in the 
SAE-EE group was lower than that in the SAE-EE-anti-VP serum, SAE-EE-shRNA, or SAE-EE-SR49059 groups. (C) The hippocampal IL-10 level in the SAE group was higher than that in 
the sham group, but lower than that in the SAE-EE group. No difference existed between the SAE group and SAE-MIX group. The hippocampal IL-10 level in the SAE-EE group was higher 
than that in the SAE-EE-anti-VP serum, SAE-EE-shRNA, or SAE-EE-SR49059 groups. (D) There was no difference of hippocampal TNF-α levels among these groups. vs SAE: *p < 0.05, 
***p < 0.001,****p < 0.0001; vs SAE-EE: #p < 0.05, ##p < 0.01, ###p < 0.001,####p < 0.0001. Data represent the means ± standard error of the mean. 
Abbreviations: EE, environmental enrichment; VP, vasopressin; SAE, sepsis-associated encephalopathy; MIX, a mixture of VP and SR49059; shRNA, short hairpin RNA.
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microinjection of VP into the hippocampus of SAE rats ameliorated the SAE-induced changes in IL-1β, IL-6, and IL-10 
levels (SAE vs SAE-VP group: IL-1β: p = 0.0008, IL-6: p = 0.0001; IL-10: p = 0.0256; Figure 5A–C). As expected, a 
mixture of VP and SR49059 had no effect on the IL-1β, IL-6, and IL-10 levels in the hippocampus of SAE rats (SAE vs 
SAE-MIX group: IL-1β: p = 0.9067, IL-6: p = 0.9949; IL-10: p = 1.000; Figure 5A–C).

However, we also found no difference in the TNF-α levels among these groups (F(7, 40) = 0.1888, p = 0.9862; 
Figure 5D), which suggested that EE or SAE had no influence on TNF-α levels after 30 days of housing.

In addition, we detected the levels of inflammatory mediators in serum. Unlike in the hippocampus, no differences 
were found in the levels of inflammatory cytokines among the three groups (IL-1β: F(7, 40) = 0.3393, p = 0.9310; IL-6: F 
(7, 40) = 1.450, p = 0.2131; IL-10: F(7, 40) =0.3322, p = 0.9346; TNF-α: F(7, 40) = 0.5661, p = 0.7788; Figure 6A–D).

Taken together, these results indicated that VP induced by EE mediates the decrease in pro-inflammatory cytokines 
and an increase of anti-inflammatory cytokines by binding to V1aR.

VP Mediates the EE-Induced Increase in BDNF in the Hippocampus
EE is reported to change the expression of BDNF and BDNF can influence cognitive performance.52,53 Accordingly, we 
detected changes of BDNF levels in the hippocampus under SAE conditions.

The results revealed that the hippocampal BDNF level in the SAE rats was markedly lower than that in the Sham rats 
(Sham vs SAE group: p = 0.0138; Figure 7). However, in the SAE-EE group, the BDNF level was elevated to 262.7 ± 
9.625 pg/mg, which was higher than the 194.5 ± 8.366 pg/mg of the SAE group (SAE vs SAE-EE group: p = 0.0311; 
Figure 7). In the SAE-EE-shRNA group, SAE-EE-SR49059 group, and SAE-EE-anti-VP serum group, the increase in 
the BDNF level was inhibited (SAE-EE vs SAE-EE-shRNA group: p = 0.0291; SAE-EE vs SAE-EE-anti-VP serum 
group: p = 0.0009; SAE-EE vs SAE-EE-SR49059 group: p = 0.0006; Figure 7). Moreover, microinjection of VP into the 
hippocampus of SAE rats increased the BDNF level in the hippocampus, while microinjection of a mixture of VP and 
SR49059 did not have this effect (SAE vs SAE-VP group: p = 0.0198; SAE vs SAE-MIX group: p = 1.000; Figure 7). 
These results strongly suggested that VP participates in the EE-induced increase in BDNF by binding to V1aR, which 
might be one of the mechanisms responsible for the EE-induced improvement in learning and memory under SAE 
conditions.

Discussion
As a complication of sepsis, SAE is regarded as the result of neuroinflammation, destruction of blood brain barrier 
(BBB), and disordered neurotransmission.54,55 For the survivors of SAE, long–term cognitive dysfunction is very 
common, especially impairment of learning and memory.6 As a result, SAE is always associated with increased health 
care needs and costs, and increased mortality.

A previous study demonstrated that sepsis could induce the impairment of learning and memory ability.6 In agreement 
with these results, we showed that after CLP, the rats exhibited impaired learning and memory. EE intervention is a new, 
simple, and effective treatment that is widely used in rehabilitation for cognitive impairment.56,57 Our results showed that 
EE was effective to protect against the learning and memory impairment caused by SAE, as evidenced by the 
performance in the MWM task. This finding was consistent with similar research.70 MWM is used widely to evaluate 
the learning and memory ability, especially in Alzheimer’s disease research.58 In the MWM test, animals find the 
platform solely dependent on spatial features and working memory. Therefore, learning and memory ability can be 
reflected by the latency to the invisible platform. In the present study, we also ruled out the contribution of possible motor 
deficits to latency by demonstrating no difference in swimming speeds among the groups.

VP is an important neuropeptide that regulates fluid homeostasis and cardiovascular control.59 Recent research found 
that VP participates in the formation of cognitive functions, such as learning and memory ability, anxiety, addiction, 
nociception, feeding behavior, and processing of social information.60–63 Past studies have shown that the hippocampus 
receives projections from the MONs of the SON and VP-expressing fibers can be detected in all subfields of the 
hippocampus, suggesting the role of VP in learning and memory.63 In this study, we showed that EE increased the VP 
level in the SON and hippocampus, suggesting that EE enhances the delivery of VP from the SON to the hippocampus. 
Moreover, the results showed that both blocking V1aR and neutralizing VP abolished the effect of EE. Accordingly, we 
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Figure 6 (A) The IL-1β level showed no differences in serum samples among the groups. (B) The IL-6 level showed no differences in serum samples among the groups. (C) 
The IL-10 level showed no differences in serum samples among the groups. (D) The TNF-α level showed no differences in serum samples among the groups. Data represent 
the means ± standard error of the mean. 
Abbreviations: EE, environmental enrichment; VP, vasopressin; SAE, sepsis-associated encephalopathy; MIX, a mixture of VP and SR49059; shRNA, short hairpin RNA.
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propose that VP mediates the positive effect of EE on SAE-induced learning and memory deficits by binding to V1aR. In 
fact, in other animal models, it has been proven that EE enhances hippocampus-dependent learning and memory via 
multiple mechanisms, such as increased neurogenesis,64,65 changes to dopaminergic and cholinergic systems,66,67 and 
activation of the vascular endothelial growth factor (VEGF)/kinase insert domain receptor (KDR) system,68 which might 
also be related to the EE-induced improvement of learning and memory ability under SAE conditions.

The results of the present study showed that: 1. SAE elevated the contents of pro-inflammatory mediators (IL-1β and 
IL-6) and an anti-inflammatory mediator (IL-10) in the hippocampus; 2. EE could decrease the pro-inflammatory 
mediator level and further increase the anti-inflammatory mediator level in the hippocampus. Previous studies reported 
the same results.69,70 However, other research revealed that SAE or EE did not change the IL-10 or IL-1β levels in the 
hippocampus. This contradiction might have been caused by the different SAE model and different experimental animals 
used. It has been proven that neuroinflammation is involved in psychological disorders.71,72 The receptor of IL-1β (IL- 
1R) is predominantly localized in the post-synaptic density on post-synaptic neurons and is tightly bound to the N-methyl 
D-aspartate (NMDA) receptor subtype 2B (NR2B) subunit of the NMDA receptor (NMDAR).73 Increased IL-1β levels 
result in the impairment of long-term potentiation (LTP), which is the electrophysiological marker of learning and 
memory.74 IL-6 is also widely reported to participate in the impairment of learning and memory. Blocking IL-6 led to a 
prolonged LTP and improved memory in a Y-maze task.75 A previous study further revealed that decreased extracellular 
regulated kinase 1/2 (ERK1/2) activation correlates with IL-6-induced impairment of LTP.76 IL-10 is the most important 
anti-inflammatory cytokine, which counteracts the damage caused by excessive inflammation. By acting on the IL-10 
receptor in neurons, IL-10 facilitates the LTP via regulation of GABAB synaptic transmission.77 Therefore, our results 
indicated that EE might attenuate the impairment of learning and memory by changing the levels of inflammatory 
mediators in the hippocampus.

We also observed that treatment with a V1aR antagonist or anti-VP serum inhibited the EE-induced changes to 
inflammatory mediators in the hippocampus. These results suggested that VP binding to V1aR mediates the effect of EE 
on inflammatory mediators in the hippocampus. In the hippocampus, V1aR is mainly expressed in the dentate gyrus.63 

Previous studies have shown that enhanced autophagy can be induced when VP binds to V1aR.78 Autophagy effectively 
regulates the production and release of inflammatory cytokines, such as IL-1β, IL-10, and IL-6,79 which might explain

Figure 7 The hippocampal BDNF level in the SAE group was lower than that in the sham or SAE-EE group. The hippocampal BDNF level in the SAE-VP group was higher 
than that in the SAE group. No difference existed between the SAE group and SAE-MIX group. The hippocampal BDNF level in the SAE-EE group was higher than that in the 
SAE-EE-anti-VP serum, SAE-EE-shRNA, or SAE-EE-SR49059 groups. vs SAE: *p < 0.05, vs SAE: #p < 0.05, ###p <0.001. Data represent the means ± standard error of the 
mean. 
Abbreviations: EE, environmental enrichment; BDNF, brain-derived neurotrophic factor; VP, vasopressin; SAE, sepsis-associated encephalopathy; MIX, a mixture of VP and 
SR49059; shRNA, short hairpin RNA.
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why the V1aR antagonist or anti-VP serum is capable of inhibiting the EE-induced changes to inflammatory mediators in 
hippocampus.

In this study, we did not observe changes in the content of TNF-α in the hippocampus between the three groups after 
30 days of housing. We propose that the TNF-α level has returned to the normal level at this point and is not affected by 
housing conditions, such as EE. This result is similar to those of certain previous studies, but differs from the response of 
IL-1β.69,70 This difference might be due to the general responses of the rats to sepsis, such as fever, avoiding food, weight 
loss, and a second hit after initial recovery. Moreover, the role of TNF-α in learning and memory under inflammatory 
conditions is likely to be age-dependent.51 We speculated that the age of the rats used in present study might also be 
responsible for this difference. Thus, the mechanism needs further research. A previous study revealed that 10 days after 
sepsis induction, no sepsis signals could be observed in the plasma and the contents of inflammatory mediators in the 
plasma were similar to those of the control group.80 Our results further confirmed these findings by showing that the 
serum contents of inflammatory mediators showed no differences among the three groups.

BDNF is a widespread neurotrophin in the brain, which is believed to be important for synaptic consolidation and 
memory consolidation.81,82 The present study found that EE elevated the BDNF content in the hippocampus, which was 
similar to the results obtained using another animal model.52,53,83 This increased BDNF is responsible for the positive 
effect of EE on learning and memory. In this study, we found that blocking V1aR or applying anti-VP serum attenuated 
the EE-induced increase in BDNF. These results indicated that VP binding to V1aR also mediates the EE-induced 
increase of BDNF under SAE conditions. BDNF expression is regulated by numerous transcription factors, among which 
the cAMP-response element-binding (CREB) is the most important.84 A previous study demonstrated that the activation 
of V1aR can lead to CREB activation.85 Accordingly, we speculated that CREB is activated after VP binding to V1aR, 
which produces more BDNF in the hippocampus. Interestingly, studies also revealed that BDNF can contribute to the 
increased synthesis of VP.86,87 Combined with the results of the present study, that VP mediates the EE-induced increase 
in BDNF in the hippocampus under SAE conditions, we speculated that a mutual promotion mechanism might exist 
between BDNF and VP. This requires further investigation.

This study had some limitations. 1. Although we assessed inflammatory mediators, we did not detect oxidative stress 
biomarkers, which were also reported to be involved in SAE-induced learning and memory impairment.88,89 2. In this 
study, we assessed the learning and memory ability, VP level, cytokine levels, and BDNF levels at a single time point (ie, 
after 30 days of housing). Moreover, we lacked baseline data of the rats’ learning and memory abilities, which would 
decrease the comparability of the rats and increase the possibility of error. In a future study, we will measure the above 
indices at several time points to determine the temporal effect of EE on SAE rats. 3. In the present study, a sham-EE 
group should have been included. Nonetheless, the primary aim of our study was to identify the role of VP in the EE- 
induced learning and memory improvement under SAE conditions. We believe the evidence gained using the present 
experimental design is sufficient to determine the role of VP in this process. In fact, previous research showed that there 
were no differences in the outcomes of MWM or elevated plus maze (EPM) between the sham-EE group and sham 
group.13,69,70 Moreover, studies also revealed no differences in the level of BDNF and inflammatory factors between the 
sham-EE group and sham group.69,70,90 Therefore, we speculated that a sham-EE group might show the same results as 
the Sham group when compared with the other experimental groups. 4. In the present study, young (60 days old) rats 
were used. However, most SAE patients are least middle-aged and are typically much older. Although EE has a positive 
effect on rats of all ages, we believe the EE might have more benefits for young rats. In addition, VP is known to mediate 
social cognition and behavior in a sex-dependent manner.91 Therefore, the fact that we only used male rats in the present 
study might also have had some influence on the outcome. 5. In this study, we did not detect the level of endotoxins to 
reflect the level of infection. Endotoxins can stimulate the hypothalamic–pituitary–adrenal (HPA) axis and the ensuing 
hippocampal circuit is triggered.92 Therefore, we cannot rule out the influence of infection itself.

Sepsis-induced brain injury is another endpoint of sepsis-induced brain effects. The effect of EE or VP on sepsis- 
induced brain injury requires further study. Single Molecular Array (SIMOA) can be used to measure certain biomarkers 
of sepsis-induced brain injury (eg neurofilament proteins) to reveal the underlying mechanisms.

We believe that the present study reinforces the importance of EE intervention for the recovery of SAE. However, EE 
as a rehabilitation method is rarely applied in the cognitive rehabilitation of patients with SAE in clinical practice. We 
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hypothesized that the lack of large, randomized controlled, prospective studies is the main reason. Moreover, considering 
that the present study demonstrated the role of VP in EE-induced alleviation of learning and memory deficits caused by 
SAE, it is possible that VP might be the next therapeutic drug to treat the sequela of SAE. Enhancing the synthesis of 
endogenous VP or supplementing with exogenous VP might be an alternative approach.

Conclusions
The present study showed that EE housing effectively ameliorated the learning and memory impairment caused by SAE, 
and this process is mediated by VP binding to V1aR. Moreover, VP binding to V1aR causes a decrease in pro- 
inflammatory cytokines, and an increase in anti-inflammatory cytokines and BDNF, ultimately resulting in learning 
and memory improvement. Therefore, these results support the hypothesis that VP plays a key role in the EE-mediated 
alleviation of learning and memory deficits caused by SAE.
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