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Abstract: 

Background: Sepsis-associated encephalopathy (SAE) is a common complication of sepsis and 

characterized by impaired cognition ability in survivors. Previous studies revealed that 

environmental enrichment (EE) ameliorated the cognition deficits in different models of brain 

injury. However, little research exists exploring the effect of EE on SAE.  

Methods: our present study was designed to determine the possible benefits of EE in 

ameliorating the cognition deficits following SAE. To examine the benefits of EE, adult male 

rats with SAE were placed in an enriched environment or standard environment(SE) for 30 days. 

After the EE or SE housing, the rats were subjected to a behavioral test battery including 

sensory neglect test (SN), Elevated Plus Maze test (EPM), Open Field test (OF) Morris water 

maze test (MWM), and Novel Object Recognition test (NOR).  

Results: Our results showed that SAE-induced the impairment of recognition memory (NOR) 

and spatial learning and memory (MWM) was significantly inhibited in EE exposed rats. In 

addition, EE exposure also decreased the SAE-induced anxiety-like behavior (EPM) and 

increased exploratory activity (OF). However, no difference in locomotion ability was detected 

between the EE and SE exposed rats.  

Conclusions: Our results demonstrate the positive effect of EE on cognitive impairments after 

SAE. These results highlight the importance of environmental enrichment to prevent cognitive 

deficits induced by SAE.  
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Introduction 

Sepsis is a disease induced by systemic responses to infection with a high and growing 

prevalence worldwide [1-3]. Sepsis-associated encephalopathy (SAE) is a common 

complication of sepsis [4]. More than half of patients with severe sepsis shows symptom of SAE, 

which may be the first manifestation of sepsis before admission to hospital [5]. Dysfunction of 

consciousness was the acute symptom of SAE, with signs of delirium such as hallucination, 

somnolence and coma, leading to increased mortality [5-8]. Moreover, there is increasing 

evidence that SAE may pose substantial risks for long-term cognitive impairments, including 

alterations in mental processing-speed, executive function, memory, attention, and spatial 

abilities [9-13]. These can be disabling, lead to poor quality of life and increase social burden 

placed on both family members and caregivers. Therefore, how to improve the cognition deficits 

after SAE has been a focus of present studies. 

Environmental enrichment (EE), a paradigm consisting of housing conditions that include 

novelty, social interaction and exercise, has been proved to ameliorate functional deficits 

associated with various brain injury [14,15]. For example, EE can effectively reduce the impact 

of TBI on sensory impairment and memory deficits, possible via cortical excitability and 

reorganization [16-20]. EE was also shown to prevent the stroke-induced cognition disorder by 

increased expression of GFAP in ischemic brain [21.22]. Moreover, in the model of ethol 

binge-drinking or perinatal asphyxia, experimental evidence pointed to the therapeutic and 

preventive effects of EE on cognition deficits [23-27]. However, no research exists exploring the 

effect of EE on SAE. In recent years, research found that EE might attenuate the 

neurobehavioral alterations through inhibition of NADPH Oxidase-2 (Nox2) in the model of 

juvenile hypoxia [28]. Interestingly, studies also found that SAE-induced cognitive impairments 

may be mediated by the activation of Nox2 [29,30], indicating that EE is likely to be capable of 

ameliorating the SAE-induced cognitive deficits. 



Accordingly, the present experiment sought to tests the efficacy of EE in limiting the negative 

consequence of SAE on cognitive functions. To this end, adult male rats with SAE were placed 

in an enriched environment. Our data suggest that EE exposure may effectively reduce the 

impact of SAE on cognition deficits. Thus, directed use of EE may be a viable training 

mechanism to improve resiliency against the consequences of SAE. 

Materials and methods  

Animals  

Sixty-four male Sprague-Dawley (SD) rats (200-250g) were provided by the Animal Center 

of the China-Japan Friendship Hospital. The experimental procedures were carried out in 

accordance with the Guidelines for the use of animals in neuroscience research (published in 

the Membership Directory of the Society, pp 27-28, 1992), and were approved by the committee 

of Animal Use for Research and Education in China-Japan Friendship Hospital. The animals 

were housed under a 12-h light/dark cycle in a temperature-controlled room at 24 ± 1°C with 

free access to food and water. 

SAE induction-cecal ligation and perforation (CLP) model 

Rats were subjected to CLP as previously described [31]. Briefly, animals were anesthetized 

using sodium pentobarbital (50 mg/kg), given intraperitoneally. Under aseptic conditions, a 3 

cm midline laparotomy was performed to expose the cecum and adjoining intestine. The cecum 

was ligated with a 3.0 silk suture at its base, below the ileocecal valve, and was perforated once 

with a 14-gauge needle. The cecum was then squeezed gently to extrude a small amount of feces 

through the perforation site. The cecum was then returned to the peritoneal cavity, and the 

laparotomy was closed with 4.0 silk sutures. Animals were resuscitated with regular saline 

(50mL/kg) subcutaneously (s.c.) immediately after and 12h after CLP. All animals received 

antibiotics (ceftriaxone at 30mg/kg and clindamycin 25mg/kg) every 6 h s.c. for a maximum of 

3 days. In sham operated group, rats were subjected to all surgical procedures, but the cecum 

was neither ligated nor perforated. To minimize variability between different experiments, the 

CLP procedure was always performed by the same investigator. We extensively characterized 

long-term cognitive impairment using this animal model. 

Housing Conditions 



Two housing conditions were used in this study: enriched enviromenent condition (EE) and 

standard enviromenent condition (SE). 

Standard environment (SE): Rats were housed in standard-sized polycarbonate cages 

(25cm×40cm×20cm), with two rats per cage located in a quiet room. The cages allowed for 

moderate activity and exploration.  

Enriched environment (EE): Rats in the EE group were housed in a large cage (40cm×54cm 

×30cm) with six rats per cage. As previous describe, the cages contained multiple objects 

including wooden blocks, plastic bone-shaped toys, running wheel and plastic tunnel [32.33]. 

Suspended ropes allowed for climbing from one level to another. Objects were replaced twice a 

week. During the enrichment period, food and water were available ad libitum. After 30 days 

EE housing, the animals were no longer received additional enrichment by removing the levels 

and toys from the cages. 

  Rats were assigned in equal numbers to three groups (n=16): sham group (Sham) (Rats 

received sham injury and were maintained under standard housing conditions); SAE+SE group 

(SAE-SE); SAE+EE group (SAE-EE). 

Behavioral Testing 

Figure1 provides a schematic representation of the experimental design and timelines. All 

animals were submitted to behavioral assessment. Animals were naive to all behavioral test 

procedures and were only manipulated during routine cage cleaning. Behavioral procedures 

were carried out between 8:00a.m. and 5:00p.m. Testing order of the groups was 

counterbalanced to avoid the confounding effect of time of the day at which animals were 

tested. 

Sensory Neglect  

The sensory neglect test is used to observe responsivity to focal somatosensory stimuli [34]. 

All animals were tested for sensory neglect at baseline, before housing (EE or SE) and 

post-housing (EE or SE). Baseline measurements of sensory neglect were taken one day prior to 

CLP or sham surgery. Further testing was conducted before housing (EE or SE) and at 1day 

post-housing (EE or SE). The test consisted of a 2 cm diameter sticker being placed on the 

distal-radial area of both forelimbs. The animal was then placed in a clear empty shoebox cage 



and the latency to remove both stickers was recorded. Each animal received 3 trials with 

approximately 5mins intervals. The maximum length of a trial was 2mins, at which time any 

remaining stickers were removed.  

Elevated Plus Maze  

Anxiety-like behaviors were assessed in the elevated-plus maze (EPM), which was composed 

of two opposing open arms (10.2×10.2 cm) and two opposing closed arms (10.2×10.2 cm; with 

30.5 cm-high walls) with a common central square all made of black Plexiglas [35]. The EPM 

was elevated 100cm above the floor and indirectly illuminated (light intensity in open 

arms:85–90Lux). Rats were individually placed at the extremity of a closed arm of the maze 

(facing away from the center) and each rat was tested for one 5min trial with 70% ethanol 

cleaning and totally dried with paper towels after each trial. Ethovision software was used to 

record the latency to enter an open arm as well as time spent in and number of entries to 

(defined by all four paws being in an arm) open and closed arms. Behaviors were recorded 

including rearing and head dipping.  

Open Field Test  

In this study, open field (OF) test was assessed in an open field apparatus to evaluate both 

locomotor and exploratory activities [29]. The apparatus is a 60 cm×60 cm open field 

surrounded by 60 cm high walls made of brown plywood with a frontal glass wall. The floor of 

the open field is divided into nine rectangles by black lines. The animals were gently placed on 

the central area when its four paws were on it. The arena was uniformly and indirectly 

illuminated (light intensity in the center of the OF: 70 lux). Rats were allowed 5 min of free 

exploration of the apparatus. Dependent variables were: distance traveled in the OF, number of 

rears (standing upright with or without touching the walls with the forepaws), line crossings 

(horizontal activity), time spent in the center square (30×30 cm) and time spent in the 4 corner 

squares (10×10 cm) of the maze. Between sessions, the apparatus was cleaned with 70% 

ethanol. 

Morris water maze 

The Morris water maze (MWM) is an established test of spatial learning and 

reference/working memory [36,37]. Animals were placed in a 178 cm diameter dark circular 



tank filled with water (approximately 37 cm deep). The tank was divided evenly into four 

quadrants (A, B, C, D) with appropriate marking of the quadrants on the top edge of the tank. A 

10.2 cm diameter clear plexiglass platform was submerged to a depth of 2 cm below waterline 

and placed approximately 28 cm from the wall of the pool in quadrant C. Latency to find the 

hidden platform was recorded using Ethovision software that tracked and timed the animals in 

the tank until they reached the platform. Spatial learning consisted of providing a block of four 

daily trials (4-min inter-trial interval) for five consecutive days to locate the submerged platform 

(i.e., invisible to the rat). For each daily block of trials, the rats were placed in the pool facing 

the wall at each of the four possible start locations in a randomized manner. Each trial lasted 

until the rat climbed onto the platform or until 120 s had elapsed, whichever occurred first. Rats 

that failed to locate the platform within the allotted time were manually guided to it. The rats 

remained on the platform for 30 s before placed in a heated incubator between trials. On day 6, 

the platform was raised 2 cm above the water surface (i.e., visible to the rat) as a control 

procedure to determine the contributions of non-spatial factors on cognitive performance. The 

times of the 4 daily trials for each rat were averaged and used in the statistical analyses. Also on 

day 6, but before the visible platform assessment, all rats were given a single probe trial to 

measure memory retention. Briefly, the platform was removed, and the rats were given the 

opportunity to explore the pool for 30 s. The percent time spent in the target quadrant was used 

in the statistical analysis.  

Novel Object Recognition Task  

The Novel Object Recognition Task (NORT) is a behavioral test that was developed to assess 

non-spatial working memory [38,39]. In the present study, this specific type of memory will be 

called “recognition memory”. NORT procedures were based on established protocols [40]. The 

NORT took place in the same apparatus as OF and comprised two phases. During the first phase 

of the familiarization period, rats were presented with two identical objects (placed in opposite 

corners of the arena) and their exploration was recorded over 5 min. Rats were returned to their 

cages during the phase interval. One hour later, one of the two familiar objects were replaced 

with a novel object and the rats were again allowed to explore them for 3 min (test phase). To 

eliminate a certain variation by emotional instability, rats with excessive freezing behavior more 

than 60% out of the whole period of test phase were excluded from analysis. Time spent 



exploring each object was defined as directing the nose at the object at a distance of < 1 cm and 

exploring it (i.e. sniffing or otherwise interacting with the object). Object exploration was not 

scored if the animal was in contact with but not facing the object, or if it sat on the object or 

used it as a prop (Ennaceur & Delacour, 1988). Discrimination index (d1) and discrimination 

ratio (d2) scores were calculated using the following formulas: d1 = tn-tf, and d2 = (tn-tf) / (tn+ 

tf), where tn = the amount of time rats explored the novel object and tf = the amount of time rats 

explored the familiar object 

Statistical analysis  

The results were expressed as the mean ± S.E.M. A One-Way analysis of variance was used 

to compare groups SAE-EE, SAE-SE, and Sham. If day was included as a factor, a 

mixed-design ANOVA was used. The null hypothesis was rejected when the two tailed 

probability value was 5% or less (p≤0.05). Data were analyzed with Statistical Product and 

Service Solutions (Version 18.0). Since the specific hypotheses tests were identified a priori, 

planned comparisons were performed regardless of the outcome of the ANOVA. Post-hoc 

paired comparisons of groups used Tukey simultaneous confidence intervals with a 0.05 

experimentwise error level. 

Results 

Five rats were excluded from all analyses (3 SAE-SE, and 2 SAE-EE) due to death or poor 

post-surgical recovery, resulting in the following sample sizes for behavioral analysis: 16 Sham, 

13 SAE-SE, 14 SAE-EE. 

Sensory neglect in the SN test 

In this part, the effect of EE on somatosensory was determined. Prior to CLP, there was no 

significant difference of baseline on latency to sticker removal between three groups (F (2, 40) = 

0.0463, p＞0.05). Following CLP (prior to housing), there were significant differences on 

sticker removal latency (F(2, 40)=238.5, p＜0.001). Post-hoc analysis indicated that both 

SAE-SE and SAE-EE groups removed the stickers significantly slower than the sham group (vs 

Sham group: p＜0.001, Figure.2), indicating that SAE impaired the somatosensory. However, 

after 30 days housing (EE or SE), SAE-EE group removed the stickers faster than the SAE-SE 

group (vs SAE-SE group: p＜0.05, Figure.2) and had no difference with sham group (vs Sham 



group: p＞0.05, Fig.2). Taken together, our results revealed that SAE-induced sensory neglect 

deficits were attenuated when enrichment was applied. 

Anxiety-related behaviors in the EPM test 

  After 30 days housing (EE or SE), the anxiety-related behaviors were tested by EPM. Figure 

3 depicts behaviors in the elevated-plus maze among SE and EE rats. Latency to enter an open 

arm as well as time spent in the open/closed arms, entries in the open/closed arms, head dipping, 

rearing, and grooming were tested as indicators of anxiety-related behaviors in the EPM. 

ANOVA tests revealed that the rats in three groups did not differ in their time spent in head 

dipping, rearing, and grooming (F (2, 40) = 0.1618, p＞0.05; F (2, 40) = 1.511, p＞0.05; F (2, 

40) = 0.515, p＞0.05, respectively; Fig.3A,B,C). However, there were significant effects of 

groups on open arm time (F(2, 40)=9.085, p＜0.01; Fig.3G), latency to enter an open arm (F(2, 

40)=15.05, p＜0.01; Fig.3D) and entries in the closed arms (F(2, 40)=25.89, p＜0.01; Fig.3F). 

Pairwise comparisons confirmed that the SAE rats reared in EE showed a significantly higher 

open arm time (vs SAE-SE group: p＜0.01, Fig.3G) compared to the SAE rats reared in SE and 

had no difference with sham group (vs Sham group: p＞0.05, Fig.3G). Correspondingly, the 

SAE rats housed in EE also had decreased escape latency and took shorted time to enter an open 

arm (vs SAE-SE: p＜0.05; Fig.3D). The rats in SAE-SE groups also exhibited the increased 

entries in the closed arms than in SAE-EE group and sham group (vs SAE-EE or Sham group: p

＜0.001; Fig.3F). These results indicate that SAE rats reared in EE displayed reduced 

anxiety-related behaviors. 

Locomotion and exploratory activity in the OF test 

As revealed in Fig.4A,B,C no significant differences were observed in the total distance 

traveled and number of line crossings and rears in the OF test among the three groups (F (2, 40) 

= 0.05891, p＞0.05; F (2, 40) = 0.1949, p＞0.05; F (2, 40) = 0.2132, p＞0.05, respectively), 

suggesting sepsis or environment did not affect the general locomotor activity, horizontal 

locomotor activity (line crossings) and vertical locomotor activity (rearing). Regarding 

exploratory activity, the results showed that SAE-SE groups spent more time in the corner 

squares (vs Sham group: p＜0.001; Fig.4D) and less time in the center square (vs Sham group: p

＜ 0.001; Fig.4E) than sham group, indicating SAE impaired the exploratory behavior. 

Additionally, we also found SAE rats housed in EE made more time in the center square (vs 



SAE-SE group: p＜0.01; Fig.4E), and less time in the corner squares when compared with SAE 

rats housed in SE  (vs SAE-SE group: p＜0.05; Fig.4D). These results mean that SAE rats 

displayed an exploratory activity impairment that was counteracted by EE.  

Spatial learning and reference/working memory in the MWM test 

In this part, the effect of EE on spatial learning and reference/working memory was 

determined. We examined the learning and memory ability after infrasound exposure by 

MWM，a hippocampus-dependent learning and memory task. 

In the spatial learning testing, escape latencies were recorded for 5 consecutive days. A 

mixed-design ANOVA showed there was a significant difference among the groups (F (2, 40) = 

24.67, p＜0.001; Fig.5A). The post-hoc analysis revealed that the sham group reached the 

submerged platform quicker than the SAE-SE groups at day 4 and day 5, indicative of an 

impairment of spatial learning after SAE (vs SAE-SE group: p＜0.001; Fig.5A). However, from 

3 day on, among the two SAE groups, the SAE-EE group also performed better latency to 

platform than the SAE-SE group (vs SAE-SE group: p＜0.001; Fig.5A). At day 6, no significant 

differences in latency to visible platform were observed among the groups (F (2, 40) = 1.380, p

＞0.05; Fig.5B), confirming that the differences observed in escape latencies could not be 

attributed to vision. These results suggest that EE ameliorated the SAE-induced spatial learning 

deficits.  

On the last day of MWM testing, the platform was removed and time spent in quadrant C was 

analyzed for reference/working memory retention. Analysis of the probe data revealed that 

enhanced memory retention, as demonstrated by a greater percentage of the 30 s allotted time 

spent in quadrant C, was observed in the Sham group and SAE-EE groups relative to the 

SAE-SE group (F (2, 40) = 10.98, p＜0.001; Sham vs SAE-SE group: p＜0.001; SAE-SE vs 

SAE-SE group: p＜0.05; Fig.5C). Lastly, no significant differences in swim speed were 

observed among the three groups (F (2, 40) = 0.7141 p＞0.05; Fig.5D), indicating that no motor 

deficits attributed to the differences. 

Recognition memory in the NORT test 

In order to investigate the effect of EE on non-spatial working memory (recognition memory), 

NORT test was introduced. One-Way ANOVA tests and subsequent post-hoc analysis  

performed on discrimination index (d1) and discrimination ratio (d2) scores indicated that 



recognition memory was deteriorated after SAE (F (2, 40) = 5.494, p＜0.01; Sham VS SAE-SE 

group: d1:p＜0.05; d2: p＜0.05; Fig.6A,B). As expected, EE was able to improve recognition 

memory when compared with SAE-SE group (SAE-EE VS SAE-SE group: d1:p＜0.05; d2: p＜

0.05; Fig.6A,B), indicated by the increase of d1 and d2. Thus, the results revealed that EE was 

effective to attenuate the SAE-induced recognition memory impairment. 

Discussion 

As sepsis complications, SAE is thought to occur due to a combination of neuroinflammation 

and disturbances in cerebral perfusion, the blood brain barrier (BBB) and neurotransmission 

[41.42]. At present, SAE is the most frequent causes of morbidity and mortality in intensive care 

units (ICUs) [5]. Survivors with long term cognitive impairments that can be disabling. Due to 

poor understanding about the pathophysiology of SAE, there is no effective treatment to 

ameliorate the cognition deficits after SAE. 

EE intervention is a new, simple, and effective treatment that is widely used in medical 

practice, including rehabilitation for cognitive impairment. The results of the present study 

provide evidence that EE after SAE results in sparing of cognition function. 1 month of 

enrichment after SAE in adult animals blocked the deleterious effects of SAE on sensory 

discrimination, exploratory activity, spatial learning and reference/working memory and 

relieved anxiety-related behaviors, indicated by performances in the SN, MWM, EPM and OF. 

Enriched rats therefore had a better prognosis following SAE. This is likely caused by effects of 

EE on neuroplastic responses to injury. The finding that an EE can reduce the cognition 

impairment of SAE is in accord with similar observations in animals with other forms of brain 

dysfunction [43-48]. Healthy environments also afford similar benefits to humans. It is well 

known, for example, that environmental and lifestyle factors can influence the process of normal 

cognitive aging [49], reduce cognitive impairment caused by traumatic brain injury [46], and 

delay the onset of dementia associated with progressive neurological disease [50]. 

The sensory neglect task is a good indicator of responsiveness to focal somatosensory stimuli 

and reveals significant impairments resulting from injury to prefrontal cortex [34]. In present 

study, we found that SAE rats given EE showed better improvement in responding to focal 

somatosensory stimuli compared to SAE given SE in the SN task, suggesting the positive effects 



of EE on prefrontal cortex. It has been previously reported that deficiency of brain-derived 

neurotrophic factor (BDNF) levels was associated with the significantly impaired 

somatosensory behavior [51]. Interestingly, recent studies found that expression of BDNF was 

induced by EE [52,53], which maybe the mechanism underlying EE ameliorating 

somatosensory. 

The EPM is used frequently to test for anxiety-like behavior and time in the open arm of the 

maze is taken to indicate reduced anxiety, an interpretation supported by increased open arm 

time following administration of anxiolytics such as diazepam [54]. Our results showed that rats 

subjected to EE exhibited decreased anxiety-related behaviors compared to SAE-SE rats. This 

result is in agreement with previous research where the anxiolytic effect of EE has been well 

documented [55-58], with slight differences due to model used. In EE-reared animals, it has 

been reported a reduction in anxiety-related behaviors, together with decreased 

hypothalamic-pituitary-adrenal (HPA) axis responses [59] and altered gene expression in the 

amygdala and the hypothalamus [60]. This suggests us all key brain regions involved in this 

response. It is important to note that prefrontal damage can increase risk-taking behavior [61] 

which may result in increased open arm time via a non-anxiety related mechanism [62]. 

Therefore, in this test, we cannot rule out the contribution of risk-taking behavior in the 

increased time spent in the open arms. 

Consistented with previous studies, in the OF and MWM test, general locomotion activity and 

habituation were unaffected in SAE rats. However, in the OF test, exploratory activity in 

SAE-SE rats was impairment by spending more time in the corners of the OF. Additionally, we 

also found the impairment in exploratory activity in SAE rats was partially overcome by EE. It 

was shown, in LPS-treated rats, the reduced cholinergic innervation in barrel cortex might cause 

such behavioral changes as the integrity of cholinergic innervation in cortical barrel fields is 

necessary for plastic processes [63]. Recently, we observed EE induced the increased 

cholinergic innervation in barrel cortex after (unpublished data). Accordingly, it is proposed that 

EE may increase exploratory activity by changing the cholinergic innervation in barrel cortex. 

  Findings from the MWM indicated that EE blocks the development of spatial learning and 

memory deficits due to SAE. Because the animal relies solely on spatial cues and memory, 



decreased latency to the platform is indicative of improved spatial learning and memory. The 

fact that MWM swim speeds were similar among the groups indicates that there were no motor 

deficits associated with performance in MWM, and thus impaired MWM performance in the 

SAE group can be interpreted to represent spatial learning and memory deficits. It has also been 

shown that MWM learning impairments are independent of locomotor effects because 

land-based locomotor reductions did not affect swimming speed. In this study, SAE-EE rats 

performed better than SAE-SE rats, indicating that EE blocks the deleterious effects of SAE. 

MWM performance was linked to long-term potentiation (LTP) and NMDA receptor function 

[64], making it a key technique in the investigation of hippocampal circuitry. A growing number 

of studies found that EE’s positive role in the improvement of LTP and neuronal regeneration in 

the hippocampus [65,66], which may construct the basis for the improvement of MWM 

performance after EE. 

  NORT test is a simple behavioral assay of recognition memory that rely primarily on a 

rodent’s innate exploratory behavior in the absence of externally applied rules or reinforcement. 

In our study, an expected finding was that EE ameliorated the SAE-induced impairment of 

recognition memory. The results also reflected the improvement of attention, anxiety, and 

preference for novelty in SAE rats after EE. The increased preference to novel objects showed a 

conditioned association between environmental cues and the appetitive effects of receiving 

access to novel stimuli [67] and means that presentation of the familiar object exists in animals’ 

memory [68]. It is widely accepted that in both the monkey and the rat brain, the perirhinal 

cortex plays an important role in object recognition memory [69], i.e., the ability to evaluate a 

previously encountered item as familiar depending on the integrity of the medial temporal lobe 

[70]. This brain structure plays an important role in recognition memory formation,. Hence, the 

positive effect of EE may be achieved by acting on this brain structure.  

The primary goal of this study was to evaluate the impact of EE on the cognition deficits 

caused by SAE. The enriched cohort was therefore exposed to a SAE. An ideal design would 

also include a Sham-EE group. This group would have facilitated the comparison of identical 

housing conditions, thus elucidating the benefit of EE for injured animals. Nevertheless, the 

behavioral results from the current experimental design indicate a neuroprotective benefit of EE. 

These finding are also in line with the large quantities of therapeutic research concluding EE is 



beneficial after injury. However, currently, the mechanisms governing EE-mediated behavioral 

improvements after injury are unclear. There are many mechanisms involving in the EE-induced 

neural function improvement. Early studies in rodents indicate that EE increases total brain and 

cortical weight [71]. Subsequent studies document additional benefits of EE including increased 

neuronal density [72], dendritic branching [73] and neuronal transmission [74], and enhanced 

neurotrophic growth factor expression [75]. EE-induced hormonal and neurostructural changes 

are also associated with improvements of neural function [76.77]. 

In summary, the results of this study indicate that EE is protective against the functional 

deficits of SAE. The EE concept may therefore be a viable training mechanism to improve 

resiliency against the consequences of SAE. Future studies are necessary to further explore the 

possible neuroplastic mechanisms responsible for the protection. 

Conclusions 

The results of the present study demonstrate that EE is effective against the cognitive deficits 

after SAE and emphasize the critical role of oxidative damage and may be a viable training 

mechanism to improve resiliency against the cognitive dysfunction after sepsis. 
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Figure 

 

Figure.1 Experimental timeline. The SAE model was made by cecal ligation and perforation 



(CLP) followed by 30 days of housing (either enriched or standard). The following behavioral 

tests were conducted: sensory neglect (SN), elevated plus maze (EPM), open field test (OF), 

novel object recognition task (NORT)and Morris water maze (MWM). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure.2 Environmental enrichment attenuated SAE-induced sensory neglect deficits. 

SAE rats removed the stickers significantly slower than the sham rats prior to housing. And after 

30 days housing, rats in the SAE-EE group removed the stickers faster than in the SAE-SE 



group. ∗p＜0.05, ∗∗p＜0.01, ∗∗∗p＜0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure.3 Anxiety-related behaviors after SAE is remedied by environmental enrichment. 

A,B,C:No significant differences in dipping, rearing or grooming were observed. D: SAE-SE 

and SAE-EE rats had the longer latency to enter an open arm. At the same time, SAE-EE rats 

also had decreased escape latency and took shorted time to enter an open arm when compared 

with SAE-SE rats. E,F: SAE-SE rats exhibited the increased entries in closed arms than 

SAE-EE or sham rats, while no differences in entries in the open arms were observed. G: 

SAE-SE rats showed a significantly lower open arm time when compared with sham or SAE-EE 

rats. ∗p＜0.05, ∗∗p＜0.01, ∗∗∗p＜0.001. 

 

 

 

 

 

 

 

 

 

 



 

Figure.4 Exploratory activity impairment after SAE is remedied by environmental 

enrichment. A,B,C:No significant differences were observed in total distance traveled and 

number of line crossings and rears in the OF test among the three groups. D: SAE-SE rats spent 

more time in the corner squares compared with sham or SAE-EE rats. E: SAE-SE rats exhibited 

a significantly lower center square time when compared with sham or SAE-EE rats. ∗p＜0.05, 

∗∗p＜0.01, ∗∗∗p＜0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
Figure.5 Environmental enrichment ameliorated the SAE-induced spatial learning deficits. 

A: From 3 day on, the SAE-EE rats performed better latency to platform than the SAE-SE rats. 

From 4 day on, the sham rats reached the submerged platform quicker than the SAE-SE rats. 

(SAE-EE VS SAE-SE, ∗∗∗p＜0.001; Sham VS SAE-SE, ###p＜0.001). B: No significant 

differences were observed in latency to visible platform. C:SAE-SE rats spent less time in target 

quadrant C compared with sham or SAE-EE rats. D: No significant differences were observed in 

swimming speed. ∗p＜0.05, ∗∗p＜0.01, ∗∗∗p＜0.001. 

 

 

 

 

 

 

 



 

 
Figure.6 Environmental enrichment effectively to attenuate the SAE-induced recognition 

memory impairment. A: discrimination index (d1) B: discrimination ratio (d2). SAE-SE rats 

showed decreased d1 and d2 and spent less time exploring novel objects when compared with 

SAE-EE or Sham rats. ∗p＜0.05, ∗∗p＜0.01, ∗∗∗p＜0.001. 



Figures

Figure 1

Experimental timeline. The SAE model was made by cecal ligation and perforation (CLP) followed by 30
days of housing (either enriched or standard). The following behavioral tests were conducted: sensory
neglect (SN), elevated plus maze (EPM), open �eld test (OF), novel object recognition task (NORT)and
Morris water maze (MWM).



Figure 2

Environmental enrichment attenuated SAE-induced sensory neglect de�cits. SAE rats removed the
stickers signi�cantly slower than the sham rats prior to housing. And after 30 days housing, rats in the
SAE-EE group removed the stickers faster than in the SAE-SE group. p0.05, p0.01, p0.001.



Figure 3

Anxiety-related behaviors after SAE is remedied by environmental enrichment. A,B,C:No signi�cant
differences in dipping, rearing or grooming were observed. D: SAE-SE and SAE-EE rats had the longer
latency to enter an open arm. At the same time, SAE-EE rats also had decreased escape latency and took
shorted time to enter an open arm when compared with SAE-SE rats. E,F: SAE-SE rats exhibited the
increased entries in closed arms than SAE-EE or sham rats, while no differences in entries in the open
arms were observed. G: SAE-SE rats showed a signi�cantly lower open arm time when compared with
sham or SAE-EE rats. p0.05, p0.01, p0.001.



Figure 4

Exploratory activity impairment after SAE is remedied by environmental enrichment. A,B,C:No signi�cant
differences were observed in total distance traveled and number of line crossings and rears in the OF test
among the three groups. D: SAE-SE rats spent more time in the corner squares compared with sham or
SAE-EE rats. E: SAE-SE rats exhibited a signi�cantly lower center square time when compared with sham
or SAE-EE rats. p0.05, p0.01, p0.001.



Figure 5

Environmental enrichment ameliorated the SAE-induced spatial learning de�cits. A: From 3 day on, the
SAE-EE rats performed better latency to platform than the SAE-SE rats. From 4 day on, the sham rats
reached the submerged platform quicker than the SAE-SE rats. (SAE-EE VS SAE-SE, p0.001; Sham VS
SAE-SE, ###p0.001). B: No signi�cant differences were observed in latency to visible platform. C:SAE-
SE rats spent less time in target quadrant C compared with sham or SAE-EE rats. D: No signi�cant
differences were observed in swimming speed. p0.05, p0.01, p0.001.



Figure 6

Environmental enrichment effectively to attenuate the SAE-induced recognition memory impairment. A:
discrimination index (d1) B: discrimination ratio (d2). SAE-SE rats showed decreased d1 and d2 and
spent less time exploring novel objects when compared with SAE-EE or Sham rats. p0.05, p0.01,
p0.001.


