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SUMMARY 

 

Background: Irritable bowel syndrome (IBS) associated with early-life stress (ELS) commonly manifests as anxi-

ety and visceral hypersensitivity. However, the pathogenic mechanisms underlying these effects are not fully un-

derstood. This study aims to investigate the role of brain-derived neurotrophic factor (BDNF) as a key mediator of 

ELS-induced changes through the brain-gut axis. 

Methods: A Sprague-Dawley male maternal separation (MS) rat model was used to induce anxiety and visceral 

hypersensitivity associated with ELS. BDNF levels were measured in the limbic system (cingulate gyrus, amygda-

la, and hippocampus) and serum. The correlation between BDNF levels, anxiety, and visceral hypersensitivity was 

analyzed. Corticotropin-releasing factor (CRF) expression in the hippocampus and the extent of visceral hyper-

sensitivity were assessed in control, MS, and MS+K252a (a BDNF receptor antagonist) groups. 

Results: MS rats exhibited higher levels of anxiety and visceral hypersensitivity compared to controls. BDNF pro-

duction in the hippocampus was elevated in MS rats and positively correlated with anxiety (r = -0.78, p < 0.05) 

and visceral hypersensitivity (r = 0.93, p < 0.01). CRF expression, a key mediator of stress and visceral hypersensi-

tivity, was also increased in the hippocampus of MS rats. Inhibition of BDNF signaling using K252a reduced CRF 

expression and alleviated visceral hypersensitivity. 

Conclusions: This study demonstrates that BDNF may mediate ELS-induced anxiety and visceral hypersensitivity 

through hippocampal TrkB-CRF signaling, providing a mechanistic basis for targeting BDNF in stress-related 

IBS. 

(Clin. Lab. 2026;72:791-800. DOI: 10.7754/Clin.Lab.2025.251129) 
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INTRODUCTION 

 

Irritable bowel syndrome (IBS) is a functional gastroin-

testinal disorder arising from bidirectional dysregulation 

of the brain-gut axis, involving aberrant neuroendo-

crine-immune communication [1,2]. Early-life stress 

(ELS) is a critical risk factor that disrupts this axis, pro-

moting the development of visceral hypersensitivity and 

psychiatric comorbidities such as anxiety in IBS [3,4]. 

Clinically, this comorbidity is highly significant, as anx-

iety can intensify abdominal pain and discomfort in af-

fected individuals [5,6]. Nevertheless, the mechanisms 

through which brain-gut dysfunction contributes to IBS-

like visceral hypersensitivity remain elusive. 

As a pivotal brain-gut neuropeptide, brain-derived neu-

rotrophic factor (BDNF) is abundantly expressed 

throughout the central and gastrointestinal systems, 

where it plays a central role in regulating brain-gut axis 

signaling [7]. The limbic system, encompassing the hip-

pocampus, amygdala, and cingulate cortex, plays a cen-

tral role in emotional regulation. Neuroimaging studies 

have revealed structural and functional abnormalities in 

these regions in patients with anxiety disorders [8], and 

molecular alterations have been similarly observed in 

rats exhibiting anxiety-like behaviors induced by envi-

ronmental enrichment [9]. Within the limbic system, 

overexpression of BDNF in the amygdala and hippo-

campus facilitates anxiety-related responses [10]. Corti-

cotropin-releasing factor (CRF), a hypothalamic neuro-

peptide, serves as a principal mediator of stress re-

sponses and has been implicated in the pathogenesis of 

visceral hypersensitivity in IBS [11]. Previous studies 

have demonstrated that intracerebroventricular adminis-

tration of CRF induces stress-related visceral hypersen-

sitivity, an effect that can be abolished by CRF receptor 

antagonists [12]. BDNF enhances CRF release in the 

central nervous system by activating tyrosine receptor 

kinase B (TrkB) receptors located on CRF neurons [13]. 

This mechanistic interaction suggests that the BDNF-

CRF signaling axis may underlie ELS-induced visceral 

hypersensitivity in IBS. 

The maternal separation (MS) paradigm provides a ro-

bust model of early-life stress that recapitulates key 

IBS-like features-including visceral hypersensitivity and 

anxiety-like behaviors-through disruption of the brain-

gut axis [4]. Despite these advances, the contribution of 

the BDNF-CRF axis to MS-induced visceral hypersen-

sitivity remains poorly understood. In the present study, 

we investigated the role of BDNF in mediating ELS-in-

duced anxiety and visceral hypersensitivity in rats ex-

posed to maternal separation. 

 

 

MATERIALS AND METHODS 

 

Maternal separation model 

Six pregnant Sprague-Dawley (SD) rats, acquired at 

gestational days 13 - 14 (with parturition occurring 

around days 21 - 22), were sourced from SPF Biotech-

nology Co. Ltd (Beijing). Prior to giving birth, all rats 

were housed individually in standard Makrolon cages, 

which were lined with wood shavings, in the level 2 

animal facility at Shandong University Laboratory Ani-

mal Center. The rats were provided aseptic food and 

water ad libitum, and maintained under controlled envi-

ronmental conditions: lighting from 7:00 AM to 7:00 

PM, temperature kept at approximately 22℃, and hu-

midity maintained near 45%. Each litter typically con-

sisted of 8 - 12 pups, from which 5 - 6 male pups were 

selected per litter, resulting in a total of 31 male pups 

for the experiment. Female pups were reserved for other 

studies within our laboratory. The selected male pups  

(n = 31) were randomly assigned: 18 underwent mater-

nal separation (MS), while the remaining 13 formed the 

control group. 

MS procedures were conducted as previously described 

[14]. The entire litter of male pups was separated from 

their dams for 180 minutes daily. This separation regi-

men was carried out over an 11-day period, spanning 

postnatal days 2 to 12. Separations were consistently 

performed from 9:00 AM to 12:00 PM. The pups were 

housed in plastic cages placed on heating pads that 

maintained a temperature range of 30 - 33℃, in a dedi-

cated separate room. After separation, the pups were re-

turned to their original cages. In the control group, no 

special treatment was administered to the male pups 

from postnatal days 2 through 12. All rats were weaned 

on day 22 after birth. No other procedures were per-

formed on the rats in either group until they reached 70 

days post-birth. 

Four rats from the MS group received an intracerebro-

ventricular (ICV) injection of K252a, forming the 

MS+K252a group (n = 4). Therefore, the control group 

consisted of 13 rats, the MS group had 14 rats, and the 

MS+K252a group included 4 rats. Six to seven control 

rats and seven to eight MS rats were used for the open-

field test (OFT), visceral sensitivity assessments, en-

zyme-linked immunosorbent assay (ELISA), and PCR 

tests (the number of rats in each test is detailed in the 

Results section). The same rats from each group were 

used for all of the tests. The remaining six rats from 

both the control and MS groups were subjected to im-

munohistochemistry. Four rats from the MS+K252a 

group were used for visceral sensitivity assessment, 

ELISA, and immunohistochemistry. Rats were anesthe-

tized with 4% isoflurane for colorectal distension 

(CRD) and ICV procedures. At the conclusion of the 

experiment, rats were humanely euthanized by intraper-

itoneal injection of pentobarbital sodium (150 mg/kg), 

while surviving animals were retained for subsequent 

breeding. All experimental procedures adhered to the 

ARRIVE guidelines and received prior approval from 

both the Shandong University Laboratory Animal Cen-

ter and the Ethics Committee on Animal Experiment of 

Shandong University Qilu Hospital (Animal Experi-

ment Approval Certificate Number: Dwll-2020-043). 
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Efficiency experiment 

Open-Field Test (OFT) 

On day 71 post-birth, rats from both groups underwent 

the OFT between 9:00 AM and 12:00 PM to assess anx-

iety-like behavior, as previously described [15]. The test 

was conducted in a black square enclosure (100 × 100 × 

40 cm), dimly lit by a 40-lux white light source, and 

monitored by an overhead digital camera. One hour 

prior to testing, all rats were placed in an adjacent room 

for acclimatization. Each rat was then placed in the cen-

ter of the open field and given 10 minutes for free ex-

ploration. The rat's movement was recorded by the digi-

tal camera, which was connected to a radio recorder and 

a computer equipped with a smart tracking system from 

Spain [16]. Anxiety-related indices were automatically 

recorded, including: the percentage of time spent in the 

central zone, the frequency of center crossings, the 

number of rearings (rising on hind legs), which corre-

lates negatively with anxiety, and the amount of groom-

ing (self-cleaning), which correlates positively with 

anxiety. 

Visceral sensitivity assessment 

Five days after the OFT, all rats were fasted for 16 

hours before undergoing colorectal distension (CRD). 

First, rats were lightly sedated with 4% isoflurane (tem-

porary inhaled anesthesia). A latex balloon catheter (Ul-

tracover 8F; International Medical Products, Zutphen, 

The Netherlands) was gently inserted into the colon, po-

sitioned 5 cm from the anus, secured to the tail, and 

connected to a syringe. Rats were then placed in a plexi-

glass restraint box (20 × 6 × 8 cm), allowing only for-

ward and backward movement. After a 30-minute re-

covery period, CRD was performed. The balloon was 

inflated with increasing volumes of 37℃ water (0.4 

mL, 0.6 mL, 0.8 mL, 1.0 mL, and 1.2 mL). Each disten-

sion lasted 20 seconds, followed by a 4-minute relaxa-

tion interval, and was repeated three times per volume. 

Two blinded experimenters evaluated the visceral pain 

response using the Abdominal Withdrawal Reflex 

(AWR) scoring system: 

0: No observable behavioral response to CRD. 

1: Brief head movement followed by immobility. 

2: Contraction of abdominal muscles. 

3: Lifting of the abdomen off the platform. 

4: Body arching and lifting of the pelvic structures. 

 

Molecular biology experiment 

TrkB antagonist K252a ICV 

Rats were anesthetized with 4% isoflurane and securely 

positioned in a stereotaxic apparatus for surgery. K252a 

(1 μg, Sigma, USA), in a volume of 2.5 μL, was care-

fully injected into the bilateral ventricles at the follow-

ing coordinates relative to the bregma: anterior/posterior 

-1.4 mm, medial/lateral 1.8 mm, and dorsal/ventral        

-3.0 mm. The injection was delivered at a controlled 

rate of 0.5 μL/min using a micropump [17]. To ensure 

complete injection, the cannula was left in place for one 

additional minute before removal. Three hours after the 

K252a ICV injection, rats underwent colorectal disten-

sion (CRD). 

Sampling 

One hour after CRD, rats were euthanized via intraperi-

toneal injection of pentobarbital sodium (150 mg/kg). 

For half of the rats, rapid decapitation was performed, 

blood was collected from the carotid arteries, and the 

brains were quickly removed. Coronal brain sections   

(1 mm thick) were prepared using a rat brain slicer 

(Braintree Scientific, USA). The cingulate gyrus, amyg-

dala, and hippocampus were then dissected, flash-frozen 

in liquid nitrogen, and stored at -80℃ for subsequent 

ELISA and PCR analysis. For the remaining rats, hearts 

were exposed, and 300 mL of normal saline (0.9%) was 

perfused via the ascending aorta, followed by 300 mL 

of 4% paraformaldehyde. Brains were then removed 

and post-fixed in 4% paraformaldehyde for more than 

24 hours at 4℃ for immunohistochemical analysis. 

Immunohistochemistry 

The tissues were embedded in paraffin and 6 μm coro-

nal sections were cut. Regions of the cingulate gyrus, 

amygdala, and hippocampus were dissected according 

to the rat brain atlas by Paxinos and Watson [18]. After 

antigen retrieval, sections were rinsed with 0.01 M PBS 

and incubated in 3% hydrogen peroxide for 20 minutes. 

Sections were then incubated with a blocking buffer 

(goat serum, SP9001 from Zhongshan, Beijing, China) 

for 30 minutes. Primary antibodies (BDNF (ab108319) 

at a dilution of 1/50; CRF (ab272391) at a dilution of 

1/500, both from Abcam, USA) were incubated with 

sections for 48 hours at 4℃. Secondary antibody incu-

bation (diluted 1/200, from Zhongshan Gold Bridge, 

China) occurred for 30 minutes at 37℃. Sections were 

washed and incubated with peroxidase-labeled strepta-

vidin working solution for 30 minutes at 37℃. Visuali-

zation was achieved using 3,3’-diaminobenzidine tetra-

hydrochloride. Images were captured using a light mi-

croscope (Olympus Bx51). Immunostaining was quanti-

fied using Image Pro-Plus 6.0 software (Media Cyber-

netics, Silver Spring, MD, USA). Positive immuno-

staining was detected using a grey-shade threshold and 

expressed as the percentage (% area) of the scanned 

field. 

Real-time quantitative PCR 

BDNF expression was assessed via quantitative real-

time PCR. After decapitation, the cingulate gyrus, 

amygdala, and hippocampus were dissected from each 

group. Total RNA was extracted using TRIzol reagent 

(TOYOBO, Japan) and then 1 μg of RNA was reverse 

transcribed into cDNA using the ReverTra Ace® qPCR 

RT kit (TOYOBO, Japan). PCR amplification was per-

formed on a StepOne Plus system (Thermo ABI, Singa-

pore) in 10 μL reactions containing 1 μL cDNA, 5 μL 

SYBR Green (TOYOBO, Japan), 0.4 μM primers, and 

distilled water. BDNF primers (designed by the Neuro-

biology Lab of Shandong University) were as follows: 

Forward: 5′-TAA ATG AAG TTT ATA CAG TAC 

AGT GGT TCT ACA-3′ 
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Reverse: 5′-AGT TGT GCG CAA ATG ACT GTT T-3′ 

[19] 

PCR reactions were performed in duplicates. β-actin 

mRNA was used as the internal control for normaliza-

tion with the 2−ΔΔCt method; the primers were: 

Forward: 5′-CAA CTT GAT GTA TGA AGG CTT 

TGG T-3′ 

Reverse: 5′-ACT TTT ATT GGT CTC AAG TCA GTG 

TAC AG-3′. 

ELISA for BDNF and CRF 

Brain tissue from the cingulate gyrus, amygdala, and 

hippocampus was homogenized in a lysis buffer con-

taining 137 mM NaCl, 20 mM Tris (pH 8.0), 1% NP40, 

10% glycerol, 1 mM PMSF, 10 mg/mL aprotinin, 1 

mg/mL leupeptin, and 0.5 mM sodium vanadate. After 

centrifugation at 13,000 rpm for 15 minutes at 4℃, the 

supernatants were collected for protein quantification 

and subsequent ELISA analysis. Specific ELISA kits 

(BDNF: KeYingMei, Beijing, China; CRH: Anoric Bio-

technology Co., Tianjin, China) were used to precisely 

quantify BDNF and CRF levels, following the manufac-

turer’s instructions. The detection range for the assay 

was 0 to 1,000 pg/mL. All samples were tested in dupli-

cates. The resulting BDNF and CRF concentrations 

were normalized to total protein content. 

 

Statistical analysis 

Data are expressed as mean ± standard deviation or me-

dian (interquartile range). Statistical analyses were per-

formed using SPSS software (IBM SPSS Statistics for 

Windows; IBM Corp., Armonk, NY, USA). Photomi-

crographic differences were analyzed employing the 

Mann-Whitney U test and independent t-tests. Indepen-

dent t-tests were utilized to compare differences be-

tween two groups for OFT, ELISA, and qPCR results. 

Differences in AWR scores between the control vs. MS 

group and the MS vs. MS+K252a group were also as-

sessed using independent t-tests. Spearman’s rank cor-

relation analysis was conducted to evaluate the correla-

tions between BDNF levels with anxiety and visceral 

hypersensitivity. Statistical significance was defined as 

a two-tailed p < 0.05. 

 

 

RESULTS 

 

ELS-induced anxiety and visceral hypersensitivity in 

MS rats 

MS rats (n = 7) displayed significantly increased anxi-

ety-like behaviors compared to control rats (n = 6). Rats 

in the MS group spent significantly less time in the cen-

tral zone than the control group (control: 3.87 ± 2.82% 

vs. MS: 0.80 ± 0.71%, t = -2.80, df = 11, p = 0.02; Fig-

ure 1a). MS rats also crossed the center zone fewer 

times (control: 12.33 ± 7.31 vs. MS: 3.71 ± 3.86, t =      

-2.72, df = 11, p = 0.02; Figure 1b) and exhibited fewer 

rearings (control: 40.67 ± 21.47 vs. MS: 11.71 ± 5.59,   

t = -3.21, df = 5.58, p = 0.02; Figure 1c). Moreover, MS 

rats performed more grooming behaviors (control: 

17.67 ± 7.23 vs. MS: 33.57 ± 15.11, t = 2.35, df = 11,   

p = 0.04; Figure 1d). Compared to the control group, 

MS rats exhibited higher AWR scores (0.4 mL: control: 

0.03 ± 0.07 vs. MS: 0.33 ± 0.21, t = -3.56, df = 7.36, p = 

0.009; 0.6 mL: control: 0.50 ± 0.3 vs. MS: 1.00 ± 0.37,  

t = -2.63, df = 11, p = 0.02; 0.8 mL: control: 1.25 ± 0.44 

vs. MS: 2.05 ± 0.78, t = -2.21, df = 11, p = 0.049;       

1.0 mL: control: 2.33 ± 0.46 vs. MS: 3.00 ± 0.54, t =     

-2.36, df = 11, p = 0.04; 1.2 mL: control: 3.03 ± 0.25 vs. 

MS: 3.74 ± 0.21, t = -5.61, df = 11, p = 0.00; Figure 1e). 

Spearman’s rank correlation analysis revealed a signifi-

cant negative correlation between AWR scores and the 

percentage of time spent in the central zone in the MS 

group (r = -0.79, p = 0.04; n = 7; Figure 1f). 

 

BDNF concentration increased in the hippocampus 

of MS rats 

BDNF was abundantly expressed in the hippocampus, 

cingulate gyrus, and amygdala (Figure 2). Quantitative 

analysis showed that hippocampal BDNF expression 

was significantly elevated in MS rats compared to con-

trol rats (MS: median 18.5, interquartile range 15.1 - 

24.3 vs. control: 11.7, interquartile range 8.6 - 14; p = 

0.01; n = 6 per group; Figure 2a and 2b). However, no 

significant differences in BDNF expression were found 

in the cingulate gyrus and amygdala between MS and 

control rats (cingulate gyrus: median 7.1, interquartile 

range 5.5 - 10.6 in MS rats vs. median 8.1, interquartile 

range 9.7 - 15.6 in control rats, p =1.0; amygdala: medi-

an 5.2, interquartile range 2.1 - 6.8 in MS rats vs. medi-

an 4, interquartile range 3 - 7.7 in control rats, p = 0.87; 

n = 6 per group; Figure 2c - 2f). 

The PCR results demonstrated that the mRNA levels of 

BDNF were significantly higher in the hippocampus of 

MS rats compared to control rats (control: 1.00 ± 0.22 

vs. MS: 3.25 ± 0.79, t = -2.74, df = 8.04, p = 0.03; Fig-

ure 3a). However, no significant differences in BDNF 

mRNA expression were found in the cingulate gyrus 

(control: 1.00 ± 0.32 vs. MS: 1.13 ± 0.20, t = -0.34, df = 

13, p = 0.74; Figure 3b) and amygdala (control: 1.00 ± 

0.65 vs. MS: 1.03 ± 0.36, t = -0.05, df = 13, p = 0.97; 

Figure 3c) between MS and control rats (n = 7 in the 

control group, n = 8 in the MS group). 

Hippocampal BDNF levels were significantly higher in 

MS rats than in control rats (control: 17.96 ± 5.38 

pg/mg vs. MS: 41.08 ± 23.50 pg/mg, t = -2.53, df = 

6.73, p = 0.04; Figure 3d). However, no significant 

changes in BDNF levels were observed in the cingulate 

gyrus (control: 37.24 ± 18.1 pg/mg vs. MS: 36.43 ± 

16.57 pg/mg, t = 1.04, df = 11, p = 0.32; Figure 3e) or 

amygdala (control: 32.83 ± 9.60 pg/mg vs. MS: 38.97 ± 

16.97 pg/mg, t = -1.26, df = 11, p = 0.24; Figure 3f; n = 

6 in the control group, n = 7 in the MS group), which 

was consistent with the immunohistochemical results. 

Additionally, serum BDNF levels in MS rats were com-

parable to those in control rats (control: 802.98 ± 82.14 

pg/mL vs. MS: 892.02 ± 136.55 pg/mL, t = -1.45, df = 

10, p = 0.18; n = 6 in the control group, n = 7 in the MS 

group). 
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Figure 1. Compared to control rats, MS rats exhibited significantly heightened anxiety-like behaviors.  
 

a) MS rats demonstrated a markedly decreased percentage of time spent in the center relative to controls. b, c) MS rats displayed fewer cross-

ings past the center b) and significantly less rearings c). d) Conversely, MS rats showed a significantly larger number of grooming events. * p < 

0.05. e) MS rats also registered substantially higher abdominal withdrawal reflex (AWR) scores at every tested volume of 37℃ water (0.4, 0.6, 

0.8, 1.0, 1.2 mL) compared to controls. * p < 0.05, ** p < 0.01. f) Spearman’s rank correlation analysis demonstrated a significant negative cor-

relation between AWR scores and the percentage of time spent in the center zone exclusively in the MS group. N = 6 in the control group and  

n = 7 in the MS group. 

 

 

 
 

 

 
 

 

 

Figure 2. Immunohistochemistry visualized BDNF expression (brown staining).  
 

Representative photomicrographs reveal BDNF-immunoreactive cells within the hippocampus (control: a; MS: b), the cingulate gyrus (con-

trol: c; MS: d), and the amygdala (control: e; MS: f). Arrows mark typical cells exhibiting positive BDNF immunoreactivity. Magnification,    

× 20. n = 6 per group. 
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Figure 3. The mRNA level and protein concentration of BDNF was detected by RT-PCR and ELISA.  
 

a) In the hippocampus, BDNF mRNA expression revealed a significant increase in the MS group compared to controls. b and c) Conversely, 

within the cingulate gyrus b) and amygdala c), BDNF mRNA levels remained unchanged in the MS group relative to controls. ** p < 0.01. NS, 

not significant. n = 7 control, n = 8 MS. d) Hippocampal BDNF protein concentration demonstrated a significant elevation in the MS group 

versus controls. e and f) However, BDNF protein concentrations in the cingulate gyrus e) and amygdala f) showed no alteration in the MS 

group compared to controls. * p < 0.05. NS, not significant. n = 6 control, n = 7 MS. 

 

 

 

 

 

 

 
 

 
 

Figure 4. Spearman’s rank correlation test.  
 

a) BDNF concentration in the hippocampus was positively correlated with the AWR score in MS group. b) BDNF concentration in the hippo-

campus was negatively correlated with the percentage of time spent in the center in MS group. n = 7. 
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Figure 5. The expression and concentration of CRF was detected by immunohistochemistry and ELISA.  
 

CRF-immunoreactive cells were shown in the hippocampus of control group a), MS group b), and MS+K252a group c). Typical cells with posi-

tive CRF immunoreactivity are indicated by arrows. Magnification × 40. d) in the hippocampus, the concentration of CRF was significantly 

increased in MS group compared to control group; However, the concentration of CRF was significantly decreased in MS+K252a group com-

pared to MS group. e) in the serum, the concentration of CRF was not changed in MS group compared to control group and MS group com-

pared to MS+K252a group. f) compared to control rats, MS rats showed higher AWR scores to each volume of 37℃ water (0.4, 0.6, 0.8, 1.0, 

1.2 mL); however, compared to MS rats, MS+K252a rats showed lower AWR scores to each volume of 37℃ water (0.4, 0.6, 0.8, 1.0, 1.2 mL).  

* p < 0.05, ** p < 0.01. NS, not significant. n = 6 in the control and MS groups and n = 4 in the MS+K252a group. 

 

 

 

 

 

 
 

 
 

Figure 6. BDNF/TrkB-CRF signaling drives early-life stress-induced anxiety and visceral hypersensitivity. 
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Hippocampal BDNF Correlated with Anxiety and 

Visceral Hypersensitivity in MS Rats 

Correlation analysis revealed a significant positive cor-

relation between hippocampal BDNF levels and the 

AWR score (r = 0.93, p = 0.003; n = 7; Figure 4a). In 

contrast, hippocampal BDNF levels showed a signifi-

cant negative correlation with the percentage of time 

spent in the central zone (r = -0.78, p = 0.04; n = 7; Fig-

ure 4b). 

 

K252a decreased CRF expression and alleviated vis-

ceral hypersensitivity 

CRF-like immunoreactivity was abundantly distributed 

throughout the hippocampus. Quantitative analysis re-

vealed that CRF expression in the hippocampus was 

significantly elevated in MS rats compared to control 

rats (MS: median 19.3, interquartile range 16 - 26.4 vs. 

control: 10.5, interquartile range 7.7 - 14.1; p = 0.02; 

Figure 5a and 5b; n = 6 per group). ELISA results 

showed that the concentration of CRF in the hippocam-

pus was higher in MS rats than in control rats (control: 

5.93 ± 2.09 pg/mg vs. MS: 10.88 ± 4.54 pg/mg, t =        

-2.43, df = 10, p = 0.04; Figure 5d; n = 6 per group). 

Following the ICV injection of K252a (a BDNF recep-

tor antagonist) in MS rats, CRF expression in the hippo-

campus was reduced compared to the MS group (MS 

group: median 19.3, interquartile range 16 - 26.4 vs. 

MS+K252a group: 12.9, interquartile range 10.1 - 15.1; 

p = 0.02; Figure 5b and 5c; MS group n = 6, MS+ 

K252a group n = 4). The CRF concentration in the hip-

pocampus of the MS+K252a group was also lower than 

in the MS group (MS: 10.88 ± 4.54 pg/mg vs. MS+ 

K252a: 4.69 ± 2.56 pg/mg, t = 2.45, df = 8, p = 0.04; 

Figure 5d; MS group n = 6, MS+K252a group n = 4). 

The AWR scores for each volume of 37℃ water (0.4, 

0.6, 0.8, 1.0, 1.2 mL) were significantly lower in the 

MS+K252a group compared to the MS group (0.4 mL: 

MS: 0.38 ± 0.21 vs. MS+K252a: 0.00 ± 0.00, t = 4.39, 

df = 5, p = 0.007; 0.6 ml: MS: 2.17 ± 0.58 vs. MS+ 

K252a: 0.44 ± 0.24, t = 6.48, df = 7.09, p = 0.00; 0.8 

mL: MS: 2.92 ± 0.38 vs. MS+K252a: 1.25 ± 0.35, t = 

7.02, df = 8, p = 0.00; 1.0 mL: MS: 3.38 ± 0.49 vs. 

MS+K252a: 1.75 ± 0.46, t = 5.24, df = 8, p = 0.001; 1.2 

mL: MS: 3.79 ± 0.29 vs. MS+K252a: 2.44 ± 0.24, t = 

7.67, df = 8, p = 0.00; Figure 5f; MS group n = 6, MS+ 

K252a group n = 4). 

However, no significant difference in serum CRF con-

centrations was found among control rats, MS rats, and 

MS+K252a rats (control: 329.62 ± 62.61 pg/mL vs. 

MS: 334.92 ± 44.61 pg/mL, t = -0.17, df = 10, p = 0.87; 

MS: 334.92 ± 44.61 pg/mL vs. MS+K252a: 289.03 ± 

53.33 pg/mL, t = 1.48, df = 8, p = 0.18; Figure 5e; n = 6 

in the control and MS groups, n = 4 in the MS+K252a 

group). 

 

 

 

 

 

DISCUSSION 

 

This study demonstrates that early life stress (ELS) in-

duces upregulation of hippocampal BDNF, which acti-

vates TrkB receptors and enhances the expression of 

corticotropin-releasing factor (CRF), a key mediator of 

anxiety and visceral hypersensitivity in IBS [20]. These 

findings highlight the central role of BDNF in the path-

ogenesis of ELS-induced anxiety and visceral hypersen-

sitivity. The study also suggests that BDNF functions as 

a brain-gut peptide that modulates the dysregulation of 

the bidirectional brain-gut axis in IBS. 

Visceral hypersensitivity is a core pathophysiological 

feature of IBS, often co-occurring with psychiatric co-

morbidities, particularly anxiety disorders. Clinical evi-

dence confirms that anxiety exacerbates both central 

and peripheral visceral sensitivity in IBS patients [21], 

strongly implicating brain-gut axis dysfunction in the 

pathogenesis of IBS. ELS triggers long-lasting changes 

in this axis, making it a valuable model for exploring 

the underlying mechanisms of IBS [14]. MS rats, a 

well-established model of early life stress, display char-

acteristic anxiety and visceral hypersensitivity symp-

toms, making them an excellent model for investigating 

brain-gut dysfunction in IBS [22]. Previous studies have 

found that anxiety levels in rats increase after 180 min-

utes (HMS180) of MS, and visceral sensitivity to colo-

rectal distension (CRD) is elevated in separated animals 

[23]. In this study, we found that MS rats spent signifi-

cantly less time in the central zone, crossed the center 

less frequently, and exhibited fewer rearings, while 

showing notably increased grooming behavior com-

pared to control rats. These behavioral changes collect-

ively suggest increased anxiety in the MS group. Addi-

tionally, MS rats showed heightened visceral sensitivity 

to CRD, further supporting the presence of visceral hy-

persensitivity. Spearman’s rank correlation analysis re-

vealed a positive correlation between anxiety and vis-

ceral hypersensitivity in MS rats, suggesting that anxi-

ety exacerbates visceral hypersensitivity. In line with 

several previous studies, we preferentially used male 

rats in this study, as female rats are influenced by hor-

monal fluctuations [14,24]. A recent study indicated 

that female rats exhibit less anxiety-like behavior, so fe-

male rats were intentionally excluded to avoid potential 

bias [25]. 

BDNF is highly expressed in both the central nervous 

system and the gastrointestinal tract. This neurotrophic 

factor has a profound impact on the development of an-

xiety and visceral hypersensitivity. Research shows that 

overexpression of BDNF in the amygdala and hippo-

campus leads to heightened anxiety, particularly in the 

hippocampus [25]. Additionally, a recent study showed 

that withdrawal from an obesogenic diet increased hip-

pocampal BDNF levels, which mediated anxiety-like 

behaviors. The increase in BDNF likely occurred in its 

mature forms (14 kD monomer and 28 kD dimer) [26]. 

However, previous studies have reported reduced hip-

pocampal BDNF expression in adulthood following 
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early life stress (ELS), possibly because these animals 

did not exhibit anxiety. Overexpression of BDNF in the 

intestinal tract has been positively correlated with the 

severity of abdominal pain, underscoring BDNF’s role 

in promoting visceral hypersensitivity in IBS patients 

[27]. However, research on how BDNF regulates ELS-

induced anxiety and visceral hypersensitivity remains 

limited [28]. We used functional magnetic resonance 

imaging to show that hippocampal activity was en-

hanced in both IBS patients with anxiety and control 

groups when subjected to maximal rectal stimulation. 

These studies suggest that the hippocampus may serve 

as the center for regulating anxiety-induced visceral hy-

persensitivity. The hippocampus plays a critical role in 

mediating anxiety-exacerbated pain. In this study, 

BDNF concentrations were measured in the cingulate 

gyrus, amygdala, and hippocampus, revealing a signifi-

cant increase in BDNF protein and mRNA levels specif-

ically in the hippocampus of MS rats, while levels in the 

cingulate gyrus and amygdala remained largely un-

changed. Additionally, a strong negative correlation was 

found between the percentage of time MS rats spent in 

the central zone and hippocampal BDNF expression, in-

dicating that heightened anxiety in MS rats corresponds 

directly to elevated BDNF expression in the hippocam-

pus. A strong positive correlation was observed be-

tween hippocampal BDNF expression and the AWR 

score. These results suggest that ELS-induced anxiety 

and visceral hypersensitivity are closely associated with 

increased BDNF expression in the hippocampus. 

Serum BDNF acts as a biomarker for anxiety severity 

and is correlated with the symptom burden of IBS, re-

flecting its involvement in brain-gut axis dysregulation 

[29]. However, in MS rats, serum BDNF levels did not 

show a significant difference from controls, suggesting 

that central BDNF may not readily cross the blood-

brain barrier (BBB) into systemic circulation. CRF is a 

key regulator of emotional and psychological stress re-

sponses [11]. It is widely distributed throughout both 

central and peripheral nervous systems and easily 

crosses the blood-brain barrier. Barna et al. found in-

creased CRF mRNA expression in the central nervous 

system of MS rats, suggesting that CRF may contribute 

to the onset of anxiety and visceral hypersensitivity in 

this model [30]. This study further demonstrates elevat-

ed CRF expression in the hippocampus of MS rats, indi-

cating that CRF is involved in the brain-gut dysfunction 

underlying early-life stress-induced visceral hypersensi-

tivity. TrkB, the high-affinity receptor for BDNF, is ac-

tivated by BDNF, which binds to TrkB receptors on 

CRF neurons, triggering CRF release [31]. Additional-

ly, BDNF is highly expressed in the hippocampus, a key 

region for integrating stress responses and processing 

visceral pain [31]. The hippocampus, where the bilateral 

ventricle is located, is the primary site for intracerebro-

ventricular (ICV) injection [17]. This study found that 

following ICV injection of the TrkB antagonist K252a 

in MS rats, CRF expression in the hippocampus and the 

AWR scores decreased, alleviating visceral hypersensi-

tivity. These findings suggest that the overexpression of 

CRF in the hippocampus was induced by increased 

BDNF in this region. Moreover, the visceral hypersensi-

tivity in MS rats was relieved after K252a ICV adminis-

tration. These results suggest that CRF mediates 

BDNF's regulatory role in the brain-gut dysfunction un-

derlying early-life stress-induced visceral hypersensi-

tivity in MS rats. However, to confirm this hypothesis, 

further investigation into the expression of the BDNF 

receptor TrkB in MS rats and the effect of K252a on an-

xiety is necessary. Thus, this represents a limitation of 

the current study. 

No significant change in serum CRF concentrations was 

observed in this study, suggesting that CRF does not 

cross the blood-brain barrier into the bloodstream. Pre-

vious studies have shown that CRF in the spinal dorsal 

root ganglia (DRG) contributes to visceral hypersensi-

tivity, indicating a potential role for CRF in neural path-

ways [32]. 

 

 

CONCLUSION 

 

This study demonstrates that hippocampal BDNF/TrkB-

CRF signaling drives early-life stress-induced anxiety 

and visceral hypersensitivity. Our research establishes a 

foundational theoretical framework for understanding 

the pathogenesis of ELS-induced IBS-like anxiety and 

visceral hypersensitivity, while also revealing new in-

sights into potential therapeutic targets for IBS. 

 

 

Source of Funds:  

This work was supported by Shandong Province Medi-

cal and Health Science and Technology Development 

Program (202103030834). 

 

 

Declaration of Generative AI in Scientific Writing: 

All authors of this study declare that no Generative AI 

tools were used in the research design, research imple-

mentation, or manuscript writing process. 

 

 

Declaration of Interest: 

The authors declare that they do not have any commer-

cial or associative interest that represents a conflict of 

interest in connection with the work submitted. 

 

 

References: 

 
1. Ancona A, Petito C, Iavarone I, et al. The gut-brain axis in irrita-

ble bowel syndrome and inflammatory bowel disease. Dig Liver 

Dis 2021;53(3):298-305. (PMID: 33303315) 
 

2. Yuan Y, Wang X, Huang S, Wang H, Shen G. Low-level inflam-

mation, immunity, and brain-gut axis in IBS: unraveling the com-
plex relationships. Gut Microbes 2023;15(2):2263209.  

(PMID: 37786296) 



H. Zhao et al. 

Clin. Lab. 4/2026 800 

3. Chitkara DK, van Tilburg MA, Blois-Martin N, Whitehead WE. 

Early life risk factors that contribute to irritable bowel syndrome 

in adults: a systematic review. Am J Gastroenterol 2008;103(3): 
765-74; quiz 75. (PMID: 18177446) 

 

4. Tao E, Wu Y, Hu C, et al. Early life stress induces irritable bowel 
syndrome from childhood to adulthood in mice. Front Microbiol 

2023;14:1255525. (PMID: 37849921) 

 
5. Staudacher H M, Black C J, Teasdale S B, Mikocka-Walus A, 

Keefer L. Irritable bowel syndrome and mental health comor-

bidity - approach to multidisciplinary management. Nat Rev 
Gastroenterol Hepatol 2023;20(9):582-96. (PMID: 37268741) 

 

6. Midenfjord I, Polster A, Sjövall H, Törnblom H, Simrén M. An-
xiety and depression in irritable bowel syndrome: Exploring the 

interaction with other symptoms and pathophysiology using mul-

tivariate analyses. Neurogastroenterol Motil 2019;31(8):e13619. 
(PMID: 31056802) 

 

7. Bennett MR, Lagopoulos J. Stress and trauma: BDNF control of 
dendritic-spine formation and regression. Prog Neurobiol 2014; 

112:80-99. (PMID: 24211850) 

 
8. Santos VA, Carvalho DD, Van Ameringen M, Nardi AE, Freire 

RC. Neuroimaging findings as predictors of treatment outcome of 

psychotherapy in anxiety disorders. Prog Neuropsychopharmacol 
Biol Psychiatry 2019;91:60-71. (PMID: 29627509) 

 

9. Lopes DA, Souza TMO, de Andrade JS, et al. Anxiolytic and 
panicolytic-like effects of environmental enrichment seem to be 

modulated by serotonin neurons located in the dorsal subnucleus 

of the dorsal raphe. Brain Res Bull 2019;150:272-80.  
(PMID: 31220551) 

 

10. Govindarajan A, Rao BS, Nair D, et al. Transgenic brain-derived 
neurotrophic factor expression causes both anxiogenic and antide-

pressant effects. Proc Natl Acad Sci U S A 2006;103(35):13208-

13. (PMID: 16924103) 
 

11. Nozu T, Okumura T. Corticotropin-releasing factor receptor type 

1 and type 2 interaction in irritable bowel syndrome. J Gastroen-
terol 2015;50(8):819-30. (PMID: 25962711) 

 

12. van den Wijngaard RM, Klooker TK, de Jonge WJ, Boeckxstaens 
GE. Peripheral relays in stress-induced activation of visceral af-

ferents in the gut. Auton Neurosci 2010;153(1-2):99-105.  

(PMID: 19716349) 
 

13. Jeanneteau FD, Lambert WM, Ismaili N, et al. BDNF and gluco-

corticoids regulate corticotrophin-releasing hormone (CRH) ho-
meostasis in the hypothalamus. Proc Natl Acad Sci U S A 2012; 

109(4):1305-10. (PMID: 22232675) 
 

14. O'Mahony SM, Marchesi JR, Scully P, et al. Early life stress 

alters behavior, immunity, and microbiota in rats: implications for 
irritable bowel syndrome and psychiatric illnesses. Biol Psychia-

try 2009;65(3):263-7. (PMID: 18723164) 

 

15. Christakis DA, Ramirez JS, Ramirez JM. Overstimulation of 

newborn mice leads to behavioral differences and deficits in cog-

nitive performance. Sci Rep 2012;2:546. (PMID: 22855702) 
 

16. Heredia L, Torrente M, Colomina MT, Domingo JL. Assessing 

anxiety in C57BL/6J mice: a pharmacological characterization of 
the open-field and light/dark tests. J Pharmacol Toxicol Methods 

2014;69(2):108-14. (PMID: 24374104) 

 
17. Luo H, Xiang Y, Qu X, et al. Apelin-13 Suppresses Neuroinflam-

mation Against Cognitive Deficit in a Streptozotocin-Induced Rat 

Model of Alzheimer's Disease Through Activation of BDNF-
TrkB Signaling Pathway. Front Pharmacol 2019;10:395.  

(PMID: 31040784) 

18. Wei F, Xu Z C, Qu Z, Milbrandt J, Zhuo M. Role of EGR1 in 

hippocampal synaptic enhancement induced by tetanic stimula-

tion and amputation. J Cell Biol 2000;149(7):1325-34.  
(PMID: 10871275) 

 

19. Alonso M, Vianna MR, Depino AM, et al. BDNF-triggered 
events in the rat hippocampus are required for both short- and 

long-term memory formation. Hippocampus 2002;12(4):551-60. 

(PMID: 12201640) 
 

20. Larauche M, Mulak A, Taché Y. Stress and visceral pain: from 

animal models to clinical therapies. Exp Neurol 2012;233(1):49-
67. (PMID: 21575632) 

 

21. Elsenbruch S. Abdominal pain in Irritable Bowel Syndrome: a re-
view of putative psychological, neural and neuro-immune mecha-

nisms. Brain Behav Immun 2011;25(3):386-94.  

(PMID: 21094682) 
 

22. Liang R, Ge W, Song X, et al. Paeoniflorin Alleviates Anxiety 

and Visceral Hypersensitivity via HPA Axis and BDNF/TrkB/ 
PLCγ1 Pathway in Maternal Separation-induced IBS-like Rats. 

Curr Mol Pharmacol 2024;17:e18761429280572.  

(PMID: 38494933) 
 

23. Gosselin RD, O'Connor RM, Tramullas M, Julio-Pieper M, Dinan 

TG, Cryan JF. Riluzole normalizes early-life stress-induced vis-
ceral hypersensitivity in rats: role of spinal glutamate reuptake 

mechanisms. Gastroenterology 2010;138(7):2418-25.  

(PMID: 20226190) 
 

24. Gu X, Song LJ, Li LX, et al. Fusobacterium nucleatum Causes 

Microbial Dysbiosis and Exacerbates Visceral Hypersensitivity in 
a Colonization-Independent Manner. Front Microbiol 2020;11: 

1281. (PMID: 32733392) 

 
25. Knight P, Chellian R, Wilson R, Behnood-Rod A, Panunzio S, 

Bruijnzeel AW. Sex differences in the elevated plus-maze test 

and large open field test in adult Wistar rats. Pharmacol Biochem 
Behav 2021;204:173168. (PMID: 33684454) 

 

26. Casagrande BP, Ribeiro AM, Pisani LP, Estadella D. Hippocam-
pal BDNF mediated anxiety-like behaviours induced by obeso-

genic diet withdrawal. Behav Brain Res 2023;436:114077. 

(PMID: 36041572) 
 

27. Fan F, Tang Y, Dai H, et al. Blockade of BDNF signalling attenu-

ates chronic visceral hypersensitivity in an IBS-like rat model. 
Eur J Pain 2020;24(4):839-50. (PMID: 31976585) 

 

28. Icenhour A, Witt ST, Elsenbruch S, et al. Brain functional con-
nectivity is associated with visceral sensitivity in women with 

Irritable Bowel Syndrome. Neuroimage Clin 2017;15:449-57. 
(PMID: 28649489) 

 

29. Lembo A J, Neri B, Tolley J, Barken D, Carroll S, Pan H. Use of 
serum biomarkers in a diagnostic test for irritable bowel syn-

drome. Aliment Pharmacol Ther 2009;29(8):834-42.  

(PMID: 19226291) 

 

30. Sequeira-Cordero A, Masís-Calvo M, Mora-Gallegos A, Forna-

guera-Trías J. Maternal behavior as an early modulator of 
neurobehavioral offspring responses by Sprague-Dawley rats. 

Behav Brain Res 2013;237:63-70. (PMID: 23018125) 

 
31. Koo JW, Chaudhury D, Han MH, Nestler EJ. Role of Mesolimbic 

Brain-Derived Neurotrophic Factor in Depression. Biol Psychia-

try 2019;86(10):738-48. (PMID: 31327473) 
 

32. Winston JH, Xu GY, Sarna SK. Adrenergic stimulation mediates 

visceral hypersensitivity to colorectal distension following 
heterotypic chronic stress. Gastroenterology 2010;138(1):294-

304.e3. (PMID: 19800336) 

 


