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Background: Recurrent propofol anesthesia in the peak of neurodevelopment may lead to learning-memory decline. This study aimed 
to examine the efficacy of electroacupuncture pretreatment in ameliorating the aforementioned learning memory deficits and to explore 
its underlying mechanisms in a rat model of repeated propofol exposure.
Methods: 10-day-old Sprague Dawley rats were randomly assigned to five groups: the control, fat emulsion, propofol, electro-
acupuncture pretreatment and electroacupuncture pretreatment combined with propofol groups. The electroacupuncture pretreatment 
involved three consecutive daily sessions, while propofol was received intraperitoneally once daily for five days. Following the 
modeling period, the rats’ learning-memory performance was assessed using the New Novel Arm Y-maze, New Object Recognition, 
and Morris Water Maze. The Nissl staining method was used to observe the development of hippocampal neurons, while Golgi 
staining was employed to observe hippocampal synaptic development.
Results: The electroacupuncture pretreatment significantly attenuated the learning and memory impairment induced by recurring 
propofol exposure in rats. Additionally, it facilitated the development of hippocampal neurons and synaptic plasticity in the 
hippocampus. Immunofluorescence and Western Blot analyses were conducted to detect the expression of proteins related to apoptosis, 
learning memory, and synaptic plasticity. In the propofol group, the pro-apoptotic factors Caspase-3 and Bax was up-regulated, while 
the anti-apoptotic factor Bcl-2 was down-regulated, as compared to the blank group. Additionally, the phosphorylated cAMP-response 
element binding protein (pCREB), brain-derived neurotrophic factor (BDNF), synaptophysin, and growth associated protein-43 (GAP- 
43) was significantly decreased. In contrast, the electroacupuncture pretreatment combined with propofol group exhibited decreased 
the Caspase-3 and Bax and increased the Bcl-2, as compared to the propofol group, meanwhile, the pCREB, BDNF, Synaptophysin 
and GAP-43 was increased.
Conclusion: Our findings indicate that electroacupuncture pretreatment can alleviate the learning and memory impairment induced by 
recurring propofol exposure in rats. This is achieved by enhancing hippocampal synaptic plasticity, activating the pCREB/BDNF 
pathway and inhibiting neuronal apoptosis.
Keywords: electroacupuncture pretreatment, propofol, learning memory, synaptic plasticity

Introduction
Millions of infants, toddlers, and preschoolers undergo general anesthesia annually for various surgical procedures in 
China, and propofol is the most frequently used drug for this purpose. Although propofol has been deemed safe for the 
adult brain in current clinical practice, it is unclear whether it is safe for the developing brain. Multiple animal studies 
have reported that high doses of propofol or repeated exposures to the drug can cause long-term learning and memory 
impairment in animals.1–4 The toxic effects of propofol are predominantly evidenced by the apoptosis of hippocampal 
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neurons, degradation of synaptic structures, and neuroinflammatory responses, with the developing brain displaying 
a heightened susceptibility to such effects.5,6 The developing brain exhibits diminished compensatory responses to 
injurious stimuli and heightened susceptibility to anesthesia-induced neurotoxicity.7,8 In humans, the developing brain 
denotes the period from the third trimester of pregnancy until three years of age, whereas in rats, the peak neuronal 
development occurs around one to two weeks post-birth.9,10 Although propofol’s use in infant and child anesthesia has 
been extensive with low incidence of adverse reactions, safety concerns surrounding its use warrants substantial 
attention. Consequently, the cellular mechanisms and signaling pathways mediating propofol-induced learning memory 
impairment remain unclear. Consequently, various protective measures to mitigate such impairment have emerged in 
recent year.11–13

The formation and maintenance of learning memory significantly relies on the hippocampal synaptic plasticity.14 

Propofol-induced inhibition of hippocampal neural circuits decreases hippocampal synaptic plasticity and disrupts 
synaptic signaling, resulting in impaired learning and memory.15 The study observed that16 high doses of propofol 
resulted in reduced total dendritic count and length along with neuronal apoptosis. As a crucial component of synaptic 
plasticity, dendrites significantly impact neural signaling and impairments in dendritic development and restricted nerve 
signal transmission can significantly affect synaptic plasticity.17 Current research is focused on addressing the key issue 
of restoring synaptic plasticity and mitigating learning memory impairment that may arise from repeated propofol 
exposure.

Electroacupuncture has been applied to childhood illnesses with a long-term prognosis, such as Autism Spectrum 
Disorder and Anorexia Nervosa.18,19 Furthermore, studies have found that electroacupuncture can treat chronic urinary 
retention caused by lower motor neuron damage following pediatric lumbosacral surgery.20 Electroacupuncture, which 
combines traditional Chinese acupuncture with modern electrical stimulation, offers the advantages of being a simple, 
safe, and easily operable technique.21 By modulating the frequency, intensity, and waveform of stimulation, electro-
acupuncture effectively regulates the internal environment and suppresses central inflammation, thus demonstrating 
potential efficacy in models of brain injury.22,23 Previous reports suggest that stimulating the “Baihui” point (GV20) 
through electroacupuncture can increase dopamine levels in the cerebral cortex and hippocampus of SD rats. Moreover, 
such stimulation can also regulate neuronal plasticity, potentially reducing the degree of post-ischemic brain atrophy.24 

Stimulation of the “Baihui” and “Dazhui” (GV14) points through electroacupuncture can effectively regulate the Bcl-2/ 
Bax ratio, leading to upregulation of anti-apoptotic protein levels. As a result, electroacupuncture can prevent neuronal 
apoptosis.25,26 Furthermore, electroacupuncture was found to enhance the expression of CREB protein and facilitate the 
repair of synaptic plasticity in the hippocampus of rats modeling post-traumatic stress disorder.27 CREB proteins play 
a crucial role in the regulation of synaptic plasticity and memory formation.28 Rats exhibiting cognitive and memory 
impairment demonstrated a significant reduction in hippocampal expression of pCREB.29 The cerebral protective effects 
of pCREB are carried out through the regulation of various genes, including BDNF.30

BDNF plays a crucial role in preserving cellular survival and modulating synaptic function.31,32 Studies suggest that 
enhancing hippocampal expression of BDNF is strongly correlated with improved learning and memory.33 The modula-
tion of synaptic plasticity is a significant function of the pCREB/BDNF signaling pathway. Our hypothesis posits whether 
pretreatment with electroacupuncture can mitigate propofol-induced learning and memory impairment in rats by repair-
ing synaptic plasticity and suppressing neuronal apoptosis via this pathway.

Materials and Methods
Animals
The Ethics Committee of Guangxi University of Traditional Chinese Medicine approved this experimental study 
(DW20230313-036). We obtained the 7-day-old Sprague Dawley rats (14–16g) from Changsha Tianqin Biotechnology 
Co. Ltd., China, for our experiments. We purchased a total of 8 cages, with 12 rats per cage. After screening, the rats 
were randomly divided into 5 groups, with a male-to-female ratio of 2:1 in each group. In addition, we mated 6 female 
rats at 8 weeks of age with male rats at a ratio of 1:2 to produce offspring. After reaching 7 days of age, the offspring 
were randomly divided into 5 groups at a male-to-female ratio of 2:1, with each group consisting of 3 rats. In the end, 
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a total of 105 rats were included in the experiment (n=21/group). The surplus animals were properly disposed of, and 
none of the animals included in the experiment died. We placed 7-day-old Sprague Dawley rats with their dams in 
a specialized animal facility that maintained a 12-hour light/dark cycle and a room temperature of 20–22°C. They were 
adaptively fed for 3 days in this facility. The rats were provided ad libitum access to drinking water and feed. Following 
post-anesthesia resuscitation, we placed the rats in a separate incubator and returned them to their dams after they 
autonomously regained full body movements.

Experimental Groups and Interventions
Both the electroacupuncture pretreatment group and the electroacupuncture pretreatment compound propofol group 
received electroacupuncture for three consecutive days, once daily. We administered electroacupuncture pretreatment 
using an SDZ-II electronic needle therapy instrument (Hua-Tuo brand, Suzhou Medical Supplies Factory Co., Ltd.). We 
targeted the “Baihui” and “Dazhui” points for electroacupuncture pretreatment. The “Baihui” point is located at the 
midpoint of the line connecting the anterior edges of the two ears and lies in the middle of the parietal bone. The 
“Dazhui” point is situated between the seventh cervical vertebra and the first thoracic vertebra in the middle of the back. 
We inserted the needle subcutaneously to a depth of 2–3mm at a 45° angle to the skin. For effective acupoint stimulation, 
we used stimulation parameters of 1 mA intensity, 2/15 Hz sparse and dense wave, applied for 30 min. Additionally, we 
observed a slight tremor of the skin tissue around the stimulation point. Both the propofol and the electroacupuncture 
pretreatment combination propofol groups received intraperitoneal injections of 100 mg/kg propofol daily for five 
consecutive days after the electroacupuncture pretreatment period. The anesthesia was induced with an initial injection 
of 50 mg/kg propofol, followed by another 50 mg/kg when the righting reflex was restored. Our preliminary study 
identified that this anesthesia method produces sedation and hypnosis lasting up to 4–5 hours while considering the 
respiratory and cardiovascular suppression effects of propofol. Following anesthesia, the rats were positioned in a pre- 
oxygenated incubator atop a thermostatic heating blanket. The fat emulsion group received 0.1 mL peritoneal injections 
of fat emulsion daily for five successive days, whereas the blank group received 0.1 mL saline injections following the 
same protocol (Figure 1).

Y Maze
The Y maze was conducted using the BW-MYM103 equipment (bio-will co., Ltd, China), which is comprised of three 
120° angled arms, each arm measured 30cm in length, 8cm in width, and 12cm in height. The novel arm, starting arm, 
and other arms were arranged sequentially within this structure. The experiment consisted of two distinct phases. During 
the first phase, the novel arm was obstructed by a partition, and the rats were permitted to explore the starting arm and 
remaining arms for a period of three minutes. After a two-hour interval, the second phase commenced by removing the 
partition of the novel arm, enabling the rats to freely explore all three arms for an additional three minutes. The process 
involved recording the time and path of each rat’s entry into the novel arm to evaluate their spatial recognition memory. 
Following each experiment, the labyrinth underwent a thorough wipe-down with 70% alcohol and was allowed to 
evaporate completely prior to subsequent testing. Randomly select 6 rats from each group (n=6) with a male-to-female 
ratio of 1:1 for this experiment.

Figure 1 Research process. Rats were treated with EA pretreatment once a day for 3 days and were received propofol intraperitoneal injection once a day for 5 days after 
the last treatment. Behavioral experiments such as the Morris water maze were performed at 4 weeks of age.
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New Object Recognition
The second day after the completion of the Y-maze, we conducted a new object recognition experiment using the BW- 
OF302 apparatus (bio-will co., Ltd, China), which included a black box (50cm x 50cm x 40cm) and two object blocks. 
This experiment consisted of two phases. During the initial phase, two square object blocks (each measuring 4cm x 4cm 
x 4cm) were placed at the top-left and top-right corners of the box, each situated 6 cm from the adjacent sides of the box. 
The rats were permitted to explore freely for five minutes. In the subsequent stage, after a two-hour interval, the square 
object block located in the top-left corner was replaced with a spherical object block (5cm in diameter), while 
maintaining its position. During the 5-minute exploration, we recorded the number of times that the rats sniffed and 
touched the new object block, with a designated criterion being either nasal tip or upper limb touch. The recognition 
index (RI), calculated as the time spent exploring the new object divided by the sum of the time spent exploring both the 
new and old objects, served as an indicator of the rats’ ability to learn and remember. The rats (n=6) that completed the 
Y-maze will continue with this experiment.

Morris Water Maze
The second day after the completion of the NOR test. The Morris Water Maze test was conducted using the BW- 
MMWM101 equipment (bio-will co., Ltd, China), which comprised a circular pool (120cm in inner diameter), a platform 
(10cm), and a video capture system. The pool was sectioned into four quadrants, and the test was performed in a noise- 
free environment, while maintaining the water temperature at 23°C. To prevent the rats from visually detecting the 
platform in the pool, a specific dosage of artificial edible melanin was mixed into the water. Additionally, the 
circumference of the water maze was enclosed with curtains, which were utilized to regulate the room’s illumination 
and to sidestep the interference of glare from the external light source affecting the video capture. To prevent the rats 
from visually detecting the platform in the pool, a specific dosage of artificial edible melanin was mixed into the water. 
Additionally, the circumference of the water maze was enclosed with curtains, which were utilized to regulate the room’s 
illumination and to sidestep the interference of glare from the external light source affecting the video capture. During 
days 2–5, the platform was situated 0.6 cm below the waterline, and the rats were consecutively placed into the four 
quadrants and permitted to explore for 90 seconds. The time it took for the rat to first locate the platform was defined as 
the escape latency period. If the rat was unable to locate the platform within 90 seconds, it was directed to and allowed to 
remain on the platform for 30 seconds. On the sixth day, rats were sequentially placed into the pool from the farthest 
quadrant, where the original platform was situated, three times consecutively. Each rat was given a 90-second exploration 
period during which the time it took for the rat to cross the area where the platform was originally located was recorded. 
If the rat did not cross the area within the allotted time, 90 seconds was recorded. The ANY-maze video tracking analysis 
system (version: 4.99, Stoelting, USA, Inc.) was employed to record the average number of platform crossings, the 
average time spent in the target quadrant, and the average distance traveled, among other aspects. These recorded 
measurements were used to evaluate the rats’ learning and memory abilities. The rats (n=6) that completed the Y-maze 
and New Object Recognition will continue with this experiment.

Golgi Staining
Following anesthesia, the rats’ brains were expeditiously extracted by decapitation on ice. The brains’ surface blood was 
rinsed with distilled water and subsequently fixed with Golgi staining fixative for a duration exceeding 48 hours. The rat 
brain tissue was sliced 2–3mm thick and rinsed multiple times with physiological saline. The tissue was placed in 
a 45mL round bottom EP tube and submerged in Golgi staining solution. The tube was kept in a cool and ventilated area, 
sheltered from light, for 14 days. Afterward, the tissue was washed thrice with distilled water. It was then soaked 
overnight in 80% glacial acetic acid, softened, and washed again with distilled water. The tissue was finally immersed in 
30% sucrose and fixed. The tissues were sliced into 100 um sections utilizing an oscillating slicer, affixed on gelatin 
slides, and air dried in a cool, ventilated environment overnight. The dried tissue slides were treated with concentrated 
ammonia water for 15 minutes, and subsequently washed with distilled water for 1 minute. The slides were then treated 
with acid hardening fixing solution for 15 minutes, washed with distilled water for 3 minutes, and left to dry. Finally, the 
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sections were sealed with glycerin gelatin. Dendrites were observed under a 1000x microscope, utilizing at least 3 
neurons for each group. Dendrites were analyzed with Sholl analysis, and their density and number of dendritic crossings 
were calculated and analyzed. Randomly select 3 rats (n=3) from each group for this experiment.

TUNEL Staining
The TUNEL staining method was utilized to analyze the apoptosis of hippocampal neurons in each group of rats at the 
culmination of modeling. While under anesthesia, the rats underwent perfusion with 100 mL of saline, followed by 
another round of perfusion with 100 mL of 4% paraformaldehyde when clear effluent was obtained. Subsequently, the 
brains were promptly extracted and stored in 4% paraformaldehyde. After 48 hours, the brains were dehydrated, 
embedded, and sliced into 200 um coronal sections utilizing a microtome. These sections underwent dewaxing, 
rehydration, proteinase K repair, membrane breakage, incubation with reaction solution, DAPI restaining, sealing, and 
photographic analysis as per staining guidelines. Three fields of view were captured for each group, with the averaged 
values being used to assess the hippocampal apoptosis in each group. Randomly select 3 rats (n=3) from each group for 
this experiment.

Nissl Staining
The chemical composition of Nissl bodies, which is the central site of protein synthesis in neurons, comprises a nucleic 
acid protein that contains iron. Upon neuronal stimulation, the cytosolic Nissl bodies are notably reduced or can even 
vanish. The sections were fractionated in 95% ethanol for a minimum of 5 hours at room temperature, followed by 
treatment with 75% ethanol and saline and subsequent staining with 0.1% cresyl violet for 2–3 minutes. The sections 
were then sequentially treated with distilled water, ethanol, and xylene, before being sealed with neutral resin. The 
hippocampal Nissl bodies were examined under a microscope, with at least 3 fields of view being taken for each group 
and the average value being utilized in the analysis of the survival of hippocampal Nissl bodies. Randomly select 3 rats 
(n=3) from each group for this experiment.

Immunofluorescence Staining
Paraffin sections were subjected to dewaxing, hydration, and PBS washing to facilitate antigen repair. This was followed 
by an overnight incubation at 4°C with the primary antibodies rabbit anti-pCREB (1:1000, GB114322, Servicebio, 
China), BDNF (1:150, GB11559, Servicebio, China), Caspase-3 (1:150, GB11009-1. Servicebio, China), and Bcl-2 
(1:200, GB114322, Servicebio, China). The next day, the secondary antibodies were incubated for an hour at 37°C, and 
the nuclei were restained with DAPI. After undergoing anti-fluorescence quenching treatment, the samples were observed 
under an inverted microscope. For each group, three fields of view were chosen, and ImageJ software was employed for 
analysis. The cumulative fluorescence intensity mean value was considered the protein expression. Randomly select 3 
rats (n=3) from each group for this experiment.

Western Blot
The rats in each group were decapitated promptly while under anesthesia, and the hippocampal and cortical tissues were 
removed on ice to extract total proteins. The proteins in the gel underwent electrophoresis, followed by transfer to PVDF 
membranes and closure using skimmed milk for 2 hours. Subsequently, rabbit anti-CREB (1:1000, GB111052, 
Servicebio, China), rabbit anti-pCREB (1:450, GB114684, Servicebio, China), rabbit anti-BDNF (1:1000, GB11559, 
Servicebio, China), rabbit anti-Bcl-2 (1:1000, GB113375, Servicebio, China), rabbit anti-Bax (1:1000, GB11690, 
Servicebio, China), rabbit anti-Caspase-3 (1:1000, GB11767C, Servicebio, China), rabbit anti-GAP-43 (1:2000, 
GB12095, Servicebio, China), rabbit anti-Synaptophysin (1:10,000, GB11553, Servicebio, China), and rabbit anti-β- 
actin (1:1000, GB11001, Servicebio, China) primary antibody solutions were incubated overnight at 4°C. On the second 
day, the membranes were washed with TBST and incubated with fluorescent goat anti-rabbit IgG (1:10,000, SA5-35571, 
Thermo) at 4°C for an hour. After utilizing a membrane sweeper, the grayscale values of the bands were analyzed using 
ImageJ software. The rats used in the experiment were selected from the offspring born through mating, with 3 rats per 
group (n=3).
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Statistical Analysis
The generated results are presented in the form of mean ± standard deviation (SD). SPSS software (version 27.0.1) was 
utilized to conduct all statistical analyses. One-way analysis of variance (ANOVA) was applied to compare differences in 
normally distributed data, and, subsequently LSD multiple comparison tests were performed. Two-way repeated- 
measures ANOVA applied in the MWM escape latency data analysis. In cases where the data is non-normally distributed, 
Kruskal–Wallis analysis was employed first, followed by Bonferroni two-by-two comparison. All data need to undergo 
homogeneity of variance testing. If the data meet the homogeneity of variance assumption, post-hoc multiple compar-
isons will be conducted using the LSD method. If the data do not meet the homogeneity of variance assumption, post-hoc 
multiple comparisons will be conducted using the Dunnett-T3 method. The threshold for assuming statistically significant 
difference is p value < 0.05.

Results
Electroacupuncture Pretreatment Attenuates Learning Memory Impairment Induced 
by Repeated Propofol Exposure in Rats
Rats’ short-term spatial learning memory ability was evaluated using the new novel arm Y-maze. Rats in the P group 
exhibited significantly less time (P < 0.001, η2=0.475) and distance (P < 0.001, η2=0.493) during exploration in the new 
novel arm compared to the other groups. Conversely, rats in the EP group displayed significantly more time (P < 0.001) 
and distance (P = 0.009) while exploring the new novel arm compared to the P group (Figure 2A and B). Motor speed 
(P > 0.05, η2=0.014) and total exploration distance (P > 0.05, η2=0.024) did not exhibit significant differences between 
the groups (Figure 2C and D). These findings suggest that repeated propofol exposure has an adverse effect on rats’ 
spatial learning memory abilities, but that electroacupuncture pretreatment can potentially mitigate the neurotoxic impact 
of prolonged propofol exposure. The new object recognition experiment was also used to appraise the cognitive memory 
ability of the rats. Our outcomes suggest that the Recognition Index (P < 0.05, η2=0.272) and the number of sniffing 
touches (P < 0.05, η2=0.552) were significantly lower in the P group when compared to the other groups. In contrast, the 
Recognition Index (P < 0.05) and the number of sniffing touches (P < 0.001) were significantly higher in the EP group 
when compared to the P group (Figure 2F and G). No significant difference was observed in motor speed (P > 0.05, 
η2=0.118) and total exploration path length (P > 0.05, η2=0.150) between groups (Figure 2H and I). To investigate the 
spatial learning memory ability of rats further, we employed the Morris water maze experiment (Figure 2J). As revealed 
by the two-way repeated measures ANOVA, Our observations indicated a gradual decrease in escape latency for all 
groups. However, the P group displayed a significantly higher escape latency than the other groups, which suggests an 
impairment in the learning memory of the P group. Conversely, escape latency was significantly lower in the EP group 
than in the P group, and no significant differences were observed with the other groups, (Figure 2K). Twenty-four hours 
after the final Morris water maze (MWM) training, we performed an MWM spatial exploration experiment by removing 
the platform. Our findings revealed that the number of times the rats crossed the platform (P < 0.05, η2=0.397), the total 
time (P < 0.05, η2=0.340) and distance (P < 0.05, η2=0.383) explored in the target quadrant in the P group were 
significantly lower than other groups. The time taken to cross the platform for the first time was significantly higher in the 
EP group. Relative to the P group, the EP group showed a significant increase in the number of platform crossings (P < 
0.05), total time (P < 0.05), and total distance (P < 0.05) explored in the target quadrant, and a significant decrease in the 
time taken to cross the platform for the first time (P < 0.001, η2=0.467) (Figure 2L–O). We observed no significant 
difference in locomotor speed (P > 0.05, η2=0.153) among all groups of rats (Figure 2P). In light of the above results, it 
can be inferred that repeated propofol exposure in developing rats caused learning memory impairment. However, our 
data indicates that electroacupuncture pretreatment effectively mitigated this toxic effect.

Electroacupuncture Pretreatment Attenuates Neuronal Apoptosis Induced by 
Repeated Propofol Exposure
The decrease in Nissl bodies served as a reflection of neuronal damage. Our Nissl staining results indicated a significant 
reduction in the integrated optical density of the P group relative to all other groups (P < 0.05, η2=0.773); Our findings 
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Figure 2 Electroacupuncture pretreatment significantly attenuates learning memory impairment induced by repeated propofol exposure in rats. (A) The percentage of time 
in the new novel-arm for rats. (B) The percentage of exploration distance in the new novel-arm for rats. (C) The average speed of each group of rats. (D) Total exploration 
distance for each group of rats. (E) Computer-recorded exploration trajectory of each group of rats in the new object recognition experiment. (F) Recognition index of 
each group of rats. (G) Number of olfactory touches in each group of rats. (H) Mean exploration distance for each group of rats. (I) The average speed of each group of rats. 
(J) Computer-recorded trajectory of the Morris water maze in rats. (K) Escape latency of each group of rats for 4 consecutive days. (L) Number of crossing platform in each 
group of rats. (M) Latency to first entry to the target zone for each group of rats. (N) The time spent in the target zone for each group of rats. (O) The distance to swim in 
the target zone for each group of rats. (P) The average speed of each group of rats. All data represent mean ± SD (n=6). *P <0.05, **P < 0.01, ***P <0.001 versus C group, 
#P <0.05, ##P < 0.01, versus P group. 
Abbreviation: ns, not significant.
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depicted a significant increase in the integrated optical density of the EP group when compared to the P group (P < 
0.001), without any significant difference from the other groups (P > 0.05) (Figure 3A and B). These results suggest that 
repeated propofol exposure can impede the development of hippocampal neurons in developing rats. However, our data 
indicates that electroacupuncture can counteract this toxic effect induced by repeated propofol exposure. TUNEL staining 
was employed to identify neuronal apoptosis. Our results exhibited a marked increase in the percentage of apoptotic cells 
in the P group compared to other groups (P < 0.001, η2=0.897). Moreover, we observed a significant decline in the 
percentage of apoptotic cells in the EP group when compared to the P group (P < 0.001), with no significant variations 
across the other groups (P > 0.05) (Figure 3C and D). According to our TUNEL staining results, repeated propofol 
exposure stimulated the apoptosis of hippocampal neurons in developing rats, while electroacupuncture pretreatment 
successfully counteracted the neurotoxic effects induced by repeated propofol exposure. Our immunofluorescence 
findings revealed a significant increase in Caspase-3 expression (P < 0.001, η2=0.980) and a significant decrease in 
Bcl-2 expression (P < 0.001, η2=0.922) in the P group when compared to all other groups; We observed a significant 
decrease in Caspase-3 expression (P < 0.001) and a significant increase in Bcl-2 expression (P < 0.001) in the EP group 
when compared to the P group (Figure 3E), with no significant difference from the other groups (P > 0.05) in both 
expressions (Figure 3F and G). Our Western Blot analysis revealed a marked increase in Caspase-3 (P < 0.001, η2=0.814) 
and Bax expressions (P < 0.05, η2=0.599) and a significant decrease in Bcl-2 expression (P < 0.001, η2=0.940) in the 
P group when compared to all other groups (Figure 3H). Conversely, Caspase-3 (P < 0.001) and Bax expressions 
decreased (P < 0.05) and Bcl-2 expression increased (P < 0.001) in the EP group compared to the P group (Figure 3I and 
J), with no significant difference from the other groups in all three expressions (P > 0.05) (Figure K). Our 
Immunofluorescence and Western Blot analyses revealed that repeated propofol exposure upregulated the expression 
of pro-apoptotic factors and downregulated the expression of anti-apoptotic factors, whereas electroacupuncture pre-
treatment successfully mitigated the neuronal apoptotic effect triggered by repeated propofol exposure.

pCREB/BDNF Signaling Pathway Changes After Electroacupuncture Pretreatment and 
Repeated Propofol Exposure
pCREB and BDNF are critical factors in the creation and protection of learning memory and the facilitation of synaptic 
plasticity formation and maintenance. Our Immunofluorescence findings revealed a significant decrease in pCREB (P < 
0.001, η2=0.842) and BDNF (P < 0.001, η2=0.789) expression in the P group when compared to all other groups, with 
a significant upregulation of pCREB (Figure 4A) and BDNF (Figure 4B) expression in the EP group when compared to 
the P group (P < 0.001). The expression of both pCREB and BDNF was not significantly different from all other groups 
(P > 0.05) in the EP group (Figure 4C and D). Correspondingly, our Western Blot analysis demonstrated that pCREB 
(P < 0.05, η2=0.709) and BDNF (P < 0.05, η2=0.570) expression was significantly lower in the P group (Figure 4E), 
while in the EP group, pCREB and BDNF expression was significantly upregulated compared to the P group (P < 0.05) 
(Figure 4F). However, pCREB and BDNF expression in the EP group was not significantly different from all other 
groups (Figure 4G and H). Our findings indicate that repeated exposure to propofol leads to a reduction in the expression 
of proteins related to learning and memory. However, electroacupuncture pretreatment can successfully reverse the 
altered expression of the pCREB/BDNF signaling pathway that results from repeated propofol exposure.

Electroacupuncture Pretreatment Attenuates Synaptic Plasticity Damage Induced by 
Repeated Propofol Exposure
Through our Golgi staining analysis of hippocampal synapses in developing rats, we observed a significant reduction in 
dendritic spine density (P < 0.001, η2=0.915) and total dendritic length (P < 0.001, η2=0.964) in the P group compared to 
all other groups (Figure 5A and B). Conversely, in the EP group, dendritic spine density and total dendritic length (P < 
0.001) were increased when compared to the P group, and showed no significant difference from all other groups (P > 
0.05) (Figure 5C and D). Notably, there was no significant difference between groups regarding the number of dendrites 
(P > 0.05) (Figure 5E and F). Our Western Blot analysis of proteins related to synaptic development indicated that GAP- 
43 (P < 0.001, η2=0.851) and Synaptophysin (P < 0.001, η2=0.838) expression were reduced in the P group compared to 
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Figure 3 Electroacupuncture pretreatment significantly attenuates neuronal apoptosis induced by repeated propofol exposure. (A) Representative photomicrographs of 
Nissl staining in the dentate gyrus. (B) The integrated option density was quantified with Nissl staining in the dentate gyrus. (C) Apoptotic neurons were observed by 
TUNEL staining. The apoptotic cells were stained green, and the nuclei were stained blue. Scale bar = 50μm. (D) The percentage of apoptotic cells was quantified with 
TUNEL staining. (E) Representative photomicrographs of Caspase-3 and Bcl-2 staining in the dentate gyrus. (red: Caspase-3, green: Bcl-2, blue: DAPI, scale bar:50μm). 
(F and G) Quantification of the immunofluorescence staining data from (E). (H) Representative Western blot results for Caspase-3, Bcl-2 and Bax in rat brain. (I–K) 
Quantification of Western blot data from (H). Data are presented as the mean ± SD (n = 3). **P < 0.01, ***P <0.001 versus C group, ##P < 0.01, ###P <0.001 versus P group. 
ns, not significant.
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Figure 4 Electroacupuncture pretreatment attenuates the downregulation of learning memory-related proteins induced by repeated propofol exposure. (A) Representative 
immunofluorescence staining for pCREB in the dentate gyrus (red: pCREB, blue: DAPI, scale bar:200μm). (B) Representative immunofluorescence staining for BDNF in the 
dentate gyrus (red: BDNF, blue: DAPI, scale bar:50 μm). (C and D) Quantification of the immunofluorescence staining data from (A and B). (E) Representative Western blot 
results for pCREB, CREB and BDNF in rat brain. (F–H) Quantification of Western blot data from (E). Data are presented as the mean ± SD (n = 3). *P <0.05, **P < 0.01, 
***P <0.001 versus C group, ##P < 0.01, ###P <0.001 versus P group.
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all other groups (Figure 5G). In contrast, GAP-43 (P < 0.001) and Synaptophysin (P < 0.001) expression were 
significantly higher in the EP group than in the P group (Figure 5H), and was not significantly different from all other 
groups (P > 0.05) (Figure 5I). Taken together, our findings indicate that repeated exposure to propofol led to notable 
synaptic damage in the hippocampus of developing rats, primarily evidenced by reduced dendritic spine density and 

Figure 5 Electroacupuncture pretreatment effectively attenuates synaptic plasticity damage caused by repeated propofol exposure. (A) Dendritic spines in each group 
under microscope. Scale bar =10um. (B) Density of dendritic spines in each group. (C) Length of dendrites in each group. (D) Representative photomicrographs of 
hippocampal synapses in each group. Scale bar =100um. The red dot in subfigure (D) The tracing images of subfigure E is achieved by fiji software’s sholl analysis of the 
synapses within that region. (E) Representative tracing images of hippocampal synapses in each group. Scale bar =100um. (F) Sholl analysis of hippocampal synapses in rats. 
(G) Representative Western blot results for GAP-43 and Synaptophysin in rat brain. (H and I) Quantification of Western blot data from (G). Data are presented as the mean 
± SD (n = 3). ***P <0.001 versus C group, ###P <0.001 versus P group. 
Abbreviation: ns, not significant.
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dendritic length. In contrast, electroacupuncture pretreatment efficiently mitigated the synaptic damage resulting from 
repeated propofol exposure and successfully restored synaptic plasticity in the hippocampus.

Discussion
To assess the effects of repeated propofol exposure, we administered a daily dose of 100 mg/kg propofol via 
intraperitoneal injection. To simulate the effects of prolonged surgical anesthesia during clinical anesthesia or prolonged 
sedation in the intensive care unit, we administered 50 mg/kg propofol via a single intraperitoneal injection. When the 
rats showed partial recovery from the righting reflex, we administered another intraperitoneal injection of 50 mg/kg 
propofol. This administration method was chosen based on the recognized pharmacological effects of propofol, including 
cardiovascular and respiratory depression. Our findings confirm that repeated propofol exposure can lead to learning and 
memory deficits in developing rats, consistent with FDA warnings. Importantly, our study also presents evidence 
suggesting that electroacupuncture pretreatment can effectively mitigate such deficits resulting from repeated propofol 
exposure. To evaluate the learning and memory ability of rats subjected to repeated propofol exposure under electro-
acupuncture pretreatment, we conducted behavioral experiments using the new novel arm Y-maze, new object recogni-
tion, and Morris water maze. Our study involved 10-d-old SD rats, and we established a model of repeated propofol 
exposure with concurrent electroacupuncture pretreatment. Our data revealed a significant impairment of learning and 
memory ability in rats following repeated propofol exposure. However, rats exposed to repeated propofol after electro-
acupuncture pretreatment exhibited learning and memory ability that was comparable to that of normal controls. These 
results suggest that electroacupuncture pretreatment may confer cerebral protection, which is generally consistent with 
previous literature.34–36

In our study, we found that repeated propofol exposure in developing rats caused a significant decrease in 
hippocampal Nissl bodies, an increase in the number of TUNEL-positive cells, elevated expression of Caspase-3 and 
Bax, and decreased expression of Bcl-2. However, electroacupuncture pretreatment reversed these effects of repeated 
propofol exposure and attenuated neuronal apoptosis.

Here is increasing evidence supporting the notion that synaptic plasticity plays a prominent role in the establish-
ment and upkeep of learning and memory during development.37,38 Synaptic plasticity consists of structural and 
functional changes. Repeated exposure to propofol can potentially impact both facets of synaptic plasticity, although 
the precise mechanism remains unclear. Our research focused on examining synaptic structure and related proteins. 
Our findings demonstrate that dendritic spine density and dendritic length were notably reduced in the hippocampus 
of rats repeatedly exposed to propofol, resulting in a severe impairment of synaptic plasticity. Following electro-
acupuncture pretreatment, the dendritic spine density and length remained similar to those of the blank control 
group. This signified the effectiveness of electroacupuncture pretreatment in mitigating the effects of propofol on 
synaptic plasticity. Conversely, repeated exposure to propofol led to a significant reduction in the expression of 
BDNF and pCREB protein. However, electroacupuncture pretreatment successfully restored the expression of both 
pCREB and BDNF to the levels observed in the control group. Electroacupuncture pretreatment proved effective in 
reducing the impact of propofol on synaptic plasticity, as evidenced by the preservation of dendritic spine density 
and length compared to the control group. Conversely, repeated exposure to propofol caused a remarkable decline in 
the expression of BDNF and pCREB protein, though electroacupuncture pretreatment successfully restored the 
levels of both proteins to those observed in the control group.39 pCREB is a key protein in synaptic plasticity,40 and 
also promotes the formation and maintenance of long-term potentiation (LTP).41 The mechanism of LTP plays 
a major role in the establishment of synaptic plasticity and is simultaneously an integral mechanism for the 
formation of learning and memory.42 Heightened expression of pCREB and BDNF in the hippocampus of rats has 
been shown to correlate with enhanced cognitive function and memory retention.43 Several positive regulators in the 
body facilitate synaptic plasticity and LTP, thereby consolidating memory. BDNF and pCREB are two such 
regulators that offer positive feedback and promote the formation and retention of learning and memory.44 The 
detection of pCREB, total CREB and BDNF expression was performed using both immunofluorescence and WB 
techniques. Our findings indicated that repeated exposure to propofol resulted in a substantial decrease in pCREB 
and BDNF expression, while the expression of total CREB remained unchanged. In contrast, the combined 
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application of electroacupuncture pretreatment and repeated exposure to propofol yielded significantly higher levels 
of pCREB and BDNF expression compared to the repeated propofol exposure group. The expression of total CREB 
was unaffected by these conditions. The expression of synaptic-associated proteins, namely GAP43 and 
Synaptophysin, was quantified in our study. Our results revealed that repeated exposure to propofol led to 
a marked reduction in the expression of both GAP43 and Synaptophysin. However, electroacupuncture pretreatment 
prevented the suppression of these proteins’ expression by propofol exposure, thereby highlighting its protective 
role against synaptic damage inflicted by propofol exposure.

Due to financial and technical constraints on brain electrophysiology, this study did not explore functional changes in 
LTP/LTD and its related ion channels. To clarify the role of pCREB/BDNF signaling in electroacupuncture pretreatment 
for mitigating learning memory deficits caused by repeated propofol exposure, subsequent experiments will employ 
pathway-specific agonists or inhibitors to assess relevant indicators. As a non-pharmacological approach, electroacu-
puncture is a safe intervention for pediatric patients whose liver and kidney functions are not yet fully developed. 
However, the optimal parameter settings for electroacupuncture remain unknown, hence controlled experiments are 
necessary to determine them.

Our study investigated the effect of electroacupuncture pretreatment in reducing learning memory impairment 
caused by repeated propofol exposure and the underlying mechanisms involved. We found that electroacupuncture 
pretreatment (1) ameliorated learning memory deficits associated with repeated propofol exposure in developing 
rats; (2) modulated synaptic plasticity, facilitated neuronal function, and promoted the formation and retention of 
learning memory; and (3) relied, at least partly, on the activation of the pCREB/BDNF signaling pathway. 
Although further validation of our findings is required, our study provides insights into the potential therapeutic 
applications of electroacupuncture in treating propofol-induced learning deficits in a developing brain.
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