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Background: Although a rapid and efficient psychiatric treatment, electroconvulsive therapy 

(ECT) induces memory impairment. Modified ECT requires anesthesia for safety purposes. 

Although traditionally found to exert amnesic effects in general anesthesia, which is an inher-

ent part of modified ECT, some anesthetics have been found to protect against ECT-induced 

cognitive impairment. However, the mechanisms remain unclear. We investigated the effects 

of propofol (2,6-diisopropylphenol) on memory in depressed rats undergoing electroconvulsive 

shock (ECS), the analog of ECT in animals, under anesthesia as well as its mechanisms.

Methods: Chronic unpredictable mild stresses were adopted to reproduce depression in a 

rodent model. Rats underwent ECS (or sham ECS) with anesthesia with propofol or normal 

saline. Behavior was assessed in sucrose preference, open field and Morris water maze tests. 

Hippocampal long-term potentiation (LTP) was measured using electrophysiological techniques. 

PSD-95, CREB, and p-CREB protein expression was assayed with western blotting.

Results: Depression induced memory damage, and downregulated LTP, PSD-95, CREB, and 

p-CREB; these effects were exacerbated in depressed rats by ECS; propofol did not reverse 

the depression-induced changes, but when administered in modified ECS, propofol improved 

memory and reversed the downregulation of LTP and the proteins. 

Conclusion: These findings suggest that propofol prevents ECS-induced memory impair-

ment, and modified ECS under anesthesia with propofol improves memory in depressed rats, 

possibly by reversing the excessive changes in hippocampal synaptic plasticity. These observa-

tions provide a novel insight into potential targets for optimizing the clinical use of ECT for 

psychiatric disorders.
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Introduction
Electroconvulsive therapy (ECT) is a commonly used treatment for some psychiatric 

disorders, including depression, mania, and schizophrenia.1 Compared with pharma-

cotherapy, ECT is more efficient and rapid, especially in patients with drug-resistant 

affective disorders.2 However, the development and spread of ECT have been impeded 

mainly because of its complications, especially amnesia. Although alternative therapies 

have been developed during recent years, such as vagus nerve stimulation, repetitive 

transcranial magnetic stimulation, and deep brain stimulation, the use of ECT has not yet 

been superseded.3 Encouragingly, more and more methods have been explored to alleviate 

ECT-induced memory deficits and to improve the final cognitive outcomes of psychiatric 
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patients after ECT, including ECT parameter setting, electrode 

placement, and drug assistance.4,5 Anesthesia is required for 

modern ECT (modified ECT [MECT]) to enhance its safety by 

preventing its complications, such as fracture, asphyxia, and 

cardiovascular instability.6 Interestingly, although traditionally 

found to exert amnesic effects in general anesthesia, some 

anesthetics have been found to protect against ECT-induced 

cognitive impairment.7,8 Anesthetics are an inherent part 

of MECT; therefore, the cognitive benefits and underlying 

mechanisms of anesthetics in ECT remain to be elucidated in 

studies, which may offer novel insights into improvements for 

safer ECT performance in affective disorders.

Propofol (2,6-diisopropylphenol) is a popular intrave-

nous anesthetic, which is well known for its rapid induction 

of and recovery from anesthesia, thus being a suitable and 

commonly-used anesthetic for MECT. Propofol was found to 

alleviate the memory impairment induced by ECT in previous 

studies.7,9 The basic synaptic mechanism of memory involves 

long-term potentiation (LTP), an electrophysiological model 

of synaptic plasticity. The mechanism of the amnesic effects 

of ECT is closely related to “saturation of LTP.”10,11 Propo-

fol itself has depressive effects on LTP.12 In our previous 

studies, electroconvulsive shock (ECS), the analog of ECT 

in animals, under anesthesia with propofol was found to 

ameliorate LTP impairment caused by chronic unpredict-

able mild stress (CUMS), an animal model of depression.13 

Furthermore, propofol enhanced CaMKIIα activation in the 

hippocampus in depressed rats undergoing ECS.14 However, 

to our knowledge, other evidence of the effects of propofol 

on LTP and the downstream mechanism underlying the 

alleviation of ECT-induced memory impairment is rare. 

In the present study, we extended our previous studies by 

first testing the hypothesis that the representative anesthetic 

propofol exerted its antiamnesic effects in ECS by regulating 

synaptic plasticity in the hippocampus, including LTP and its 

downstream effects, in a rat model of depression.

Materials and methods
Animals
Healthy adult male Wistar rats, weighing 200–240 g, from the 

Laboratory Animal Center of Chongqing Medical University 

(Chongqing, People’s Republic of China) were maintained 

in a standardized environment for a 1-week acclimatization 

period before experiments. All of the experimental proce-

dures were approved by the Ethical Committee of Chongq-

ing Medical University and carried out in accordance with 

National Institutes of Health Guide for the Care and Use of 

Laboratory Animals.

Experimental groups and treatments
Rats were randomly divided into five groups: one control 

group of healthy rats without any treatment (group C) and 

four groups treated with CUMS to reproduce the rodent 

model of depression (groups D, P, E, and M). The rats in 

groups D, P, E, and M were subjected to the CUMS procedure 

for 28 days. On the day following completion of the CUMS 

procedure (ie, day 29 after the start of the experiment), the 

baseline measurements of behavioral tests were conducted 

in all the rats: sucrose preference test (SPT) on day 29, 

open field test (OFT) on day 30, and Morris water maze test 

(MWM) on days 31–36. From days 37 to 43, rats in group 

M received ECS with propofol pretreatment (9 mL/kg, intra

peritoneal [ip], 10 g/L) (catalog number Fx061; AstraZeneca 

plc, London, UK); rats in group E received ECS with normal 

saline pretreatment (0.9% NaCl solution, 9 mL/kg, ip); rats 

in group P received sham ECS with propofol pretreatment 

(9 mL/kg, ip); and rats in group D received sham ECS with 

normal saline pretreatment (9 mL/kg, ip). Subsequently, 

behavioral tests were repeated on all rats (SPT on day 44; 

OFT on day 45, and MWM from days 46–51). On day 52, 

rats were sacrificed by decapitation, and brains were removed 

for preparation of hippocampal slices for electrophysiological 

measurements or biological assays. A timeline of the study 

is shown in Figure 1.

Chronic unpredictable 
mild stress procedure
The CUMS procedure was adopted from a previous study 

with minor modifications.15 One randomly selected stressor 

stimulus among the panel used in this study was applied 

once daily to the rats in the CUMS-treated groups. The panel 

of stressor stimuli consisted of 1) swimming in cold water 

(4°C) for 5 minutes; 2) tail pinching for 1 minute; 3) food 

deprivation for 24 hours; 4) water deprivation for 24 hours; 

5) social crowding (24 rats per cage), with cage being tilted 

to 30° from the horizontal plane for 24 hours; 6) shaking for 

20 minutes (one shake per second); 7) 24 hours of continuous 

lighting; 8) housing in a soiled cage for 24 hours; 9) heat 

stress (45°C) for 5 minutes; 10) undesirable confinement for 

2 hours. Stressor stimuli were administered three times within 

the 4 weeks, except for stressors 1 and 2 (two times each).

Electroconvulsive shock
After pretreatment with propofol or normal saline according 

to the group assignments, ECS was delivered via ear clip 

electrodes using a Niviqure ECT system (Niviqure Meditech, 

Bangalore, India), with bidirectional square wave pulses, 
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(Sham) CUMS

Day 1 28 29 30 31 36 37 43 44 45 46 51 52

(Sham) (M) ECS
SPT OFT MWM SPT OFT MWM

Figure 1 Experimental timeline of this study.
Notes: Sham CUMS, without any treatment (for group C); Sham ECS (for group D),  
Sham MECS (for group P).
Abbreviations: CUMS, chronic unpredictable mild stresses (for groups D, P, E, 
and M); ECS, electroconvulsive shock (for group E); MECS, modified ECS (for group M); 
MWM, Morris water maze test; OFT, open field test; SPT, sucrose preference test; ×,  
sacrifice.

0.8 A in amplitude, 1.5 ms in width, 125 pulses per second, 

duration of 0.8 seconds, generating stimulus intensity of 

120 mC, once daily for 7 days.16 Oxygen was given, and the 

saturation of blood oxygen was monitored and maintained to 

prevent hypoxia. Sham ECS was performed using an identical 

procedure without the application of current.

Behavioral tests
Sucrose preference test
After a 23-hour period of food and water deprivation, each 

rat was given free access to two preweighed bottles for 

1 hour (one filled with a 1% [w/v] sucrose solution and the 

other with water). Each bottle was weighed both before and 

after the 1-hour period of access for determination of the 

sucrose preference of each rat according to the following 

equation: sucrose preference percentage (SPP) = sucrose 

solution consumption/(water consumption + sucrose solution 

consumption) ×100.15

Open field test
The apparatus consisted of a black-painted circular arena, 

150 cm in diameter with 60 cm walls, placed in a room with 

dim illumination.17 Each rat was placed at the center of the 

arena, and its activities were observed for 5 minutes. Indexes 

assessed were horizontal ambulation (the total distance trav-

eled, indicating general locomotor activity); the number of 

rearing events (when a rat stood completely erect on its hind 

legs, indicating exploratory behavior); and time in the central 

zone. Data were recorded and analyzed with the SLY-WMS 

2.0 system (Beijing Sunny Instruments, Beijing, People’s 

Republic of China).

Morris water maze
Each rat was submitted to four trials per day for 5 days from 

each of four quadrants in a pool (150 cm in diameter, 50 cm 

in height, and colored with black ink). Animals were trained 

to find a hidden circular platform (10 cm in diameter, 2 cm 

beneath the water in the middle of the southwestern quadrant) 

by allowing each rat a maximum of 60 seconds to reach the 

platform; otherwise, it was guided toward the platform and 

left there for 15 seconds. The time to find the platform for the 

first time on day 5 of the trials (ie, evasive latency [EL]) was 

recorded to evaluate the learning ability of the rats. On day 6, 

every rat was subjected to a probe trial for 60 seconds in the 

absence of the platform in the pool from the northeastern 

quadrant. The activity of rats in the 60-second period probe 

trial was recorded, and the percentage dwell-time spent in the 

southwestern quadrant (ie, time percentage in the platform 

quarter [TPPQ]) was positively correlated with the rats’ 

spatial memory. The time spent in other quarters was also 

recorded for each group. TPPQ = swimming time in plat-

form quarter (seconds)/total swimming time (seconds) ×100.  

The rat activity data were recorded and analyzed with SLY-

WMS 2.0 software (Beijing Sunny Instruments).

Electrophysiological measurements
The procedures were adopted from previous study with minor 

modifications.18 Hippocampal slices (400 μm thickness) were 

prepared in 0°C–4°C oxygenated cutting solution (2.8 mM 

KCl, 8 mM NaH
2
PO

4
, 31 mM NaHCO

3
, 0.4 mM vitamin C, 

2 mM sodium pyruvate, 2 mM sodium lactate, 10 mM glu-

cose, 183 mM sucrose, 0.5 mM CaCl
2
, 8 mM MgSO

4
, 1 mM 

kynurenic acid) using a vibratome. Slices were transferred 

to artificial cerebrospinal fluid (124 mM NaCl, 2.8 mM KCl, 

1.25 mM NaH
2
PO

4
, 26 mM NaHCO

3
, 0.4 mM vitamin C, 

10 mM glucose, 2 mM CaCl
2
, 2 mM MgSO

4
) saturated 

with 95% O
2
 and 5% CO

2
 at 35°C for 45 minutes and kept 

at room temperature (24°C) to recover for at least 1 hour 

before recording. Each hippocampal slice was transferred 

into a recording chamber and superfused continuously with 

artificial cerebrospinal fluid saturated with 95% O
2
 and 5%  

CO
2
 at a velocity of 2 mL/minute. A bipolar tungsten stimulat-

ing electrode was placed in the Schaffer collateral pathway 

in the CA3 region with stimulus intensities of 0.1–0.25 mA, 

applied to evoke a field excitatory postsynaptic potential 

(fEPSP), which was recorded in the stratum radiatum in the 

CA1 region using a glass micropipette (with resistance of 3–4 

MΩ) containing 2,000 mM NaCl, 10 mM HEPES (2-[4-(2-

hydroxyethyl)-1-piperazinyl]ethanesulfonic acid), 10 mM 

ethylene glycol tetraacetic acid (EGTA). fEPSPs were evoked 

at different intensities to determine maximal stimulation. The 

input/output curves were generated by evoking fEPSPs at 

different intensities until maximal stimulation was reached, 

and fEPSP slopes were plotted against incremental stimulus 

intensities. For LTP studies, the test stimulus intensity was set 

to evoke 50% of the fEPSP slope at the maximum stimulation. 
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Figure 2 Sucrose preference in rats after ECS (or MECS) treatment.
Notes: Data are presented as the mean ± SE; **P0.01 and ***P0.001 versus 
group C; ###P0.001 versus group D; P0.001 versus group P. C represents 
control rats; D represents CUMS-pretreated rats that received sham ECS with 
normal saline pretreatment; P represents CUMS-pretreated rats that received sham 
ECS with propofol pretreatment; E represents CUMS-pretreated rats that received 
ECS with normal saline pretreatment; M represents CUMS-pretreated rats that 
received ECS with propofol pretreatment; n=10 in each group.
Abbreviations: CUMS, chronic unpredictable mild stresses; ECS, electroconvulsive 
shock; MECS, modified ECS; SE, standard error.

The baseline fEPSP slopes were stably recorded for 15 min-

utes, and then a high frequency stimulation (HFS) (two 

streams of 100 pulses at 100 Hz, at 30-second intervals) was 

administered to induce LTP. fEPSP continued to be recorded 

for at least 45 minutes after HFS was administered. Data were 

recorded and analyzed using the Axon Instruments system 

(Multiclamp700B amplifier, Digidata 1,200 transverter, 

pCLAMP 9.2 software; Molecular Devices, Sunnyvale, CA, 

USA). The relative slope of fEPSP is equal to the ratio of the 

slope after LTP induction and the baseline slope.

Western blotting
Western blotting was performed using antibodies specific 

for postsynaptic density-95 (PSD-95) (catalog number 

3409s), cyclic adenosine monophosphate (cAMP)-response 

element binding protein (CREB) (catalog number 9197), 

and phospho-CREB (p-CREB) (catalog number 9198s), all 

obtained from Cell Signaling Technology (Danvers, MA, 

USA), and β-actin (catalog number AICP001; Sizhengbo, 

Beijing, People’s Republic of China). Hippocampal tis-

sues were homogenized, centrifuged (12,000 rpm, 4°C, 

15 minutes), and the supernatants were collected. Proteins 

were separated via sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis and transblotted onto polyvinylidene 

difluoride membranes. The membranes were blocked and 

incubated with the relevant primary antibody (1:1,000, 4°C, 

overnight). Membranes were washed and incubated with 

horseradish peroxidase-conjugated secondary antibodies 

(24°C, 1 hour). Immunoreactive proteins were visualized 

by a chemiluminescence reaction, and data were analyzed 

using Quantity One software (Bio-Rad Laboratories Inc., 

Hercules, CA, USA).

Statistical analysis
Data were expressed as the mean ± standard error. Statisti-

cal analysis was performed using SPSS software program 

(version 13; SPSS, Chicago, IL, USA). The results were 

compared using an analysis of variance (ANOVA), followed 

by Fisher’s least significant difference tests. P-values 0.05 

were considered significant.

Results
Behavioral tests
Sucrose preference test
Before ECS treatment, the SPP of all groups was lower than 

that of group C (all groups P0.001). After ECS (or sham 

ECS) treatment, there were significant differences between 

the groups [F(4, 45)=30.701, P0.001]. The SPP of all 

groups was lower than that of group C (group D, P, and E: 

P0.001; group M: P=0.001). The SPP of groups E and 

M were higher than that of group D (both P0.001). The 

SPP of groups E and M were higher than that of group P 

(both P0.001). No differences were found in comparisons 

between all other groups (Figure 2).

Open field test
Before ECS treatment, the horizontal ambulation distances 

of all groups in the OFT were less than that of group C 

(all groups P0.001). After ECS (or sham ECS) treat-

ment, there were significant differences between groups 

[F(4,  45)=84.403, P0.001]. The horizontal ambulation 

distance of all groups was less than that of group C (all 

groups P0.001). The horizontal ambulation distances of 

groups E and M were greater than those of groups D and 

P (both P0.001). No differences were found in comparisons 

between all other groups (Figure 3A).

Before ECS treatment, the number of rearing events in 

the OFT in all groups was lower than that of group C (all 

groups P0.001). After ECS (or sham ECS) treatment, 

there were significant differences between groups [F(4, 

45)=44.853, P0.001]. The number of rearing events in 

all groups was lower than that of group C (groups D, P, and 

M: P0.001; group E: P=0.005). The number of rearing 

events in groups E and M was higher than that in group D 

(both P0.001). The number of rearing events in groups E 

and M was higher than that in group P (both P0.001). No 

differences were found in comparisons between all other 

groups (Figure 3B).
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Figure 3 Indexes in open field test in rats after ECS (or MECS) treatment.
Notes: Distance (A); rearing number (B); time in the central zone (C). Data are presented as the mean ± SE. **P0.01 and ***P0.001 versus group C; ###P0.001 versus 
group D; P0.001 versus group P. C represents control rats; D represents CUMS-pretreated rats that received sham ECS with normal saline pretreatment; P represents 
CUMS-pretreated rats that received sham ECS with propofol pretreatment; E represents CUMS-pretreated rats that received ECS with normal saline pretreatment; 
M represents CUMS-pretreated rats that received ECS with propofol pretreatment; n=10 in each group.
Abbreviations: CUMS, chronic unpredictable mild stresses; ECS, electroconvulsive shock; MECS, modified ECS; s, seconds; SE, standard error.

Before ECS treatment, time in the central zone in the 

OFT of all groups was less than that of group C (all groups 

P0.001). After ECS (or sham ECS) treatment, there were 

significant differences between groups [F(4, 45)=46.908, 

P0.001]. The time in the central zone of all groups was 

less than that of group C (all groups P0.001). Groups E 

and M spent more time in the central zone than group D (both 

P0.001). Groups E and M spent more time in the central 

zone than group P (both P0.001). No differences were found 

in comparisons between all other groups (Figure 3C).

Morris water maze
Before ECS treatment, the EL of all groups in the MWM 

test was longer than that of group C (all groups P0.001). 

After ECS (or sham ECS) treatment, there were significant 

differences between groups [F(4, 45)=4.199, P=0.006]. 

The EL of group E was longer than those of groups C, D, 

and P (P0.001; P=0.016; and P=0.014, respectively). The 

EL of group M was shorter than that of group E (P=0.003). 

No differences were found in comparisons between all other 

groups (Figure 4A).

Before ECS treatment, the TPPQ of all groups was lower 

than that of group C (all groups P0.001). After ECS (or 

sham ECS) treatment, there were significant differences 

between groups [F(4, 45)=49.073, P0.001]. The TPPQ 

of all groups was lower than that of group C (all groups 

P0.001). The TPPQ of group E was lower than that of group 

D (P0.001), while that of group M was higher (P0.001). 

The TPPQ of group E was lower than that of group P 

(P0.001), while that of group M was higher (P=0.002). The 

TPPQ of group M was higher than that of group E (P0.001). 

No differences were found in comparisons between all other 

groups (Figure 4C).

In group C, there were significant differences between the 

times spent in each quarter [F(3, 36)=121.359, P0.001]; 

compared with the northwestern quarter (NW), the percentage 
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Figure 4 Learning and memory in Morris water maze test in rats after ECS (or MECS) treatment.
Notes: Evasive latency (A); division of different quarters in the test (B); time percentage in the platform quarter of each group (C); time percentage in each quarter in 
group C (D); time percentage in each quarter in group D (E); time percentage in each quarter in group P (F); time percentage in each quarter in group E (G); time percentage 
in each quarter in group M (H). Data are presented as the mean ± standard error; **P0.01, ***P0.001 versus group C or quarter NW; #P0.05, ##P0.01, and ###P0.001 
versus group D or quarter NE; P0.05, P0.01, and P0.001 versus group P or quarter SW; ∆∆P0.01, ∆∆∆P0.001 versus group E. C represents control rats; 
D represents CUMS-pretreated rats that received sham ECS with normal saline pretreatment; P represents CUMS-pretreated rats that received sham ECS with propofol 
pretreatment; E represents CUMS-pretreated rats that received ECS with normal saline pretreatment; M represents CUMS-pretreated rats that received ECS with propofol 
pretreatment. • Represents platform; n=10 in each group.
Abbreviations: CUMS, chronic unpredictable mild stresses; ECS, electroconvulsive shock; MECS, modified ECS; NE, northeastern quarter; NW, northwestern quarter; SE, 
southeastern quarter; SW, southwestern quarter (ie, the platform quarter).
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of time spent in the southwestern quarter (SW) (ie, the plat-

form quarter) or the southeastern quarter (SE) was greater 

(both P0.001); compared with the northeastern quarter 

(NE), the percentage of time spent in SW or SE was greater 

(both P0.001); compared with SW, the percentage of time 

spent in SE was less (P0.001) (Figure 4D). 

In group D, there were significant differences between 

the times spent in each quarter [F(3, 36)=20.725, P0.001]; 

compared with NW, the percentage of time spent in SW or SE 

was greater (both P0.001); compared with NE, the percent-

age of time spent in SW or SE was greater (P0.001 versus 

SW and P=0.002 versus SE); compared with SW, the percent-

age of time spent in SE was less (P=0.035) (Figure 4E). 

In group P, there were significant differences between 

the time spent in each quarter [F(3, 36)=17.650, P0.001]; 

compared with NW, the percentage of time spent in SW or 

SE was greater (P0.001 versus SW and P=0.006 versus 

SE); compared with NE, the percentage of time spent in SW 

was greater (P0.001); compared with SW, the percentage 

of time spent in SE was less (P=0.001) (Figure 4F). 

In group E, there were significant differences between 

the times spent in each quarter [F(3, 36)=10.154, P0.001]; 

compared with NW, the percentage of time spent in SW or 

SE was greater (P=0.004 versus SW and P0.001 versus 

SE); compared with NE, the percentage of time spent in SE 

was larger (P=0.001); compared with SW, the percentage of 

time spent in SE was greater (P=0.034) (Figure 4G). 

In group M, there were significant differences between 

the time spent in each quarter [F(3, 36)=84.585, P0.001]; 

compared with NW, the percentage of time spent in SW or SE 

was greater (both P0.001); compared with NE, the percent-

age of time spent in SW or SE was greater (both P0.001); 

compared with SW, the percentage of time spent in SE was 

less (P0.001) (Figure 4H).

Electrophysiological measurements
There were significant differences in the baseline fEPSP 

slopes between groups [F(4, 20)=12.628, P0.001]. Com-

pared with groups C, D, and P, the baseline fEPSP slope of 

group E was steeper (all P0.001). However, compared 

with group E, the baseline fEPSP slope of group M was less 

steep (P0.001). 

There were significant differences in the relative fEPSP 

slopes between groups [F(4, 20)=14.971, P0.001]. 

Compared with group C, the relative fEPSP slopes of 

groups D, P, E, and M were less steep (all P0.001 versus 

groups D, P, and E; P=0.037 versus group M). Compared  

with group D, the relative fEPSP slope of group E was less 

steep (P=0.016), while that of group M was steeper (P=0.026). 

Compared with group P, the relative fEPSP slopes of group E 

were less steep (P=0.011), while that of group M was steeper 

(P=0.040). Compared with group E, the relative fEPSP slope 

of group M was steeper (P0.001) (Figure 5).

Western blotting measurements
PSD-95
There were significant differences in PSD-95 protein 

expression between groups [F(4, 25)=21.591, P0.001]. 

Compared with group C, PSD-95 protein expression was 

lower in groups D, P, E, and M (all P0.001). Expression 

in group E was lower than that in groups D and P (P=0.014 

versus group D and P=0.024 versus group P). In contrast, 

expression in group M was higher than that in group E 

(P=0.004). No differences were found in comparisons 

between all other groups (Figure 6).

CREB and p-CREB
There were significant differences in CREB protein expres-

sion between groups [F(4, 24)=14.895, P0.001]. Com-

pared with group C, CREB protein expression was lower 

in groups D, P, E, and M (all P0.001 versus groups D, P, 

E, and P=0.007 versus group M). Expression was higher in 

group M compared with that in groups D, P, and E (P=0.028 

versus group D, P=0.013 versus group P, and P0.001 versus 

group E). No differences were found in comparisons between 

all other groups.

There were significant differences in p-CREB protein 

expression between groups [F(4, 24)=13.764, P0.001]. 

Compared with group C, p-CREB protein expression was 

lower in groups D, P, and E (P=0.001 versus group D, 

P=0.002 versus group P, and P0.001 versus group E). Com-

pared with group D, expression in group E was lower, while 

expression in group M was higher (P=0.043 versus group E, 

and P=0.001 versus group M). Compared with group P, 

expression in group E was lower, while that in group M was 

higher (P=0.014 versus group E and P=0.002 versus group 

M). Compared with group E, expression in group M was 

higher (P0.001). No differences were found in comparisons 

between all other groups (Figure 7).

Discussion
This study performed in a rat model demonstrated that 

depression induced memory damage and downregulated 

LTP, PSD-95, CREB, and p-CREB protein expression. ECS 

further impaired memory, downregulated LTP by elevat-

ing the baseline fEPSP slope, and downregulated PSD-95 
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Figure 5 LTP in the CA1 region in hippocampus of rats after ECS (or MECS) treatment.
Notes: Original traces of fEPSP in each group (A); input/output curves in each group (B); the induction and maintenance of LTP (C); baseline fEPSP slope (D); relative fEPSP 
slope (E). Data are presented as the mean ± SE; *P0.05, ***P0.001 versus group C; #P0.05, ###P0.001 versus group D; P0.05, P0.001 versus group P; ∆∆∆P0.001 
versus group E. C represents control rats; D represents CUMS-pretreated rats that received sham ECS with normal saline pretreatment; P represents CUMS-pretreated rats 
that received sham ECS with propofol pretreatment; E represents CUMS-pretreated rats that received ECS with normal saline pretreatment; M represents CUMS-pretreated 
rats that received ECS with propofol pretreatment; n=5 in each group. aoriginal trace of baseline fEPSP; boriginal trace of fEPSP after HFS.
Abbreviations: CUMS, chronic unpredictable mild stresses; ECS, electroconvulsive shock; fEPSP, field excitatory postsynaptic potential; HFS, high frequency stimulation; 
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and p-CREB protein expression in depressed rats. Propofol 

alone did not reverse depression-induced changes, but when 

administered in modified ECS (MECS) (ie, ECS with anes-

thesia), it improved memory as compared with depressed 

rats receiving either ECS or sham ECS. Furthermore, the 

effects on the baseline fEPSP slope and LTP, PSD-95, CREB, 

and p-CREB protein expression were reversed. Moreover, 

propofol in MECS did not compromise the antidepressant 

effectiveness of ECS.

CUMS is a valid method used to reproduce depression in 

animal models.19,20 The SPT is used to evaluate rats’ enjoy-

ment of food, with decreased interest in sucrose (reflected by 

decreased SPP) indicating the degree of anhedonia, which 

is a core symptom of depression. Indexes of OFT indicate 

spontaneous activity such as excitation and exploratory abili-

ties in unfamiliar environments, which assist in evaluation of 

the depressive condition. CUMS can depress the responses 

of animals to their interests and novel environments. 

In this study, the SPP and indexes of OFT in CUMS-treated 

rats were lower than those in the control group, and these 

effects were not recovered by sham ECS treatment. These 

results are consistent with the behavioral traits of depressed 

animals, indicating the successful reproduction of a depres-

sive animal model. There were no significant differences in 

SPP and OFT indexes between the ECS-treated group and 

the MECS-treated group, indicating that propofol does not 

compromise the antidepressant efficacy of ECS.

Patients or animals with depression have cognitive defi-

cits, including memory impairment, which lead to decreased 

social activities and also affect final cognitive outcomes. In 

this study, we also found that rats displayed memory dys-

function after receiving CUMS treatment. Exerting amnesic 

effects, ECS has been used to reproduce an animal model of 

learning and memory deficits since the 1960s.21 We found 

that ECS exacerbated memory impairment in depressed rats. 

As a representative general anesthetic, propofol used at either 

anesthetic or nonsedative doses was found to induce amnesia 

in rodents.22,23 However, later studies showed that propofol 

anesthesia did not affect spatial memory in aged rats.24 Our 

results also indicate that repeated administration of propo-

fol (once a day for 7 days) did not exacerbate the memory 

impairment caused by depression. When combined with other 

general anesthetics used in ECT (including methohexital and 

thiopental), propofol did not damage cognitive function and 

was even found to provide benefit in this regard compared 

with the effects of the other anesthetics used alone.7,25 In 

our previous studies, it was shown that propofol itself had a 

definite antiamnesic effect when used as the sole anesthetic 

in ECS.9,14,26 In the present study, we further showed that 

propofol combined with MECS (in group M) could reverse 

memory impairment to a significantly higher level than was 

observed in the other two depressed groups without undergo-

ing ECS treatments (groups D and P). These results indicate 

that MECS not only reverses the memory impairment as 

compared with ECS, but also reverses the memory damage 

caused by depression, although not to the level observed in 

the control group.

As an essential mechanism of memory, hippocam-

pal synaptic plasticity can be measured in terms of LTP, 

which is damaged by depression. As an etiological factor 

of depression, chronic stresses depress hippocampal LTP 

and subsequently result in memory impairment in rodents.27 

Compared with control rats, the enhancement of synaptic 

efficacy induced by HFS in the dentate gyrus (DG) region of 

the hippocampus was depressed significantly in a rat model 

of depression.28 In this study, we also found that hippocampal 

LTP of CUMS-treated rats was depressed without regulating 

the baseline fEPSP slope, as compared with control rats. In 
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Figure 7 Hippocampal CREB/p-CREB protein expression in rats after ECS (or MECS) treatment.
Notes: Western blot bands of CREB/p-CREB and β-actin (A); relative expression of CREB protein (B); relative expression of p-CREB protein (C). Data are presented as 
the mean ± SE; **P0.01, ***P0.001 versus group C; #P0.05, ##P0.01 versus group D; P0.05, P0.01 versus group P; ∆∆∆P0.001 versus group E. C represents 
control rats; D represents CUMS-pretreated rats that received sham ECS with normal saline pretreatment; P represents CUMS-pretreated rats that received sham ECS with 
propofol pretreatment; E represents CUMS-pretreated rats that received ECS with normal saline pretreatment; M represents CUMS-pretreated rats that received ECS with 
propofol pretreatment; n=5–6 in each group.
Abbreviations: CUMS, chronic unpredictable mild stresses; ECS, electroconvulsive shock; MECS, modified ECS; SE, standard error.

vivo animal studies have demonstrated that a single local 

electroconvulsive seizure can impair LTP in the CA1 region 

of the hippocampus, and repeated ECS can impair LTP in 

the DG region in rats.29,30 However, whether repeated ECS 

inhibits LTP in the CA1 region in rodent hippocampal slices 

in vitro remains controversial.31 In this study, we found 

that ECS upregulated the baseline fEPSP slope in the CA1 

region in CUMS-treated rats, thus further downregulating 

HFS-induced LTP, which is similar to the effects of ECS 

found in the DG region in hooded Lister rats in vivo. This 

evidence supports the hypothesis that repeated ECS can 

induce the “saturation of LTP.”32 This hypothesis presumes 

that the baseline fEPSP slope had been excessively raised 

by ECS, which could simulate the induction of LTP by HFS; 

therefore, the potential response of synapses to the further 

LTP-inducing procedures (ie, HFS) was relatively decreased. 

Propofol inhibits LTP in the CA1 region,12 although LTP 

in the DG region did not change in a rat model of cerebral 

ischemia following intravenous infusion of propofol for 

1 hour.33 We found that although repeated administration of 

propofol (once a day for 7 days) did not reverse the inhibitory 

effects of depression on LTP, it did not further exacerbate the 

effects. However, LTP in depressed rats undergoing MECS 

following propofol pretreatment (group M) was reversed to 

a higher level than that of groups D, P, and E. This observa-

tion indicated that propofol did exert completely enhancing 

effects on LTP in MECS for rats with depression, and that 

MECS could improve LTP in depressed rats. The elevation of 

LTP by propofol is a novel discovery in this animal model of 

depression and ECS. It can be speculated that the mechanism 

of this effect of propofol differs from the depressive effects 

reported in previous studies in other disease models.

The formation and regulation of LTP is associated with 

synapse-related proteins. ECS induces decreased expression 

of hippocampal synaptic proteins, including N-methyl-D-

aspartate receptor (NMDAR) (a glutamic acid receptor sub-

type), PSD-95, and CREB proteins without changing GluR1 

(another glutamic acid receptor subtype), and synaptophysin 

in healthy rats.34 We previously found that hippocampal 

NMDAR expression was downregulated, reversed excessively 
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after undergoing ECS, and that propofol inhibited this effect 

of ECS, leading to improved memory in depressed rats.26 

Furthermore, propofol combined with MECS also reversed 

hippocampal synaptophysin expression in depressed rats.13

Linked with NMDARs at synaptic sites, PSD-95 plays a 

key role in mediating trafficking, clustering, and downstream 

signaling events following receptor activation in synaptic 

plasticity.35,36 PSD-95 was found to be decreased in the CA1 

region of depressed monkeys.37 Repeated ECS downregulated 

PSD-95 in healthy rats.34 In accordance with these reports, in 

this study, PSD-95 protein expression was downregulated in 

depressed rats, as compared with that in the control group. 

Furthermore, we found that ECS further exacerbated the 

decrease in PSD-95 protein expression in depressed rats,  

while propofol combined with MECS reverses these changes, 

albeit only to the level of untreated depressed rats. The results 

of hippocampal PSD-95 expression obtained in this study are 

generally in accordance with those of behavior indicating 

memory in rats, which indicates the participation of PSD-95 

in the mechanism by which propofol regulates the effects of 

MECS on memory. 

As a final downstream component of various pathways, 

the transcription factor CREB and its phosphorylated form are 

essential in the formation of hippocampal LTP, synaptic plas-

ticity, and memory. In accordance with the results of previous 

studies, we found that hippocampal CREB was downregu-

lated in depressed rats. The effects of ECS on CREB and its 

phosphorylation remain controversial. In early studies, it was 

found that ECS raised Ser-133 phosphorylation of CREB in 

rat hippocampus, but not in the cerebellum.38 However, oth-

ers found that a single ECS procedure or repetitive treatment 

did not change CREB expression patterns.39 Subsequently, 

other studies showed that CREB was reduced in the frontal 

cortices of rats immediately after ECS treatment,40 and the 

repeated ECS downregulated CREB in the hippocampus 

of rats.34 Recently, it has been reported that electrocon-

vulsive  stimuli increased p-CREB levels and the ratio of 

p-CREB/CREB in both saline-treated and adrenocorticotropic 

hormone (ACTH)-treated rats.41 In the present study, ECS 

downregulated hippocampal p-CREB levels without chang-

ing CREB levels in depressed rats. It can be speculated that 

the discrepancies between the findings of these studies are 

due to differences in the time points at which measurements 

were taken or in animal models; however, this requires further 

investigation. It was found that propofol at clinically relevant 

concentrations blocked NMDAR-dependent activation of 

CREB,42 and subanesthetic doses of propofol induced sup-

pression of CREB phosphorylation.43 However, others found 

that propofol had no effect on t-butyl hydroperoxide-induced 

downregulation of CREB expression and activation in 

cultured astrocytes,44 while propofol  upregulated CREB 

phosphorylation  in adult neural stem cells.45 In this study, 

propofol had no effects on the decrease in hippocampal CREB 

or p-CREB in depressed rats, but significantly reversed both 

CREB and p-CREB expression in MECS-treated depressed 

rats as compared with either the ECS-treated or untreated 

depressed rats. The differences between these reports of the 

effects of propofol on CREB may be caused by differences in 

doses or pathophysiological conditions, although this requires 

confirmation in further studies.

The limitation of this study is that the behavioral tests 

might influence the electrophysiological function and protein 

expression in rats. However, all the rats in this study were 

subjected to the same behavioral tests. Moreover, the statisti-

cally significant differences between groups in this study pro-

vide confidence in the interpretation of our results although 

further studies will be required to confirm the absence of 

influence due to the behavioral tests employed.

Conclusion
This work revealed that propofol alleviated ECS-induced 

memory impairment, possibly by reversing the excessive 

changes in hippocampal synaptic plasticity and related 

proteins caused by ECS, without interference with the anti-

depressant effects of ECS in a rodent model of depression. 

Furthermore, such findings are expected to provide novel 

insights into potential targets for optimizing the safety and 

efficacy of the clinical use of ECT.
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