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Purpose: Learning impairment after electroconvulsive therapy (ECT) is common.
Ketamine, an anesthetic used for ECT, has been demonstrated to attenuate cognitive impair-
ment after ECT. However, the mechanism by which ketamine occurs in this case is still
unknown. We aimed to explore the role of ketamine metabolite (2R,6R)-hydroxynorketamine
[(2R,6R)-HNK] in the protection against learning impairment and investigate whether
autophagy is involved in the protective effect.

Materials and Methods: A rat depression model received electroconvulsive shock (ECS;
simulated ECT in animal models) daily for 3 days. The Morris water maze was used to assess
the spatial learning function of the rats. Western blotting was used to detect the expression of
Beclin-1, light chain (LC)3-II/LC3-1, p62, mammalian target of rapamycin (mTOR), and
p-mTOR in the hippocampus.

Results: The escape latency for the maze in the ECS group was significantly longer than that
in the sham ECS group (P=0.042). Meanwhile, the escape latency in the (2R,6R)-HNK+ECS
group was significantly shorter than that in the ECS group (P=0.005). The LC3-II/LC3-I ratio
and Beclin-1 expression level significantly increased, and the p62 expression level signifi-
cantly decreased in the ECS group, compared with those in the sham ECS group (all
P<0.001). The (2R,6R)-HNK+ECS group showed lower LC3-II/LC3-I ratio (P<0.001) and
Beclin-1 expression level (P<0.001) and higher p62 (P<0.001) and p-mTOR expression
levels (P=0.048) than did the ECS group. After small-molecule enhancer of rapamycin 28
(SMER28) administration, the role of (2R,6R)-HNK in protecting against learning impair-
ment and inhibiting autophagy was abrogated, showing no difference in the escape latency;
the difference in the LC3-II/LC3-I ratio and p62 expression level between the SMER28
+(2R,6R)-HNK+ECS and ECS groups was not as significant as that between the (2R,6R)-
HNK+ECS and ECS groups (P<0.05-0.01 vs P<0.001).

Conclusion: (2R,6R)-HNK yields cognitive protection by suppressing autophagy through
the mTOR signaling pathway in the ECS-treated rat hippocampus.

Keywords: clectroconvulsive shock, learning impairment, (2R 6R)-hydroxynorketamine,

autophagy

Introduction

Major depressive disorder (MDD) is a globally prevalent psychiatric disorder that
develops into a severe socio-economic challenge. Over a third of patients with
MDD do not have an adequate response to first-line antidepressant treatments; that
is, they have treatment-resistant depression (TRD). These patients are at an
increased risk of suicide and tend to have a more severe course of illness. Several
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effective pharmaco-therapeutic strategies that are currently
available for patients with TRD include combining more
than one antidepressant, switching to a different antide-
pressant, or augmenting an antidepressant with non-
antidepressant medication. It is still unclear which of
these treatment approaches should be applied to a given
patient and in what order." Owing to this ambiguity, elec-
troconvulsive therapy (ECT) is one of the preferred treat-
ments for TRD. ECT is a standard psychiatric treatment
for certain psychiatric illnesses and has been proven to be
effective for TRD.? However, this treatment may lead to
learning impairment.” Further, there are still critics postu-
lating that ECT may be associated with neurotoxic injury.

Ketamine has emerged as a novel and rapid-acting
antidepressant. Intravenous injection of low-dose ketamine
rapidly reduces depressive symptoms and suicidal ideation
in patients with affective disorders.’ There is an unmet
clinical need for efficient drugs with a rapid onset of
antidepressant effects. Esketamine has recently been
licensed by the US Food and Drug Administration and
European Drug Agency for use in TRD. Ketamine is
a noteworthy anesthetic agent used mainly for the initia-
tion and maintenance of anesthesia. Because of its anes-
thetic and antidepressant effects, ketamine has become
progressively popular in ECT anesthesia.*”’

The common side effect after ECT is cognitive impair-
ment. Patients experience disorientation and anterograde
amnesia after each ECT treatment.® The use of ECT is
limited owing to its adverse effects on cognitive function.
A previous study has shown that ketamine as an anesthetic
for ECT exhibits cognitive protection for patients with
MDD.” However, the postulated molecular mechanism of
ketamine for ECT against cognitive impairment remains
unclear. Neurotoxic injury, such as excitotoxic damage
related to excessive glutamatergic transmission through
the N-methyl-D-aspartate receptor during ECT, may be
one of the postulated molecular mechanisms for cognitive
impairment. In addition, there is evidence that electrocon-
vulsive seizures enhance autophagy signaling in the rat
hippocampus.” The excitotoxicity of glutamate can induce
autophagy. Autophagy imbalance is involved in the patho-
physiological process of many diseases. Once autophagy is
overactivated, it will lead to programmed cell death.'
Studies have shown that the decline in cognitive function
caused by traumatic damage is closely related to the acti-
vation of autophagy.''"'> There is evidence that ketamine
can mitigate excitotoxic neuronal damage mediated by the
effect of rapidly leading to increased synaptic signaling

proteins,'® increasing the number and function of new
spine synapses,'® and attenuating autophagy.'' The meta-
bolism of ketamine to (2R,6R)-hydroxynorketamine
[(2R,6R)-HNK] is essential for the antidepressant effects,
which involve early and sustained a-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid receptor activation,
as evidenced by an increase in GluA1l and GluA2 produc-
tion in hippocampal synapses.'* There is evidence that
mammalian target of rapamycin (mTOR) signaling
increases in the presence of (2R,6R)-HNK.'"> Autophagy
is inhibited by mTOR activation.'® Recent findings sup-
port the potential use of (2R,6R)-HNK for the treatment of
MDD, 415

The side effects of cognitive impairment after ECT
are related to neurotoxic injury and enhancement of
autophagy signaling.” Considering the effect of (2R,6R)-
HNK on mTOR activation,'®> we speculate that adminis-
tration of (2R,6R)-HNK in ECT may yield potential
cognitive protection by suppressing the excessive activa-
tion of autophagy. In this study, the learning ability of
depressed rats after electroconvulsive shock (ECS; simu-
lated ECT in animal models) was assessed, and the
effects of (2R,6R)-HNK on the expression of autophagy
markers and mTOR in the ECS-treated rat hippocampus
were explored.

Materials and Methods

Animals
This study was approved by the Guangzhou Medical
University Animal Committee (No. GY2020-103) and
complied with the Chinese Guide for the Care and Use
of Laboratory Animals (Laboratory Animal Guideline for
the ethical review of animal welfare). Clean healthy adult
male Sprague-Dawley (SD) rats (240-260 g; 2—3 months
old) were used in this experiment. The SD rats were kept
under standard laboratory conditions with ad libitum
access to food and water for 1 week. The experiment
was conducted in accordance with the standard ethical
guidelines for the care and use of laboratory animals.
After the model of depression was established, 30 rats
were randomly divided into five groups: sham ECS, ECS,
(2R,6R)-HNK+ECS, autophagy enhancer small-molecule
enhancer of rapamycin 28 (SMER28)+(2R,6R)-HNK
+ECS, and autophagy inhibitor 3-methyladenine (3-MA)
+(2R,6R)-HNK+ECS groups. A detailed flowchart is

shown in Figure 1.
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Figure | Flowchart for the behavior test.
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Abbreviations: CUMS, chronic unpredicted mild stress; SPT, sucrose preference test; MWM, Morris water maze; ECS, electroconvulsive shock.

Chronic Unpredictable Mild Stress
(CUMS)

The CUMS method was used to establish a rat model of
depression. The rats were subjected randomly to the fol-
lowing mild stressors: (1) feeding of foreign matter, (2)
swimming in ice water at 4°C for 5 min, (3) cage tilting at
45° for 24 h, (4) wet caging for 24 h, (5) food deprivation
for 24 h, (6) water deprivation for 24 h, and (7) tail
pinching for 1 min. All rats were exposed randomly to
two stressors every day for 21 days.

Sucrose Preference Test

The sucrose preference test was performed to assess
depressive behavior symptoms in all rats before and after
conducting the CUMS method. The percentage of sucrose
solution consumed relative to the total liquid consumed
during the test was calculated and used as a measure of
sucrose preference.

Drugs

(2R,6R)-HNK (Sigma, USA) was dissolved in saline (final
concentration: 10 mg/mL). SMER28 (MedChemExpress,
USA) was dissolved in 10% DMSO (final concentration:
13.21 mg/mL). 3-MA (Sigma, USA) was dissolved in
saline (final concentration: 100 nmol/mL). In the (2R,6R)-
HNK+ECS group, 3-MA+(2R,6R)-HNK+ECS group, and
SMER28+(2R,6R)-HNK+ECS  group, (2R,6R)-HNK
(1 mL/kg) and etomidate (5 mg/kg) were administered
simultaneously via intraperitoneal injection, while 3-MA
(5 uL) or SMER28 (20 pL) was administered via intraper-
itoneal injection 30 min before anesthesia.

ECS

ECS was performed after the CUMS method and the first
Morris water maze. Electrical stimulation (55-60 mA,
duration: 0.5 s, frequency: 120-125 Hz, amplitude: 0.8

1718 \vas performed to induce

A, and wave width: 1.5 ms)
tonic-clonic convulsion using lightweight alligator clips

attached to the ears wetted with saline. The rats in the

sham ECS group received sham ECS (clips on the ears, no
shock).

Morris Water Maze

The Morris water maze, a gold standard test used to study
spatial memory and learning developed by Richard
G. (1984), was used in this study. Six rats in each group
were examined in this experiment. The Morris water maze
equipment is a circular swimming pool (150 cm in dia-
meter, with four quadrants). The escape latency experi-
ment was performed after the ECS for four times once
a day for 5 days. Each rat was placed into four different
quadrants of the pool. The video analysis system automa-
tically recorded the time it took the rats to find the hidden
platform, which is regarded as the escape latency. When
the rats failed to reach the platform within 60 s, they were
guided to the platform and stayed there for 10 s. After 10
s of being kept on the platform, the rats were removed
therein. The final score was the mean escape latency
from day 1 to day 5 of the Morris water maze experiment.

Tissue Preparation and Western Blot
Analysis

The hippocampal tissue was cut and sheared. Thereafter, it
was added to the lysate containing RIPA, PMSF, and phos-
phatase inhibitor at 100 mg/mL. The resulting lysates were
centrifuged at 12,000 rpm for 15 minutes at 4°C, and the
supernatants were collected. Protein concentrations were
measured using a BCA Protein Assay Kit (TaKaRa, China).
Loading buffer containing mercaptoethanol was added to the
sample, which was then boiled for 5 minutes. Equal amounts
of proteins were loaded into wells, analyzed via electrophor-
esis on sodium dodecyl sulfate polyacrylamide gels, and
transferred to polyvinylidene difluoride membranes (GE
Healthcare, Germany). After blocking with nonfat milk, the
membranes were further probed with specific primary anti-
bodies against mTOR, p-mTOR, microtubule-associated
protein light chain (LC)3-I, LC3-II, p62, Beclin-1, and B-
actin (Abcam, Britain). The membrane was kept overnight at
4°C. After washing, the membranes were incubated with
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secondary antibodies (Beyotime, China) conjugated with
horseradish peroxidase. Immunoreactions were visualized
using an ECL detection system, and the intensities of the
protein bands were analyzed.

Statistical Analysis

Statistical analysis was performed using the Statistical Package
for Social Sciences (IBM SPSS) version 22.0 (Chicago, IL,
USA). All data were expressed as means + SEMs. Statistical
significance was determined using one-way ANOVA, fol-
lowed by the Bonferroni post hoc test, where appropriate.
P-values of <0.05 were considered statistically significant.

Results

Morris Water Maze

There were no significant differences found in the
escape latency and space exploration times among the
ECS One-way ANOVA
revealed that there were group differences in the average
escape latency (F=4.868, P=0.005) after ECS treatment.
The Bonferroni post hoc analyses indicated that the ECS

groups before treatment.

group showed a significantly longer escape latency than
did the sham group (P=0.042), (2R,6R)-HNK+ECS
group (P=0.005), and 3-MA-+(2R,6R)-HNK+ECS group
(P=0.031) (Figure 2). No difference in the escape
latency was observed between the (2R,6R)-HNK+ECS,
3-MA+(2R,6R)-HNK+ECS, and SMER28+(2R,6R)-
HNK+ECS groups and the sham group (Figure 2).

Western Blotting
One-way ANOVA revealed that there were group differ-
ences in the Beclin-1 expression level (F=73.369,
P<0.001), p62 expression level (F=145.925, P<0.001), and
LC3-II/LC3-I ratio (F=43.485, P<0.001) (Figure 3A-D).
No group differences were found in the mTOR expres-
sion level (F=0.113, P=0.975) (Figure 4A and B). One-
way ANOVA revealed that there was a group difference in
the p-mTOR expression level (F=9.976, P=0.002) among
the five groups (Figure 4A and C).

Role of ECS in Inducing Autophagy

The analysis of the critical proteins in the autophagy
pathway showed that the p62 expression level signifi-
cantly decreased (P<0.001), and the LC3-II/LC3-I ratio
(P<0.001) and Beclin-1 expression level (P<0.001) sig-
nificantly increased in the ECS group when compared
with those in the sham ECS group (Figure 3B-D).
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Figure 2 Effects of ECS and (2R,6R)-HNK on the learning of animals based on the
Morris water maze results. This figure presents the results of the Morris water maze
experiment after ECS treatment. A longer escape latency indicates worse learning
performance. The final score was the mean escape latency from day | to day 5 of the
Morris water maze experiment. *P<0.05 compared with the sham ECS group.
AP<0.05, A AP<0.0l, compared with the ECS group. V VP<0.0l compared with
the (2R,6R)-HNK+ECS group. AP<0.05 compared with the 3-MA+(2R,6R)-HNK+ECS
group. Data were analyzed using one-way analysis of variance, with the Bonferroni post
hoc test. Bars represent the means + SEMs; n=6 per group.

Abbreviations: ECS, shock; (2R,6R)-HNK, (2R,6R)-
hydroxynorketamine; 3-MA, 3-methyladenine; SMER28, small-molecule enhancer
of rapamycin 28.

electroconvulsive

Role of (2R,6R)-HNK in ECS-Induced

Autophagy

(2R,6R)-HNK  significantly attenuated ECS-induced
autophagy; the groups treated with (2R,6R)-HNK then
showed a higher p62 expression level (P<0.001) and
lower LC3-II/LC3- 1 ratio (P<0.001) and Beclin-1
expression level (P<0.001) than did the ECS group
(Figure 3B-D).

Effect of SMER28 on (2R,6R)-HNK-

Inhibited Autophagy

Infusion of SMER28 attenuated the role of (2R,6R)-HNK
in inhibiting autophagy; a lower p62 expression level
(P=0.001) and higher LC3-II/LC3-I ratio (P=0.033) and
Beclin-1 expression levels (P=0.045) were then observed
in the SMER28+(2R,6R)-HNK+ECS group than in the
(2R,6R)-HNK+ECS group (Figure 3B-D).

Effect of 3-MA on (2R,6R)-HNK-Inhibited

Autophagy

Infusion of 3-MA enhanced the effect of inhibiting autop-
hagy; a higher p62 expression level was then observed
(P=0.003) in the 3-MA+(2R,6R)-HNK+ECS group than
in the (2R,6R)-HNK+ECS group (Figure 3A and D).
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Figure 3 Western blot analysis of Beclin-1, LC3-II/LC3-I ratio and p62 expression in the hippocampus. (A) Western blot analysis; (B) expression of Beclin-1; (C) ratio of
LC3-Il/LC3-I; (D) expression of p62. ¥P<0.05, **P<0.01, ***P<0.001 compared with the sham ECS group. AP<0.05, A AP<0.0l, A A AP<0.001 compared with the ECS
group. VP<0.05, VVP<0.0l, V'V VP<0.00 compared with the (2R,6R)-HNK+ECS group. 0P<0.05, 00P<0.01, 000P<0.00| compared with the SMER28+(2R,6R)-HNK
+ECS group. AAP<0.01, AAAP<0.001 compared with the 3-MA+(2R,6R)-HNK+ECS group. Data were analyzed using one-way analysis of variance, with the Bonferroni post
hoc test. Bars represent the means + SEMs; n=3 per group.

Abbreviations: ECS, electroconvulsive shock; (2R,6R)-HNK, (2R,6R)-hydroxynorketamine; 3-MA, 3-methyladenine; SMER28, small-molecule enhancer of rapamycin 28;
LC, light chain.

>
w
o

mTOR p-mTOR
S 507 5 207 -
? I &
%’_ 4017 [ “5’_ 15+ .
X X
mTOR R 0 [p =N &= _; 30 .Z
p-mTOR . — §] 9 10 *v*
B-actin " — — — - gzo- g_ AA
[ O 5-
2 104 2
k= k=
g 0- T T &’ 0-
o 2.9 99 o 2.9 29
& @0&0&0&0 & 0&0&0" %]
& & S & & EF
& K
& XX XX
SES S
S & R
¥ AN
& Y kit
2 2

Figure 4 Western blot analysis of mTOR and p-mTOR expression in the hippocampus. (A) Western blot analysis; (B) expression of mTOR; (C) expression of p-mTOR.
*#P<0.01 compared with the sham ECS group. AP<0.05, A AP<0.0l, compared with the ECS group. v P<0.05 compared with the (2R,6R)-HNK+ECS group. AAP<0.01
compared with the 3-MA+(2R,6R)-HNK+ECS group. Data were analyzed using one-way analysis of variance, with the Bonferroni post hoc test. Bars represent the means +
SEMs; n=3 per group.

Abbreviations: ECS, electroconvulsive shock; (2R,6R)-HNK, (2R,6R)-hydroxynorketamine; 3-MA, 3-methyladenine; SMER28, small-molecule enhancer of rapamycin 28;
mTOR, mammalian target of rapamycin.
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mTOR and p-mTOR Expression Levels
The p-mTOR expression level significantly decreased
(P=0.003) in the ECS group when compared with that in
the sham ECS group (Figure 4C). Meanwhile, the
p-mTOR expression level was significantly higher in the
(2R,6R)-HNK+ECS group (P=0.042) than in the ECS
group (Figure 4C). There was no difference found in the
p-mTOR expression level between the (2R,6R)-HNK
+ECS group and the SMER28+(2R,6R)-HNK+ECS
(P=1) and 3-MA-+(2R,6R)-HNK+ECS groups (P=1)
(Figure 4C).

Discussion

ECT is a common and effective treatment for TRD but
often causes cognitive impairment in patients. In clinical
studies, it has been found that ketamine alleviates the
cognitive side effects when used as an anesthetic in ECT;
however, the mechanism is still unclear. In this study, we
found that ECS enhanced autophagy and induced spatial
learning impairment, and (2R,6R)-HNK administration
inhibited autophagy and offered potential protection
against learning impairment. Furthermore, we revealed
for the first time that mTOR activation-induced inhibition
of autophagy critically contributed to the effect of
(2R,6R)-HNK on ECS-induced autophagy.

Autophagy has both favorable and unfavorable conse-
quences, as both impaired autophagy and excessive autop-
hagy are associated with many diseases. Autophagy
imbalance is involved in the pathophysiological process
of many diseases. Once autophagy is overactivated, it will
lead to programmed cell death.'® Studies have shown that
the decline in cognitive function caused by traumatic
related to the
autophagy.'""'> The excitotoxicity of glutamate is an

damage is closely activation of
important cause of cognitive impairment in ECT. ECT
stimulation induces glutamate release and enhances the
glutamate signaling system. Glutamate excitotoxicity
induces autophagy.'® Activation of the 82 glutamate recep-
tor significantly upregulates autophagy.”® In this study,
ECS-induced autophagy was confirmed as demonstrated
by increased expression of autophagy signals Beclin-1 and
LC3-II/LC3-I and decreased expression of autophagy-spe-
cific substrate p62. These results are consistent with those
of a previous study.’

ECS has been shown to enhance autophagy signaling
in the rat hippocampus.” Excessive autophagy may induce
learning impairment by decreasing the phosphorylated

cAMP-response element-binding protein,?’ which plays
an important role in regulating hippocampal neuronal
regeneration, synaptic formation, learning, and memory.
In this study, we found that the escape latency for the
Morris water maze in the ECS group was significantly
longer than that in the sham ECS group, indicating learn-
ing impairment.

Administration of (2R,6R)-HNK inhibited the activa-
tion of ECS-induced autophagy in the hippocampus, show-
ing decreased expression of autophagy signals Beclin-1
and LC3-II/LC3-I and increased expression of autop-
hagy-specific substrate p62, when compared with ECS.
These results indicate that (2R,6R)-HNK inhibited autop-
hagy. This is in line with a previous report that ketamine
was involved in the protective effect on allergic airway
inflammation by alleviating autophagy.?* Consistently, we
observed better performance in the escape latency for the
Morris water maze after (2R,6R)-HNK administration.
These results indicate that (2R,6R)-HNK alleviated ECS-
induced learning impairment by inhibiting the activation
of ECS-induced autophagy.

To further determine the role of (2R,6R)-HNK in
downregulating autophagy in the pathology of ECS-
induced autophagy, we tested the effects of the autop-
hagy enhancer SMER28. Our analysis showed that
SMER28 weakened the inhibitory effect of (2R,6R)-
HNK on autophagy, as demonstrated by a significant
increase in the expression of autophagy markers, includ-
ing higher LC3-II/LC3-I ratio and Beclin-1 expression
level and lower autophagy-specific substrate p62 expres-
sion level in the SMER28+(2R,6R)-HNK+ECS group
than in the (2R,6R)-HNK+ECS group. In addition, we
tested the effects of the autophagy inhibitor 3-MA and
found that autophagy inhibition was enhanced, showing
that the expression level of autophagy-specific substrate
p62 was higher in the 3-MA+(2R,6R)-HNK+ECS group
than in the (2R,6R)-HNK+ECS group. Consistently, we
observed that the performance in the Morris water maze
for the rats in the (2R,6R)-HNK+ECS and 3-MA
+(2R,6R)-HNK+ECS groups was better than that in the
ECS group. However, we failed to find a better protec-
tive effect on learning impairment when the autophagy
inhibitor 3-MA was administered in comparison to that
when (2R,6R)-HNK+ECS was
results suggest that (2R,6R)-HNK exerts protective

administered. These

effects against ECS-induced autophagy and learning

impairment.
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mTOR is a kinase that plays a critical role in reg-
ulating autophagy. When mTOR is phosphorylated,
autophagy is inhibited. A number of studies have
reported consistent findings that ketamine rapidly acti-
vates mTOR.?>?7 The activation of mTOR by ketamine
may result in the inhibition of autophagy.''**?® In this
study, we found that the ketamine metabolite (2R,6R)-
HNK before ECS mimicked the effects of ketamine,
showing higher p-mTOR expression levels after
(2R,6R)-HNK administration; this suggests that the inhi-
bition of autophagy by (2R,6R)-HNK was mainly attrib-
uted to the activation of mTOR. However, there are still
conflicting results regarding the effect of (2R,6R)-HNK
on mTOR activation. Herein, we found that (2R,6R)-
HNK increases the phosphorylated form of mTOR in the
hippocampus after repeated administration (once a day
for 3 days in a row). Fukumoto et al observed a rapid
but transient activation of mTOR in the medial prefron-
tal cortex at 30 min after administration." However,
Zanos et al did not observe stimulation of mTORCI1
signaling in the hippocampus at 60 min after
administration.'* This could be attributed to the different
regions analyzed,'> time points,”> and timing of
(2R,6R)-HNK administration.

Conclusion
our study showed that (2R,6R)-HNK
improves the cognitive performance of ECS-treated rats,

In summary,

indicating a protective effect on learning ability. (2R,6R)-
HNK could inhibit excessive ECS-induced autophagy in
the hippocampus, thus protecting the learning function in
depressed rats after ECS. The inhibition of autophagy by
(2R,6R)-HNK may be mediated by the activation of
mTOR.
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