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ABSTRACT

Background: Gluta mater gic N-methyl-D-aspartate (NMDA) receptors play vital roles in memory forma-
tion. Changes in the activity of these receptors influence memory processes. Ketamine is a noncompeti-
tive NMDA receptor antagonist drug with promising mood-altering and pain-reducing effects in low doses. 
These effects are believed to be related to altered serotonergic transmission.

Methods: The present study investigated the involvement of the serotonergic system in low-dose ket-
amine administrations’ effects on memory acquisition, consolidation, and retrieval processes. Sixty-four male 
BALB/c mice were used in this experiment and separated into 8t groups. Mice were treated subchronically 
with a selective serotonin reuptake inhibitor, fluoxetine, and a serotonin depletion agent, p-chlorophenylal-
anine (pCPA). A serotonin antagonist, methiothepin, and ketamine were acutely administered 60 minutes 
before or after the behavioral tests. A passive avoidance (PA) test measured emotional memory acquisition, 
consolidation, and retrieval processes. Hippocampi malondialdehyde (MDA) levels were analyzed, and histo-
pathological examinations were performed.

Results: Ketamine alone did not significantly affect memory encoding processes in the PA test, while the ket-
amine–fluoxetine combination disrupted memory consolidation. Fluoxetine negatively affected the memory 
acquisition process, which was normalized during the consolidation and retrieval trials. Drug applications did 
not significantly alter hippocampal MDA levels. In all ketamine-applied groups, histopathologic alterations 
were evident.

Conclusion: Low-dose ketamine administration induces neurodegeneration, and it also impairs memory 
functions when combined with fluoxetine, indicating increased serotonergic transmission may be involved in 
the memory-impairing and neurotoxic effects of ketamine.
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Introduction
Glutamatergic receptors are involved in various cognitive processes, including memory.1 
Increased glutamatergic transmission can enhance memory functions, while reduced transmis-
sion can impair memory.2,3 Long-term potentiation and long-term depression are mediated by 
complex mechanisms involving the glutamatergic N-methyl-D-aspartate (NMDA) receptors.4

The normoactivity of NMDA receptors is essential for memory formation, synaptic plasticity, 
and proper brain function.5 NMDA receptor antagonists affect cognition; thus, these molecules 
in high doses, including ketamine, are being employed to induce memory impairments,6 while 
lower doses are investigated to treat depression,7 pain,8 and anxiety disorders.9 Suicidal ideation 
in humans is also reduced with low-dose ketamine applications.10

Cognitive functions are sensitive to changes in neurotransmission. The serotonergic system is 
crucial in memory formation, and significant alterations in serotonergic transmission may affect 
cognitive functions.11 Ketamine is reported to increase serotonergic activity, which is deemed 
to be linked to its fast-acting antidepressant effects.12 Similar mechanisms may be involved in its 
deteriorating effects on memory processes.
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Ketamine is associated with neurodegenerative 
changes in various areas of the brain in pre-
clinical and clinical studies. Loss of hippocam-
pal tissue integrity and loss or degeneration of 
pyramidal and granule neurons are linked with 
ketamine applications.13 Clinical studies on indi-
viduals with ketamine addiction also revealed 
significant morphological deteriorations in a 
wide range of brain regions.14 Although ket-
amine has definite benefits in various indications, 
its memory-impairing and neurotoxic effects 
limit its widespread use.15

The present study was performed to deter-
mine the acute effects of low-dose ketamine 
administrations and ketamine–fluoxetine com-
binations on memory processes, e.g., acquisi-
tion, consolidation, and retrieval, and to define 
the serotonergic systems’ possible involvement 
in ketamine-induced memory impairments and 
neurotoxicity in mice.

Material and Methods

Animals
Sixty-four male BALB/c mice (10-12 months 
of age, weighing 25-35 g) obtained from the 
local animal colony facility were separated into 8 
groups (n = 8). The sample size was determined 
based on power analysis provided by Inonu 
University Online Statistics Application calcula-
tions, which considered statistical significance, 
effect size, and anticipated variability to ensure 
adequate statistical power for detecting mean-
ingful differences between experimental groups. 
The mice were housed in plastic cages with free 
access to food pellets and tap water. Two weeks 
before the experimental procedures, they were 
transferred to the laboratory and kept in stan-
dard laboratory conditions (21 ± 1.5°C) in a 
12-hour light/dark cycle (light onset at 8:00 pm). 
Each test group consisted of 7-9 mice, and all 
tests were conducted between 9:00 and 12:00 
am. All procedures concerning the animals 
were performed in agreement with Directive 
2010/63/EU of the European Parliament and 
of the Council of 22 September 2010. Ethics 
approval was obtained from Dicle University 
Animal Experiments Ethics Committee 

(DUHADEK) with the number: 1412, Date: 
2014. The mice were naive to the conducted 
protocols and were tested individually. Following 
the behavioral tests, the mice were sacrificed by 
cervical decapitation for further analysis. One 
brain hemisphere was used for histopathological 
analysis, and the other was used to measure hip-
pocampal malondialdehyde (MDA) levels.

The Experimental Groups
Eight groups were named as follows: (1) VEH: 
vehicle, (2) KET: ketamine (20 mg/kg), (3) 
FLU: Fluoxetine (20 mg/kg, 7 days), (4) MET: 
methiothepin (0.1 mg/kg), (5) pCPA: para- 
chlor ophen ylala nine (150 mg/kg, 4 days), (6) 
KF: ketamine–fluoxetine combination, (7) 
KM: ketamine–methiothepin combination, 
and (8) KP: ketamine–pCPA combination. 
Combinations had similar application proto-
cols as the single-drug administered groups. 
Fluoxetine applications started 7 days before 
the first experiment (passive avoidance acqui-
sition trial) and continued until the end of the 
experimental procedure. Para- chlor ophen ylala 
nine applications were started 4 days before 
the first experiment and continued until the 
end. Other molecules (KET and MET) were 
administered only before or after the experi-
ments, as explained below.

Drugs
Drugs were obtained from Sigma-Aldrich 
Chemical Co. (St. Louis, MO, USA). Fluoxetine 
(20 mg/kg, 1 week) was used as a selective 
serotonin reuptake inhibitor; MET (0.01 mg/
kg) was used to block serotonin receptors; and 
pCPA (150 mg/kg, 4 days) was used to deplete 
serotonin and block its production via inhibit-
ing tryptophan hydroxylase. All drugs were 
dissolved in 0.9% saline and given intraperitone-
ally in a volume of 10 mL per kg body weight. 
The mice received fluoxetine and pCPA before 
and on testing days, and the untreated groups 
were given 0.9% saline. The drugs KET (20 mg/
kg), MET, and continuously administered drugs 
(pCPA and fluoxetine) were injected 1 hour 
before the PA test training (acquisition, day 1), 
directly after the training (consolidation, day 1), 
and 1 hour before the retention (retrieval, day 
2) trials. The doses of the drugs were deter-
mined based on earlier behavioral studies.16-18

Passive Avoidance Test
A passive avoidance (PA) test apparatus 
(MAY-PA 1014-M) was used to measure the 
effects of the drugs on emotional learning and 
memory performances. In this test, the animals 
learn to evade a place linked to an unpleas-
ant experience. The apparatus comprised 2 
compartments (22 × 21 × 22 cm each). The 

illumined white compartment (2000 lux) is 
connected to a dark compartment with an 
automatically operated ground-level door. The 
passing time of mice to the dark compartment 
was considered step-through latencies.19 The 
latencies to enter the dark compartment on the 
second day of the test were used as an indica-
tor of learning. The apparatus is decorated with 
an electrifiable grid floor. The test lasted 2 days 
and consisted of training (day 1) and a retention 
trial (day 2).

In the training trial, each mouse was individu-
ally placed in the illumined compartment and 
acclimated for 60 seconds, after which the door 
separating the compartments was opened. 
When the mouse placed all 4 paws into the 
dark compartment, the door closed auto-
matically, and a footshock was administered to 
the animal’s paws (0.25 mA, 1 second). Then, 
they were removed from the apparatus and 
returned to their home cage. The mice not 
entering the dark compartment in 300 sec-
onds (cut-off time) were excluded from fur-
ther experiments. The grid floor and the small 
drawer under the apparatus were cleaned 
thoroughly between each test to not to affect 
the following mice with olfactory cues. In the 
retention trial conducted the day following 
the training, the animals were placed into the 
illumined compartment, and the step-through 
latencies were estimated. The latencies to enter 
the dark compartment in this trial were used as 
an indicator of learning.

Measurement of Lipid Peroxidation
Malondialdehyde is a lipid peroxidation product 
and is used to measure oxidation levels. The 
thiobarbituric acid (TBA) method was used 
to assess MDA levels based on the reaction 
of MDA with TBA.20 The tissue samples were 
weighed and placed in ice-cold 0.5 mL 10% tri-
chloroacetic acid (TCA), along with 4.5 mL of 
5% TCA (w/v). Then, the tissues were homog-
enized using a sonic dismembrator (Model 
FB50, Fisher Scientific, California, USA) and 
centrifuged with a microcentrifuge (MicroCL 
17R, Thermo Scientific, Massachusetts, USA) 
for 15 minutes at 4500 rpm. Following cen-
trifugation, 1 mL of the supernatant was trans-
ferred into a glass tube with an equivalent 
volume of 0.6% (w/v) TBA, and the mixture 
was heated using a Nuve water bath (BM 30, 
NUVE, Ankara, Türkiye) and kept at 100°C for 
10 minutes. After cooling, the absorption spec-
trum was measured with a spectrophotometer 
(Shimadzu UV-1205, Kyoto, Japan) at 532 nm. 
Results were measured using the molar extinc-
tion coefficient and were shown as nmol per 
gram of tissue.

Main Points

• Ketamine alone did not alter emotional memory 
functions.

• Ketamine combined with fluoxetine impaired 
memory acquisition and consolidation.

• Fluoxetine alone impaired memory acquisition but 
not consolidation and retrieval.

• The importance of  the serotonergic system is 
observed in ketamine–fluoxetine combination-
induced memory impairments.
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Histopathological Examinations
The brain tissues taken from the mice were 
placed in a 10% formalin solution for 24 hours 
for fixation and further pathological analysis, as 
described previously.21 The sections were sub-
jected to routine histological tissue preparation 
procedures after the fixation. The tissues were 
dehydrated and embedded in paraffin blocks. 
Sections of 5 µm thickness were obtained from 
the paraffin blocks and stained with hematoxylin 
and eosin (H&E). An observer blinded to the 
experimental protocol observed the sections 
under a Nikon light microscope (Nikon Eclipse 
80i, Nikon, Tokyo, Japan).

Statistical Analysis
The results were assessed with SPSS 24 (IBM 
SPSS Corp.; Armonk, NY, USA) using a one-way 
analysis of variance (ANOVA). A post hoc Tukey 
test was used to define the differences between 
groups. The data are shown as mean values and 
±SEM. Differences were considered statistically 
significant if the P-value was less than .05.

Results

Passive Avoidance Tests
These tests were executed in 3 different setups 
to evaluate the effects of drug application pro-
tocols on memory acquisition, consolidation, and 
retrieval processes. Drugs were applied 1 hour 
before the first-day test to measure memory 
acquisition, right after the first-day test to mea-
sure memory consolidation, and 1 hour before 
the second-day test to measure memory retrieval.

Memory Acquisition Trial
The step-through latencies were not altered in 
the KET group but were lower in the FLU and 
KF groups compared with the VEH group (P < 
.01, P < .05, respectively). The KF group’s laten-
cies were also lower than the KET group (P < 
.05, Figure 1).

Memory Consolidation Trial
The KF group had lower transfer latencies than 
the KET group (P < .01). MET, pCPA, and KP 
groups had significantly increased step-through 
latencies compared to the VEH group (P < .05 
P < .05, and P < .01, respectively). The KF group 
had lower step-through latencies than the FLU 
group (P < .05, Figure 2).

Memory Retrieval Trial
No significant differences were observed 
between test groups (P > .05, Figure 3).

Histopathological Results
Brain slides were examined by using a light 
microscope, and normal histologic appearances 

Figure 1. Memory acquisition trial, step-through latencies in the passive avoidance test. VEH, vehicle; KET, 
ketamine (20 mg/kg); FLU, fluoxetine (20 mg/kg, 7 days); MET, methiothepin (0.1 mg/kg); pCPA, para- chlor 
ophen ylala nine (150 mg/kg, 4 days); KF, ketamine–fluoxetine combination; KM, ketamine–methiothepin 
combination; and KP, ketamine–pCPA combination. Each column represents the mean ± SEM of  7-8 mice. 
aP < .01 vs. VEH group, bP < .05 vs. VEH group, cP < .05 vs. KET group. One-way ANOVA followed by a 
post hoc Tukey test was used for statistical analysis.

Figure 2. Memory consolidation trial, step-through latencies in the passive avoidance test. VEH, vehicle; 
KET, ketamine (20 mg/kg); FLU, fluoxetine (20 mg/kg, 7 days); MET, methiothepin (0.1 mg/kg); pCPA, 
para- chlor ophen ylala nine (150 mg/kg, 4 days); KF, ketamine–fluoxetine combination; KM, ketamine–
methiothepin combination; KP, ketamine–pCPA combination. Each column represents the mean ± SEM of  
7-8 mice. aP < .05 vs. VEH group, bP < .01 vs. KET group, cP < .05 vs. FLU group, and dP < .01 vs. VEH 
group. One-way ANOVA followed by a post hoc Tukey test was used for statistical analysis.

Figure 3. Memory retrieval trial, step-through latencies in the passive avoidance test. VEH, vehicle; KET, 
ketamine (20 mg/kg); FLU, fluoxetine (20 mg/kg, 7 days); MET, methiothepin (0.1 mg/kg); pCPA, para- chlor 
ophen ylala nine (150 mg/kg, 4 days); KF, ketamine–fluoxetine combination; KM, ketamine–methiothepin 
combination; KP, ketamine–pCPA combination. Each column represents the mean ± SEM of  7-8 mice. 
One-way ANOVA was used for statistical analysis.
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were observed in the VEH (Figure 4A), FLU 
(Figure 4C), MET (Figure 4D), and pCPA 
(Figure 4E) groups. Perineural and perivascu-
lar edema were observed in KET (Figure 4B), 
KF (Figure 4F), and KM (Figure 4G) groups. 
Necrosis was observed in KM (Figure 4G) and 
KP (Figure 4H) groups. Satellitosis was observed 
in KET (Figure 4B) and KP (Figure 4H).

Lipid Peroxidation Levels
Hippocampal MDA levels were insignificantly 
higher in the KET group compared with the 
VEH group (P > .05, Figure 5).

Discussion
Ketamine is a popular drug presented as an 
anesthetic in the second part of the past cen-
tury. Apart from its anesthetic effects, it has vari-
ous therapeutic indications, including depression, 
anxiety, and pain disorders.8,9 Apart from its 
therapeutic effects, ketamine has severe toxic-
ity on memory functions, brain functionality, and 
morphology.13 Thus, revealing ketamine’s effects 
on memory processes, neurotoxic potential, 

and underlying mechanisms in these effects is 
necessary.

Preclinical and clinical studies reported mem-
ory-impairing effects related to ketamine 
applications. Ketamine is reported to impair 
episodic and working memory, slow semantic 
processing, and impair recognition memory 
and procedural learning in humans in a dose-
dependent manner.22 Although a single dose 
of ketamine is reported not to alter memory 
functions, chronic ketamine exposure induces 
learning and memory deficits.23,24 While high 
doses and prolonged applications cause neuro-
toxicity,25,26 low doses are reported to increase 
the development of dendritic spines and reduce 
neurodegeneration.27

This study utilized a passive avoidance test to 
evaluate emotional memory processes (i.e., 
acquisition, consolidation, and retrieval). In this 
test, ketamine did not impair these processes 
when applied alone. A study reported similar 
results in the mentioned memory processes 

with single-dose ketamine (40 mg/kg) mid-
azolam combination applications.23 Another 
study reported impaired memory acquisition 
and retrieval performance after single low- and 
high-dose ketamine applications (15 mg/kg, 100 
mg/kg, respectively); consolidation is affected 
only by high-dose ketamine.28

Interestingly, the combination of ketamine with 
fluoxetine impaired both memory acquisition 
and consolidation but not retrieval. Fluoxetine 
alone also disrupted memory acquisition, but 
not consolidation, and retrieval. Although fluox-
etine is reported to protect against memory 
impairments, some studies have reported the 
memory-impairing effects of the drug.29-31 A 
study reported long-term memory impairments 
with chronic fluoxetine applications, which were 
restored with drug withdrawal.32 Another study 
reported impaired memory functions with 
subchronic fluoxetine applications in adoles-
cence, which affected the learning capacity of 
their adulthood.33 The effects of fluoxetine on 
memory functions seem to be dependent on 
the application period, time, and dose.

Augmentation of the memory impairment with 
fluoxetine in the consolidation process that 
was disrupted in the acquisition may be due to 
receptor downregulation and desensitization. 
Ketamine seems to add to the memory-impair-
ing effects of fluoxetine through serotonergic 
mechanisms. Antiserotonergic drugs, on the 
other hand, pCPA and MET, improved the 
consolidation process in this experiment. This 
improvement may not be related to improved 
memory functions but to remembering a bad 
experience induced by an electric shock in 
the PA test, as the mentioned molecules are 
reported to produce hyperalgesic effects.34,35

Increased oxidative stress is known to cause cell 
injury. Ketamine is reported to increase oxida-
tive stress and suppress defensive mechanisms, 
which is believed to contribute to the drug’s 
neurotoxic effects.36 Studies reported increased 
oxidative stress with similar ketamine doses 
used in the present study; however, some stud-
ies reported reduced oxidative stress following 
ketamine applications.36,37 In this study, hippo-
campal MDA levels increased insignificantly in 
the ketamine-applied group, and it was con-
cluded that the applied dose did not significantly 
affect oxidative stress.

Studies reported a wide range of morpho-
logic alterations with ketamine applications in 
the spinal cord and the brain.38,39 In this study, 
histopathologic examinations revealed no sig-
nificant morphological changes in the VEH, 

Figure 4. A–H: Histopathologic micrographs of  groups. Normal histologic appearance of  the brain in VEH 
(A), FLU (C), MET (D), and pCPA (E) groups. Histopathologic appearances in KET (B), KF (F), KM (G), and 
KP (H) groups. Arrowhead: perineural and perivascular edema, arrow: necrosis, asterisk: satellitosis. 
Staining: hematoxylin and eosin, Bar: 50 µm (A, C, D, E), 20 µm (B, F, G, H).

Figure 5. Hippocampal MDA levels of  the mice. VEH, vehicle; KET, ketamine (20 mg/kg); FLU, fluoxetine 
(20 mg/kg, 7 days); MET, methiothepin (0.1 mg/kg); pCPA, para- chlor ophen ylala nine (150 mg/kg, 4 days); 
KF, ketamine–fluoxetine combination; KM, ketamine–methiothepin combination; KP, ketamine–pCPA 
combination. Each column represents the mean ± SEM of  7-8 mice’s hippocampal MDA levels. One-way 
ANOVA was used for statistical analysis.
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MET, FLU, and pCPA-applied groups. On the 
other hand, ketamine-applied groups, includ-
ing the ketamine–fluoxetine combination, had 
significant histopathologic changes, including 
perineural and perivascular edema, satellitosis, 
and necrosis. Similar histologic differences and 
alterations were reported in the literature.40,41 
These results indicate that ketamine causes neu-
rodegeneration that could not be prevented by 
antiserotonergic molecules used in this study.

This study revealed the involvement of the sero-
tonergic system in ketamine-induced emotional 
memory functions, specifically in acquisition and 
consolidation processes. Increased serotonergic 
transmission seems to contribute to the drug’s 
memory-impairing effects. We conclude that 
ketamine impairs emotional memory and dis-
rupts neuronal integrity through serotonergic 
mechanisms, as the deterioration is evident, 
especially when ketamine is combined with 
other serotonergic enhancers.

Ketamine holds the potential for novel therapeu-
tic indications. However, further investigations 
are necessary to unravel the precise molecular 
and cellular pathways that mediate cognitive 
decline. Continued research into ketamine’s 
interactions with neurotransmitter systems and 
their relationship with memory processes may 
increase our understanding of the effects and 
side effects of ketamine.

Ethics Committee Approval: Dicle University Animal 
Experiments Local Ethics Committee (DUHADEK) 
approved all protocols in this study (approval number: 
1412).

Informed Consent: N/A.

Peer-review: Externally peer-reviewed.

Author Contributions: Concept – M.E., İ.K.; Design – 
M.E., İ.K.; Supervision – M.E., İ.K.; Resources – E.U., 
U.S.; Materials – E.U., U.S.; Data Collection and/or 
Processing – E.U., U.S.; Analysis and/or Interpretation – 
E.U., U.S., L.E.; Literature Search – E.U., M.E.; Writing 
Manuscript – E.U., M.E.; Critical Review – I.K., M.E.

Declaration of Interests: The authors have no con-
flict of interest to declare.

Funding: This study is supported by Dicle University 
(grant number: 14TF126).

References
1. Gécz  J. Glutamate receptors and learning and 

memory. Nat Genet. 2010;42(11):925-926. 
[CrossRef]

2. Yuen  EY, Liu  W, Karatsoreos  IN, et  al. Mecha-
nisms for acute stress-induced enhancement 
of  glutamatergic transmission and working 
memory. Mol Psychiatry. 2011;16(2):156-170. 
[CrossRef]

3. Wong D, Atiya S, Fogarty  J, et al. Reduced hip-
pocampal glutamate and posterior cingulate 
N-acetyl aspartate in mild cognitive impairment 
and Alzheimer’s disease is associated with epi-
sodic memory performance and white matter 
integrity in the cingulum: a pilot study. J Alzhei-
mers Dis. 2020;73(4):1385-1405. [CrossRef]

4. Volianskis  A, France  G, Jensen  MS, Bor-
tolotto ZA, Jane DE, Collingridge GL. Long-term 
potentiation and the role of N-methyl-D-aspar-
tate receptors. Brain Res. 2015;1621:5-16. 
[CrossRef]

5. Morris  RG. NMDA receptors and memory 
encoding. Neuropharmacology. 2013;74:32-40. 
[CrossRef]

6. Mathews  MJ, Mead  RN, Galizio  M. Effects of 
N-methyl-D-aspartate (NMDA) antagonists 
ketamine, methoxetamine, and phencyclidine on 
the odor span test of working memory in rats. 
Exp Clin Psychopharmacol. 2018;26(1):6-17. 
[CrossRef]

7. Ghasemi  M, Phillips  C, Trillo  L, De Miguel  Z, 
Das D, Salehi A. The role of NMDA receptors 
in the pathophysiology and treatment of mood 
disorders. Neurosci Biobehav Rev. 2014;47:336-
358. [CrossRef]

8. Erdinc M, Uyar E, Kelle I, Akkoc H. Anti-nocice-
ptive effects of low dose ketamine in mice may 
be mediated by the serotonergic systems. Psy-
chiatry Clin Psychopharmacol. 2019;20:106-118. 
[CrossRef]

9. Engin  E, Treit  D, Dickson  CT. Anxiolytic-and 
antidepressant-like properties of ketamine in 
behavioral and neurophysiological animal mod-
els. Neuroscience. 2009;161(2):359-369. 
[CrossRef]

10. Ballard  ED, Ionescu  DF, Vande Voort  JLV, et  al. 
Improvement in suicidal ideation after ketamine 
infusion: relationship to reductions in depression 
and anxiety. J Psychiatr Res. 2014;58:161-166. 
[CrossRef]

11. Seyedabadi M, Fakhfouri G, Ramezani V, Mehr SE, 
Rahimian R. The role of serotonin in memory: 
interactions with neurotransmitters and down-
stream signaling. Exp Brain Res. 2014;232(3):723-
738. [CrossRef]

12. Gigliucci  V, O’Dowd  G, Casey  S, Egan  D, Gib-
ney S, Harkin A. Ketamine elicits sustained anti-
depressant-like activity via a serotonin-dependent 
mechanism. Psychopharmacol. 2013;228(1):157-
166. [CrossRef]

13. Onaolapo AY, Ayeni OJ, Ogundeji MO, Ajao A, 
Onaolapo OJ, Owolabi AR. Subchronic ketamine 
alters behaviour, metabolic indices and brain 
morphology in adolescent rats: involvement of 
oxidative stress, glutamate toxicity and caspase-
3-mediated apoptosis. J Chem Neuroanat. 
2019;96:22-33. [CrossRef]

14. Wang C, Zheng D, Xu J, Lam W, Yew DT. Brain 
damages in ketamine addicts as revealed by mag-
netic resonance imaging. Front Neuroanat. 
2013;7:23. [CrossRef]

15. Gao M, Rejaei D, Liu H. Ketamine use in current 
clinical practice. Acta Pharmacol Sin. 2016;37(7): 
865-872. [CrossRef]

16. Li Y, Zhu ZR, Ou BC, et al. Dopamine D2/D3 
but not dopamine D1 receptors are involved in 
the rapid antidepressant-like effects of ketamine 
in the forced swim test. Behav Brain Res. 
2015;279:100-105. [CrossRef]

17. Ishola IO, Agbaje EO, Akinleye MO, Ibeh CO, Adey-
emi OO. Antidepressant-like effect of the hydro-
ethanolic leaf extract of Alchornea cordifolia 
(Schumach. & Thonn.) Mull. Arg.(Euphorbiaceae) in 
mice: involvement of monoaminergic system. J Eth-
nopharmacol. 2014;158(A):364-372. [CrossRef]

18. Ulak G, Mutlu O, Tanyeri P, Komsuoglu FI, Akar FY, 
Erden BF. Involvement of serotonin receptor sub-
types in the antidepressant-like effect of TRIM in 
the rat forced swimming test. Pharmacol Biochem 
Behav. 2010;95(3):308-314. [CrossRef]

19. Gacar N, Mutlu O, Utkan T, Komsuoglu Celiky-
urt  IK, Gocmez SS, Ulak G. Beneficial effects of 
resveratrol on scopolamine but not mecamyla-
mine induced memory impairment in the passive 
avoidance and Morris water maze tests in rats. 
Pharmacol Biochem Behav. 2011;99(3):316-323. 
[CrossRef]

20. Pompella  A, Maellaro  E, Casini  AF, Ferrali  M, 
Ciccoli L, Comporti M. Measurement of lipid per-
oxidation in vivo: a comparison of different proce-
dures. Lipids. 1987;22(3):206-211. [CrossRef]

21. Seker U, Nergiz Y, Aktas A, et al. Trolox is more 
successful than allopurinol to reduce degenera-
tive effects of testicular ischemia/reperfusion 
injury in rats. J Pediatr Urol. 2020;16(4):465.e1-
465.e8. [CrossRef]

22. Morgan CJ, Mofeez A, Brandner B, Bromley L, 
Curran HV. Acute effects of ketamine on mem-
ory systems and psychotic symptoms in healthy 
volunteers. Neuro psych ophar macol ogy. 
2004;29(1):208-218. [CrossRef]

23. Valentim  AM, Ribeiro  PO, Olsson  IA, 
Antunes  LM. The memory stages of a spatial 
Y-maze task are not affected by a low dose of 
ketamine/midazolam. Eur J Pharmacol. 2013; 
712(1-3):39-47. [CrossRef]

24. Li M, Xie A, Liu Y, et al. Ketamine administration 
leads to learning-memory dysfunction and 
decreases serum brain-derived neurotrophic 
factor in rats. Front Psychiatry. 2020;11:576135. 
[CrossRef]

25. Liu  FG, Paule  MG, Ali  S, Wang  C. Ketamine-
induced neurotoxicity and changes in gene 
expression in the developing rat brain. Curr Neu-
ropharmacol. 2011;9(1):256-261. [CrossRef]

26. Zou X, Patterson TA, Divine RL, et al. Prolonged 
exposure to ketamine increases neurodegenera-
tion in the developing monkey brain. Int J Dev 
Neurosci. 2009;27(7):727-731. [CrossRef]

27. Treccani G, Ardalan M, Chen F, et al. S-ketamine 
reverses hippocampal dendritic spine deficits in 
flinders sensitive line rats within 1 h of adminis-
tration. Mol Neurobiol. 2019;56(11):7368-7379. 
[CrossRef]

28. Moosavi M, Yadollahi Khales GY, Rastegar K, Zar-
ifkar A. The effect of sub-anesthetic and anes-
thetic ketamine on water maze memory 
acquisition, consolidation and retrieval. Eur J 
Pharmacol. 2012;677(1-3):107-110. [CrossRef]

https://doi.org/10.1038/ng1110-925
https://doi.org/10.1038/mp.2010.50
https://doi.org/10.3233/JAD-190773
https://doi.org/10.1016/j.brainres.2015.01.016
https://doi.org/10.1016/j.neuropharm.2013.04.014
https://doi.org/10.1037/pha0000158
https://doi.org/10.1016/j.neubiorev.2014.08.017
https://doi.org/10.1080/24750573.2019.1605665
https://doi.org/10.1016/j.neuroscience.2009.03.038
https://doi.org/10.1016/j.jpsychires.2014.07.027
https://doi.org/10.1007/s00221-013-3818-4
https://doi.org/10.1007/s00213-013-3024-x
https://doi.org/10.1016/j.jchemneu.2018.12.002
https://doi.org/10.3389/fnana.2013.00023
https://doi.org/10.1038/aps.2016.5
https://doi.org/10.1016/j.bbr.2014.11.016
https://doi.org/10.1016/j.jep.2014.10.008
https://doi.org/10.1016/j.pbb.2010.02.006
https://doi.org/10.1016/j.pbb.2011.05.017
https://doi.org/10.1007/BF02537304
https://doi.org/10.1016/j.jpurol.2020.05.008
https://doi.org/10.1038/sj.npp.1300342
https://doi.org/10.1016/j.ejphar.2013.04.027
https://doi.org/10.3389/fpsyt.2020.576135
https://doi.org/10.2174/157015911795017155
https://doi.org/10.1016/j.ijdevneu.2009.06.010
https://doi.org/10.1007/s12035-019-1613-3
https://doi.org/10.1016/j.ejphar.2011.12.021


Eurasian J Med 2024; 56(2): 102-107 Uyar et al. Ketamine-induced Memory Impairments and the Serotonergic System • 107

29. Lyons  L, ElBeltagy  M, Umka  J, et  al. Fluoxetine 
reverses the memory impairment and reduction 
in proliferation and survival of hippocampal cells 
caused by methotrexate chemotherapy. Psychop-
harmacol. 2011;215(1):105-115. [CrossRef]

30. El Hage  W, Peronny  S, Griebel  G, Belzung  C. 
Impaired memory following predatory stress in 
mice is improved by fluoxetine. Prog Neuropsy-
chopharmacol Biol Psychiatry. 2004;28(1):123-
128. [CrossRef]

31. Carlini VP, Poretti MB, Rask-Andersen M, et al. 
Differential effects of fluoxetine and venlafaxine 
on memory recognition: possible mechanisms of 
action. Prog Neuropsychopharmacol Biol Psychiatry. 
2012;38(2):159-167. [CrossRef]

32. Ampuero E, Stehberg J, Gonzalez D, et al. Repet-
itive fluoxetine treatment affects long-term 
memories but not learning. Behav Brain Res. 
2013; 247:92-100. [CrossRef]

33. Sass A, Wörtwein G. The effect of subchronic 
fluoxetine treatment on learning and memory in 
adolescent rats. Behav Brain Res. 2012;228(1):169-
175. [CrossRef]

34. Chia  JSM, Omar Farouk  AAO, Mohamad  AS, 
Sulaiman MR, Perimal EK. Zerumbone alleviates 
chronic constriction injury-induced allodynia 
and hyperalgesia through serotonin 5-HT recep-
tors. Biomed Pharmacother. 2016;83:1303-1310. 
[CrossRef]

35. Taber RI, Latranyi MB. Antagonism of the anal-
gesic effect of opioid and non-opioid agents by 
p-chlorophenylalanine (PCPA). Eur J Pharmacol. 
1981;75(4):215-222. [CrossRef]

36. de Oliveira  L, Spiazzi  CMDS, Bortolin  T, et  al. 
Different sub-anesthetic doses of ketamine 
increase oxidative stress in the brain of rats. Prog 
Neuropsychopharmacol Biol Psychiatry. 2009; 
33(6):1003-1008. [CrossRef]

37. Réus GZ, Simões LR, Colpo GD, et al. Ketamine 
potentiates oxidative stress and influences 
behavior and inflammation in response to lipoly-
saccharide (LPS) exposure in early life. Neurosci-
ence. 2017;353:17-25. [CrossRef]

38. Vranken  JH, Troost D, De Haan P, et al. Severe 
toxic damage to the rabbit spinal cord after 
intrathecal administration of preservative-free S 
(+)-ketamine. Anesthesiology. 2006;105(4):813-
818. [CrossRef]

39. Ozyurt E, Bigat Z, Karsli B, Tasatargil A, Gurer IE, 
Kayacan  N. Histopathological and analgesic 
effects of intrathecal dexmedetomidine, racemic 
ketamine, and magnesium sulfate in rats. Ain-
Shams J Anesthesiol. 2021;13(1):1-7. [CrossRef]

40. Gomes  LM, Garcia  JB, Ribamar  JS, Nasci-
mento AG. Neurotoxicity of subarachnoid pre-
servative-free S (+)-ketamine in dogs. Pain Phys. 
2011;14(1):83-90.

41. Yadav M, Parle M, Jindal DK, Dhingra S. Protec-
tive effects of stigmasterol against ketamine‐
induced psychotic symptoms: possible behavioral, 
biochemical and histopathological changes in 
mice. Pharmacol Rep. 2018;70(3):591-599. 
[CrossRef]

https://doi.org/10.1007/s00213-010-2122-2
https://doi.org/10.1016/j.pnpbp.2003.09.028
https://doi.org/10.1016/j.pnpbp.2012.03.004
https://doi.org/10.1016/j.bbr.2013.03.011
https://doi.org/10.1016/j.bbr.2011.12.006
https://doi.org/10.1016/j.biopha.2016.08.052
https://doi.org/10.1016/0014-2999(81)90547-1
https://doi.org/10.1016/j.pnpbp.2009.05.010
https://doi.org/10.1016/j.neuroscience.2017.04.016
https://doi.org/10.1097/00000542-200610000-00028
https://doi.org/10.1186/s42077-021-00197-9
https://doi.org/10.1016/j.pharep.2018.01.001

