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Abstract: Ketamine has been abused as a psychedelic agent and causes diverse neurobehavioral
changes. Adolescence is a critical developmental stage but vulnerable to substances and
shows that
neurotransmission, which is important for memory storage, addiction, and psychosis. To explore

environmental stimuli. Growing evidence ketamine affects glutamatergic
diverse biological responses, this study was designed to assess ketamine sensitivity in mice of
different ages and strains. Male C57BL/6] and BALB/c mice were studied in adolescence and
adulthood separately. An open field test assessed motor behavioral changes. After a 30-minute
baseline habituation, mice were injected with ketamine (0, 25, and 50 mg/kg), and their locomotion
was measured for 60 min. Following ketamine injection, the travelled distance and speed
significantly increased in C57BL/6] mice between both age groups (p <0.01), but not in BALB/c mice.
The pattern of hyperlocomotion showed that mice were delayed at the higher dose (50 mg/kg)
compared to the lower dose (25 mg/kg) of ketamine treatment. Ketamine accentuated locomotor
activation in adolescent C57BL/6] mice compared to adults, but not in the BALB/c strain. Here, we
show that ketamine-induced locomotor behavior is modulated by dose and age. The discrepancy of
neurobehaviors in the two strains of mice indicates that sensitivity to ketamine is biologically
determined. This study suggests that individual vulnerability to ketamine’s pharmacological

responses varies biologically.

Keywords: ketamine; NMDA; pharmacological response; locomotion; psychosis; learning; age;
strain; dose effect; genetic diversity

1. Introduction

Ketamine has been used as a dissociative anesthetic in human medicine since 1970.
Growing research demonstrate that it has promising therapeutic effects for pain and
treatment-resistant depression [1-3]. It can also be used recreationally as a party drug due
to its hallucinogenic and dissociative effect for producing different states of mind,
emotion, perception, and psychomotor behaviors. The acute effects of ketamine can
induce trance-like states such as amnesia, visual distortion, hallucination, dissociative
experiences, and psychotomimetic features [1,4]. Chronic abuse can influence the
neuropsychological function and cognitive performance and induce urinary toxicity such
as cystitis and lower urinary track syndrome [4,5]. An epidemiological survey showed an
increasing prevalence of ketamine abuse in Asia, especially for teenagers [6]. Facing the
public health and long-term impacts of ketamine abuse is a critical issue. Abuse behaviors
not only potentiate the addiction tendency but also bring negative psychiatric
consequences to the adolescent [4].
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Ketamine principally acts as an N-methyl-D-aspartate (NMDA) receptor agonist and
inhibits glutamatergic neurotransmission, which is responsible for anesthetic, analgesic,
and psychotomimetic effects [7]. Moderations of the glutamate neuropathway can
produce diverse neurophysiological and neurobehavioral changes, such as impairment of
memory encoding and development of psychosis [8]. Growing evidence demonstrates the
effectiveness for treatment-resistant depression through NMDA receptor inhibition and
downstream a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor
activation [9,10]. The prefrontal cortex, subgenual anterior cingulate cortex, and
hippocampus are thought to be involved in this antidepressant effect [9,11]. Some studies
have demonstrated overlapping neuronal circuits underlying depression and addiction,
with a specific focus on the mesolimbic projection [10]. Recent studies have shown
different pharmacodynamic properties between R- and S-ketamine regarding the risk of
adverse effects [9,12]. Nonetheless, the long-term adverse effects of ketamine are worth
noting in different populations. Based on the pharmacological properties, activation of the
NMDA receptor can enhance long-term potentiation (LTP) and synaptic plasticity, which
are important mechanisms for memory consolidation and recall. Compared to receptor
activation, the inhibitory effects of ketamine on the NMDA receptor may deter LTP
formation and cause negative impacts on memory and learning [13,14]. There are common
symptoms of dissociation, hallucination, and delusion in acute ketamine users and
cognitive deficits in chronic abusers. Many neuroscience studies have indicated that
ketamine-induced psychotomimetic features are strongly correlated with NMDA
hypofunction [15,16]. In a clinical observation survey, ketamine exacerbated psychotic
symptoms in patients with schizophrenia [17]. Until now, ketamine-induced
neurobehavioral change has seemed to be a powerful animal model for schizophrenia
research [18,19].

Adolescence is a critical stage of brain development from the childhood to adulthood,
possessing characteristics of rapid neuronal differentiation and neurocircuit remodeling
[20]. During this stage, the brain is remarkably vulnerable to stressors and diverse
substances, which can predispose the adolescent to many neuropsychiatric problems such
as schizophrenia and bipolar disorder and may increase risk-taking behaviors, which can
easily lead to substance addiction [20-22]. The putative mechanism of ketamine exerts
negative impacts on information processing and episodic memory formation [23].
Moreover, ketamine abuse is often accompanied with adverse psychotomimetic effects in
adolescent. On the other hand, growing evidence has demonstrated the efficacy of
ketamine on treatment-resistant depression, which has a higher prevalent rate in adults
and the elderly. In recent years, research into different treatments for major depressive
disorders have led to a more comprehensive understanding of the mechanisms of
depression beyond the monoamine hypothesis. For instance, studies involving ketamine
have demonstrated the involvement of the glutamatergic system, while research on brain
stimulation has revealed the significance of thalamocortical dysrhythmia [24,25].
Ketamine may prove to be a valuable tool, as it may help us to understand the
pathophysiology of depression and identify possible biomarkers, such as genetic or
electroencephalography biomarkers [26], in the future. Thus, the trade-off between the
risks and benefits of ketamine treatment between the adolescent and the adult with
refractory depressive features is a matter of dispute. To clarify, the age effect on the
differences of ketamine sensitivity and pharmacological response is an important issue.
In another aspect, geographical differences of ketamine abuse may also reflect the
pharmacogenetic variation.

To explore the age effect and strain differences on the ketamine pharmacological
response, an open field test was used as an animal model to evaluate neurobehavioral
changes after acute ketamine injection. The mouse strains of BALB/c and C57BL/6] were
used to compare the ketamine sensitivity between adolescence and adulthood. The study
was designed (1) to investigate age-related behavioral changes following ketamine
injection; (2) to compare the strain differences in terms of ketamine sensitivity; and (3) to
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compare the interactions of ketamine dose effects between strains and different age
groups.

2. Materials and Methods

The study was designed to investigate the locomotor neurobehavioral changes
following ketamine injection in mice with different ages and strains. An open field test
with a computerized video-tracking system was adapted to measure the locomotor
changes [27-29].

2.1. Subjects

Subjects were male C57BL/6] and BALB/c mice obtained from the National
Laboratory Animal Center, Taiwan. C57BL/6] was chosen as a reference strain given its
common use in models of explorative behavioral studies [27,28]. BALB/c mice, as genetic
backgrounds for mutants, were chosen based on their frequent use in behavioral
neuroscience, including sensitivity to stress and expectations of different reactions to
ketamine [28,29]. Adolescent (4—6 week-old) and adult (9-15 week-old) mice were used.
Mice were housed in groups of four in a temperature (22 + 1 °C)- and humidity (50 + 5%)-
controlled vivarium under a 12-hour light/dark cycle with ad libitum access to food and
water. All experimental procedures were approved by the Institutional Animal Care and
Use Committee, Buddhist Taipei General Hospital, and were conducted following the
regulation of reduction and refinement. All efforts were made to minimize the number of
animals used and their suffering.

2.2. Drug Preparation

Testing doses of ketamine were based on our pilot work [30,31] and previous studies
of behavioral effects in mice [32-35]. In this experiment, the study dose was first assessed
by the rotarod motor test to evaluate motor balance. To determine the doses without the
effects of anesthesia and paralysis, testing doses were determined to the sub-anesthesia
range from 25 to 50 mg/kg, with 0 mg/kg used as the negative control. The use of ketamine
was approved by the Taiwan Food and Drug Administration, and ketamine was
purchased from Pfizer (New York, NY, USA). Ketalar (ketamine hydrochloride, 50 mg/mL)
was dissolved in 0.9% saline vehicle and intraperitoneally injected in volumes of 10
mL/kg.

2.3. Study Procedure

The novel open field apparatus was a 40 x 40 x 35 cm square arena with opaque
Plexiglas walls and floor. The white composition was designed for C57BL/6] strain mice
and the black for BALB/c mice. Before the behavioral study, mice were transferred to the
testing room 1 h prior to testing for acclimation to the test environment. The open field
apparatus was wiped with 70% ethanol prior to each trial and between trials. The study
procedures (Figure 1) were performed in adolescent and adult stages of both strains with
randomized assignment of different ketamine doses.
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Figure 1. The study procedure: After 30 min baseline habituation, mice were followed by
intraperitoneal injection with different ketamine dosages. The mice then were placed in the
perimeter and allowed to explore the apparatus for 60 min. A video-tracking system was adapted
to measure the motor response in the open field.

In the test, the open field apparatus was evenly illuminated to ~50 + 5 lux [36]. A
cross-over design was used for the mice to avoid environmental differences in the open
field and to reduce the number of animals used. The apparatus was designed with black
and white colors for C57BL/6] and BALB/c mice, respectively, to adjust the color
differences for two strains under the monitoring system. The mice were initially placed in
the apparatus for a 30-minute habituation period. This design served as both an internal
and systemic control. After 30 min of baseline locomotion habituation, mice were followed
by intraperitoneal injection (i.p.) with ketamine (0, 25, and 50 mg/kg). The mice then were
placed in the perimeter and allowed to explore the apparatus for 60 min. A computerized
video tracking system (SINGA Trace MousellAnubis Track 1.6.4 pro) was adapted to
measure the motor responses following ketamine injection.

2.4. Statistical Analysis

All the statistical analyses were conducted using GraphPad Prism (GraphPad
Software, Inc., San Diego, CA, USA) version 5.01.336 and Statistical Package for Social
Science version 18 (SPSS Inc., Chicago, Illinois, USA). The moving paths and travelled
distances in the open field were tracked before and after ketamine injection. The
measurement parameters were analyzed by analysis of variance (ANOVA), followed by
Bonferroni’s post hoc tests. Probability (p) values under 0.05 were considered significant.

3. Results

Two strains of mice during adolescence and adulthood were randomized to different
ketamine doses (0, 25, 50 mg/kg, separately) by i.p. injection. The number of experimental
mice in each group was 11-12 (by strain x age x ketamine dose). Prior to the drug treatment,
there were no differences in the baseline travelled distance within each strain x age group.
The comparison between the two strains of mice at baseline, including the summation of
30 min of travelled distance and the total time spent in the central area of the apparatus,
can be found in Supplementary Materials Figures S1 and S2.

The locomotor activity after ketamine injection was observed for 60 min. The
travelled distance (cm) of each group is shown at the corresponding time points, by 2 min
time intervals, in Figures 2A,B and 3A,B. The total distance travelled during 60 min after
ketamine injection is demonstrated in Figures 2C,D and 3C,D. ANOVA tests and post hoc
analysis were used to assess the differences of locomotor responses among each group.
Table 1 summarizes the effect of different ketamine dosages on the total distance travelled
during a 60 min period after ketamine injection.
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Table 1. Comparisons of locomotor activity between C57BL/6] and BALB/c mice treated with
different ketamine doses.

) C57BL/6] BALB/c
Ketamine
Adolescent Adult Adolescent Adult
0 mg/kg 65.2+7.0 66.8 +6.8 72.3+13.8 82.3+18.2
25 mg/kg 175.0+13.8a 1309 +11.8° 855+12.8 103.4+14.5
50 mg/kg 171.2+15.7 a 136.9+8.1°b 89.6+17.5 52.8+13.3¢

Values are means + standard error of the mean (SEM); data represent the total travelled distance
(meter) in 60 min following the ketamine injection. Differences among the study group were
evaluated by multiple analysis of variance and post hoc tests. Subject numbers were 10-13 in each
group. * p < 0.001 compared with 0 mg/kg ketamine group in adolescent C57BL/6]. ® p < 0.01
compared with 0 mg/kg ketamine group in adult C57BL/6], < p < 0.05 compared with 25 mg/kg
ketamine group in adult BALB/c.
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Figure 2. Travelled distance (cm) at the corresponding time points in the open field test for
adolescent (A) and adult (B) C57BL/6] mice treated with different ketamine dose. The groups are
denoted as adolescent (circle) and as adult (square), as well as different ketamine doses: 0 mg/kg
(gray), 25 mg/kg (black), 50 mg/kg (white). Total travelled distance (m) represents the summation
of moving distance following ketamine injection running for 60 min in both age groups: (C) for
adolescent, and (D) for adulthood. Vertical bars represent standard error of the mean (SEM).
Differences among the study groups were evaluated by analysis of variance (ANOVA) and post hoc
tests. Statistically significant differences between groups: ** p < 0.01, *** p <0.001 vs. vehicle.
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Figure 3. Travelled distance (cm) at the corresponding time points in the open field test for
adolescent (A) and adult (B) BALB/c mice treated with different ketamine doses. The groups are
denoted as adolescent (inverted triangle) and as adult (prism), as well as different ketamine doses:
0 mg/kg (gray), 25 mg/kg (black), 50 mg/kg (white). Total travelled distance (m) represents the
summation of moving distance following ketamine injection running for 60 min in both age groups:
(C) for adolescent, and (D) for adulthood. Vertical bars represent SEM. Differences among the study
groups were evaluated by ANOVA and post hoc tests. Statistically significant differences between
25 mg and 50 mg dose groups: * p <0.05.

3.1. Age Effect

ANOVA data showed a significant difference in the amount of distance traveled after
receiving a ketamine injection between adolescent and adult C57BL/6G mice [F (1, 64) =
7.786, p <0.01], but not in BALB/c [F (1, 62) =0.057, p = 0.81]. In C57BL/6] strain mice treated
with a low dose of ketamine (25 mg/kg), adolescents exhibited a more intense response of
locomotor hyperactivity than adults. The summation of total travelled distance (in meters)
following ketamine injection appeared to have a 3-fold increase in the adolescent (175.0 +
13.8) and 2-fold increase in the adult (130.9 + 11.8) group compared with the vehicle group
(65.2+£7.0) (p <0.001) according to Bonferroni’s post hoc test. When treated with a higher
dose of ketamine (50 mg/kg), delayed responses in moving behaviors were detected.
Similarly, adult C57BL/6] mice (136.9 + 8.1) showed less intensity in total distance traveled
than adolescents (171.2 + 15.7), as shown in Figure 2 C,D and Table 1. However, in BALB/c
mice, locomotor activity transiently increased in adults with the 25 mg/kg ketamine
injection. The total travelled distance was higher in adult mice with the 25 mg/kg dose
than the adolescents, but there was no difference following the 50 mg/kg ketamine
treatment (shown in Figure 3 and Table 1).

3.2. Ketamine Dose Effect

ANOVA data showed a significant difference in the amount of distance traveled
among the three dosage groups after receiving a ketamine injection [F (2, 126) = 16.67, p <
0.0001]. In C57BL/6] mice following the 25 mg/kg injection, both adolescents and adults
exhibited a strikingly faster increase in locomotor hyperactivity compared to those who
received 50 mg/kg. In mice treated with a 50 mg/kg dose of ketamine, there was a notable
delay in peak locomotor activation, which occurred 30 min after the injection. For BALB/c
mice, the acute and transient locomotor activation was observed only in the adult group
when treated with a low dose (25 mg/kg) of ketamine. Conversely, when adult BALB/c
mice were treated with a high dose (50 mg/kg) of ketamine, they traveled a relatively
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shorter distance in 60 min compared to the low dose (25 mg/kg) of ketamine (p < 0.05).
This was determined by Bonferroni’s post hoc test, as shown in Figure 4 and Table 1.

,7 = ketamine 0 mg/kg
6-

R B ketamine 25 mg/kg
Bl ketamine 50 mg/kg

Average speed(cm/sec)
o R s
—

—

I—

C57BL/6J BALBI/c C57BL/6J BALB/c
adolescent adult

Figure 4. Comparisons of the average travelled speed (cm/sec) between C57BL/6] and BALB/c mice
treated with 0, 25, and 50 mg/kg of ketamine. The differences of locomotor activity were measured
following the ketamine injection running for 60 min in the open field. Vertical bars represent SEM.
Differences among the study groups were evaluated by ANOVA and post hoc tests. Statistically
significant differences between groups: # p <0.05 vs. BALB/c treated with 25 mg/kg ketamine, ** p <
0.01, *** p <0.001 vs. vehicle; *** p <0.001 vs. BALB/c.

3.3. Strain Variation

There were notable differences in locomotor behaviors between the C57BL/6] and
BALB/c strains, as shown in Figures 2 and 3. ANOVA revealed a significant difference in
total traveled distance [F (2, 126) =32.17, p <0.0001] and average traveled speed [F (1, 126)
= 32.16, p < 0.0001] between the two strains following ketamine injection, as shown in
Figure 4. In adolescent mice, the average travelled speed over 60 min after ketamine
treatment was about 2-fold higher in C57BL/6] compared to BALB/c mice (p < 0.001),
according to Bonferroni’s post hoc test. For adult mice, there was no significant difference
in average travelled speed between two strains after receiving a low dose (25 mg/kg) of
ketamine. However, when given a high dose (50 mg/kg) of ketamine, adult BALB/c mice
showed less travelled speed compared to adult C57BL/6] (p <0.001).

4. Discussion

This integrative study aims to clarify the correlations of strain and age effects of
ketamine by injecting low and high ketamine doses. The principal findings are as follows:
(1) ketamine increased locomotor activity; (2) the pharmacological effects vary among
different strains of mice, with hyperlocomotion consistently potentiated in the C57BL/6]
group rather than in the BALB/c group; (3) adolescents demonstrated hypersensitive
effects to ketamine in C57BL/6] mice; (4) both strains exhibited trends of dose-shift
neurobehavioral changes, with acute onset following the low dose ketamine challenge in
C57BL/6] mice.

4.1. Ketamine Induced Locomotor Change

The open field test is commonly used in rodent studies to evaluate anxiety and many
neurobehaviors. In humans, ketamine can induce schizophrenic-like symptoms [37,38],
and in animal studies, ketamine-induced locomotor hyperactivity may indicate excitatory
behaviors and the psychotic domain for schizophrenia [35]. The plausible mechanism for
how ketamine work is that it activates dopaminergic neurons via disinhibition of
glutamatergic projections onto dopamine neurons.
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Studies have also shown that acute or chronic ketamine use increases locomotor
activity with rising dopamine levels in the cortex, striatum, and nucleus accumbens [16].
Additionally, this locomotor activation may also indicate drug reward [35] through the
activation of dopaminergic circuits that contribute to the reinforcing effects. Past research
has used the effects of ketamine on locomotion as a means of assessing acute drug
sensitivity, as well as chronic exposure-related neuroplasticity and sensitization in
addiction models [39-41].

4.2. Interactions between Strain, Age, and Dosage Effects

In open field tests, various strains of mice have exhibited distinct anxiety and
locomotor responses [42,43]. For instance, BALB/c mice have been observed to display less
exploratory behavior than C57BL/6] mice [43]. Our study aligns with this discovery, as
C57BL6/] mice spent a greater amount of time in the central area during the 30-minute
habituation period in comparison to BALB/c mice (as evidenced in Supplementary
Materials Figure S2).

Age differences also play an important role in our study. When treated with the same
dosage of ketamine, adolescent C57BL/6] mice showed a higher peak response and longer
duration of locomotor activation than adult C57BL/6] mice (Figure 2A,B). The literature
suggests that a sub-anesthetic dosage of ketamine exceeding 10 mg/kg [28,35,44] could
lead to an increase in ambulatory activities, particularly in adolescents when compared to
adult animals [40,41,45]. Our findings are consistent with these reports, showing that
adolescent mice are more sensitive to ketamine-related locomotor hyperactivity than
adult mice. It is interesting to note that the locomotion of adult BALB/c mice was relatively
low when treated with high dose (50 mg/kg) ketamine compared to the vehicle group. It
is unlikely that this can be explained by the anesthetic effect of ketamine, which has been
demonstrated to generally occur at doses above 100 mg/kg, resulting in initial
immobilization followed by postanesthetic locomotion [32,46]. Instead, contributing
factors may include the innate low sensitivity of BALB/c mice to ketamine-induced
hyperlocomotion [43] and age difference. Many animal studies have demonstrated that
various outcomes of ketamine seem to intensify during adolescence, such as emergent
reactions of ketamine anesthesia, neurotoxic effects of high doses treatment, and
antidepressant effects [41]. This study addresses the intriguing issue of discriminating age
effects in the clinical application of ketamine for the treatment of refractory depression.

Different dosages of ketamine were found to produce different time course effects of
locomotor activation in previous studies [32,46]. In our study of C57BL/6] mice, a lower
dose (25 mg/kg) of ketamine produced the rapid onset of locomotor activation, while a
higher dose (50 mg/kg) demonstrated a delayed effect of hyperlocomotion. The initial
suppression effect may be due to high dose ketamine producing transient anesthetic
effects, but not in BALB/c mice. These findings are consistent with previous reports
[32,46]. The rapid pharmacological response not only caters to psychological desire but
may also be prone to the development of ketamine addiction [47].

4.3. Adolescent Vulnerability to Ketamine-Related Psychotomimetic Effects

During adolescence, the brain is in a critical stage of development, making
individuals more vulnerable to drug addiction [39]. The vulnerable brain in this stage and
lack of self-control can lead to sensation-seeking and risky behaviors, which in turn can
drive substance abuse. Furthermore, studies show that repeated use of ketamine produces
sensitizing effects in rats, increasing the likelihood of addiction [40,41]. In view of
psychotomimetic effects, the C57BL/6] mice in our study showed hypersensitivity to
hyperlocomotion, especially adolescents. Ketamine is commonly used as the usual model
of schizophrenia [18,19], a complex brain disorder that involves gene-gene and gene-
environmental interactions. Substance exposure during adolescence has been proposed to
deteriorate brain differentiation, remodeling, pruning, and maturation through
disturbing dopaminergic projection, glutamate moderation, and myelination [22]. As
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such, exposure to ketamine during this period may increase the risk of developing
schizophrenia or other psychotic disorders.

Some studies have demonstrated pharmacokinetic differences in drug
biodistribution and metabolism depending on age. In particular, research suggests that
adolescents have a shorter plasma half-life of many substances and psychotropics, both in
human and in animal studies [40,48]. Furthermore, it has been observed that ketamine
metabolism is slower in older rats than in adults [49]. These pharmacokinetic differences
may influence the ketamine effects of anesthesia, pain reduction, and antidepressant
effects [41,50-52]. Animal research has revealed changes in the densities of NMDA
receptors over the lifespan. Specifically, the densities of NMDA receptors were found to
increase from childhood to adolescence and then attenuate in certain brain areas during
adulthood [53-56]. In this study, ketamine-induced hyperlocomotion may have
originated from the interaction between ketamine and the NMDA system. A possibility is
that the greater amount of NMDA receptors in the developmental shift predisposes the
locomotor hypersensitivity of C57BL/6] adolescent mice [41].

The BALB/c strain has been observed to display anxious and aggressive behavior and
differences in brain anatomy, such as hippocampal lamination defects and neuronal
migration [57]. In this study, two strains of mice were used to symbolize how diverse
human species may respond differently to ketamine exposure. Previous studies have also
shown evidence of genetic factors in the differences of NMDA blockade responses
between the two strains [28,58]. Recently, an altered endogenous tone of NMDA receptor-
mediated neurotransmission was found in BALB/c mice, which was associated with a
sociability deficit [27,59-61]. Pharmacodynamic diversity may be a factor to explain the
discrepancy between the two mouse strains. Additionally, exploring the modulation of
glutamatergic neurotransmission in BALB/c mice would be intriguing for psychiatry and
neuropharmacological research.

4.4. Clinical Implications of the Study

Ketamine has been proven to exhibit a rapid antidepressant response and reduce
suicidal ideation. However, the underlying neurobiological mechanism remains unclear,
although numerous studies provide evidence that its treatment effects are achieved
through modulating glutamate neurotransmission. The glutamate pathway also plays a
role in memory consolidation by activating NMDA receptors and enhancing LTP
formation. It also has diverse neuropathogenesis to modulate the development of
neurocognitive disorders and provides novel opportunities for new drug discovery [54—
56,62]. Our study demonstrates that adolescents may exhibit hypersensitivity to
neurobehavioral changes, indicating vulnerability to memory formation, addiction
tendencies, and psychotomimetic effects. Furthermore, experimental results reveal
diverse pharmacological responses to ketamine in different strains, suggesting potential
pharmacological variations in different populations. Based on these research findings, it
is important to note the potential negative impacts of ketamine on learning, memory
formation, and addiction in adolescents. Therefore, future research on ketamine or
ketamine-like agents should consider genetic background and developmental stage
differences to enable precise medicine approaches.

4.5. Limitation

The limitations of this study are as follows: (1) Acute injection could not reflect the
real situation of ketamine abuse behaviors. (2) There was a lack of chronic ketamine effects
to explore behavioral sensitization and neuroadaptation. (3) The open field test could only
imply ketamine-related locomotion change; it will be important to investigate the other
symptom domains by using more neurobehavioral models in the future. (4) If possible, it
would be beneficial to have access to neuroimaging or neurochemistry data, as this could
provide further insights into the mechanisms underlying neurobehavior. (5) Ketamine is
a mixture of (R)-ketamine and (S)-ketamine, which have different affinities to the NMDA
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receptor and produce distinct neuropsychopharmacological effects. It would be helpful to
clarify the correlations between strain and age effects on ketamine isomers.

5. Conclusions

The results of our study demonstrate that ketamine-induced locomotor behavior is
influenced by both dose and age. The observed differences in neurobehavioral responses
between the two mouse strains may suggest that sensitivity to ketamine is biologically
determined. Furthermore, individual vulnerability to ketamine may indicate diverse
pharmacological responses in different populations. It is noteworthy to consider the
potential negative consequences of ketamine on learning, memory formation, addiction,
and susceptibility to the development of psychosis, particularly in adolescents who are in
a critical stage of brain development.

Supplementary Materials: The following supporting information can be downloaded at:
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25, and 50 mg/kg of ketamine; Figure S2: Comparisons of total central duration (sec) during the
habituation period between C57BL/6] and BALB/c treated with 0, 25, and 50 mg/kg of ketamine.

Author Contributions: Conceptualization, Y.-C.C.; methodology, Y.-C.C. and W.-C.C,; software, Y.-
C.C,; validation, Y.-C.C. and W.-C.C.; formal analysis, Y.-C.C. and W.-C.C,; investigation, Y.-C.C.
W.-C.C, T.-S.W,, F.-Y.C, and P.-A.C;; resources, Y.-C.C.; data curation, Y.-C.C.; writing—original
draft preparation, W.-C.C,, T.-S.W., and F.-Y.C. ; writing —review and editing, Y.-C.C.; visualization,
W.-C.C, T.-S.W,, F.-Y.C. and P.-A.C,; supervision, Y.-C.C.; project administration, Y.-C.C.; funding
acquisition, Y.-C.C. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Ministry of Science and Technology (MOST 108-2314-B-
303-016) and by the Taipei Tzu Chi Hospital (TCRD-TPE-106-47; TCRD-TPE-106-RT-10, TCRD-TPE-
109-RT-4, TCRD-TPE-108-52 and TCRD-TPE-111-39), Taiwan.

Institutional Review Board Statement: In this animal study, all experimental procedures complied
with the National Research Council’s Guide for the Care and Use of Laboratory Animals and were
approved by Institutional Animal Care and Use Committee, Buddhist Taipei General Hospital. This
study was approved by the Laboratory Animal Care and Use Committee of Taipei Tzu Chi Hospital
(Approval Number: 107-IAUCU-025).

Informed Consent Statement: This study is not involving humans.
Data Availability Statement: Data are available upon request to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

NMDA, N-methyl-D-aspartate; LTP, long-term potentiation; i.p., intraperitoneal; ANOVA,
analysis of variance; SEM, standard error of the mean.

References

1.  Eldufani, J.; Nekoui, A.; Blaise, G. Nonanesthetic Effects of Ketamine: A Review Article. Am. J. Med. 2018, 131, 1418-1424.
https://doi.org/10.1016/j.amjmed.2018.04.029.

2. Zanos, P; Gould, T.D. Mechanisms of ketamine action as an antidepressant. Mol. Psychiatry 2018, 23, 801-811.
https://doi.org/10.1038/mp.2017.255.

3. Ionescu, D.F.; Fu, D.J,; Qiu, X,; Lane, R.; Lim, P.; Kasper, S.; Hough, D.; Drevets, W.C.; Manji, H.; Canuso, C.M. Esketamine
Nasal Spray for Rapid Reduction of Depressive Symptoms in Patients with Major Depressive Disorder Who Have Active Suicide
Ideation with Intent: Results of a Phase 3, Double-Blind, Randomized Study (ASPIRE II). Int. ]. Neuropsychopharmacol. 2021, 24,
22-31. https://doi.org/10.1093/ijnp/pyaa068.

4. Liu, Y; Lin, D; Wu, B,; Zhou, W. Ketamine abuse potential and use disorder. Brain Res. Bull. 2016, 126, 68-73.
https://doi.org/10.1016/j.brainresbull.2016.05.016.

5. Middela, S.; Pearce, I. Ketamine-induced vesicopathy: A literature review. Int. ]. Clin. Pract. 2011, 65, 27-30.

https://doi.org/10.1111/j.1742-1241.2010.02502.x.


https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf

Biomedicines 2023, 11, 1821 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

Li, J.H.; Vicknasingam, B.; Cheung, Y.W.; Zhou, W.; Nurhidayat, A.W.; Jarlais, D.C.; Schottenfeld, R. To use or not to use: An
update on licit and illicit ketamine use. Subst. Abuse Rehabil. 2011, 2, 11-20. https://doi.org/10.2147/SAR.S15458.

Stahl, S.M. Mechanism of action of ketamine. CNS Spectr. 2013, 18, 171-174. https://doi.org/10.1017/S109285291300045X.

Javitt, D.C. Glutamate as a therapeutic target in psychiatric disorders. Mol. Psychiatry 2004, 9, 984-997, 979.
https://doi.org/10.1038/sj.mp.4001551.

Hashimoto, K. Molecular mechanisms of the rapid-acting and long-lasting antidepressant actions of (R)-ketamine. Biochem.
Pharmacol. 2020, 177, 113935. https://doi.org/10.1016/j.bcp.2020.113935.

Kokane, S.S.; Armant, R.J.; Bolafios-Guzman, C.A.; Perrotti, L.I. Overlap in the neural circuitry and molecular mechanisms
underlying ketamine abuse and its use as an antidepressant. Behav. Brain Res. 2020, 384, 112548.
https://doi.org/10.1016/j.bbr.2020.112548.

Ionescu, D.F.; Felicione, ].M.; Gosai, A.; Cusin, C.; Shin, P.; Shapero, B.G.; Deckersbach, T. Ketamine-Associated Brain Changes:
A Review of the Neuroimaging Literature. Harv. Rev. Psychiatry 2018, 26, 320-339.
https://doi.org/10.1097/HRP.0000000000000179.

Bonaventura, J.; Lam, S.; Carlton, M.; Boehm, M. A.; Gomez, ].L.; Solis, O.; Sanchez-Soto, M.; Morris, P.]J.; Fredriksson, I.; Thomas,
C.J.; et al. Pharmacological and behavioral divergence of ketamine enantiomers: Implications for abuse liability. Mol. Psychiatry
2021, 26, 6704-6722. https://doi.org/10.1038/s41380-021-01093-2.

Yang, Y.; Ju, W.; Zhang, H.; Sun, L. Effect of Ketamine on LTP and NMDAR EPSC in Hippocampus of the Chronic Social Defeat
Stress Mice Model of Depression. Front. Behav. Neurosci. 2018, 12, 229. https://doi.org/10.3389/fnbeh.2018.00229.

Guo, D; Gan, J.; Tan, T,; Tian, X.; Wang, G.; Ng, K.T. Neonatal exposure of ketamine inhibited the induction of hippocampal
long-term potentiation without impairing the spatial memory of adult rats. Cogn. Neurodyn. 2018, 12, 377-383.
https://doi.org/10.1007/s11571-018-9474-4.

Chatterjee, M.; Verma, R.; Ganguly, S.; Palit, G. Neurochemical and molecular characterization of ketamine-induced
experimental psychosis model in mice. Neuropharmacology 2012, 63, 1161-1171.
https://doi.org/10.1016/j.neuropharm.2012.05.041.

Kokkinou, M.; Ashok, A.H.; Howes, O.D. The effects of ketamine on dopaminergic function: Meta-analysis and review of the
implications for neuropsychiatric disorders. Mol. Psychiatry 2018, 23, 59-69. https://doi.org/10.1038/mp.2017.190.

Lahti, A.C; Koffel, B.; LaPorte, D.; Tamminga, C.A. Subanesthetic doses of ketamine stimulate psychosis in schizophrenia.
Neuropsychopharmacology 1995, 13, 9-19. https://doi.org/10.1016/0893-133X(94)00131-1.

Forrest, A.D.; Coto, C.A.; Siegel, S.J. Animal Models of Psychosis: Current State and Future Directions. Curr. Behav. Neurosci.
Rep. 2014, 1, 100-116. https://doi.org/10.1007/s40473-014-0013-2.

Moghaddam, B.; Krystal, ].H. Capturing the angel in “angel dust”: Twenty years of translational neuroscience studies of NMDA
receptor antagonists in animals and humans. Schizophr. Bull. 2012, 38, 942-949. https://doi.org/10.1093/schbul/sbs075.

Crews, F.; He, ].; Hodge, C. Adolescent cortical development: A critical period of vulnerability for addiction. Pharmacol. Biochem.
Behav. 2007, 86, 189-199. https://doi.org/10.1016/j.pbb.2006.12.001.

Casey, B.J.; Jones, RM. Neurobiology of the adolescent brain and behavior: Implications for substance use disorders. J. Am.
Acad. Child Adolesc. Psychiatry 2010, 49, 1189-1201; https://doi.org/10.1016/j.jaac.2010.08.017.

Owen, M.]; Sawa, A.; Mortensen, P.B. Schizophrenia. Lancet 2016, 388, 86-97. https://doi.org/10.1016/50140-6736(15)01121-6.
Morgan, C.J.; Curran, H.V. Acute and chronic effects of ketamine upon human memory: A review. Psychopharmacology 2006,
188, 408—424. https://doi.org/10.1007/s00213-006-0572-3.

Leuchter, A.F.; Hunter, AM.; Krantz, D.E.; Cook, I.A. Rhythms and blues: Modulation of oscillatory synchrony and the
mechanism of action of antidepressant treatments. Ann. N. Y. Acad. Sci. 2015, 1344, 78-91. https://doi.org/10.1111/nyas.12742.
Ippolito, G.; Bertaccini, R.; Tarasi, L.; Di Gregorio, F.; Trajkovic, J.; Battaglia, S.; Romei, V. The Role of Alpha Oscillations among
the Main Neuropsychiatric Disorders in the Adult and Developing Human Brain: Evidence from the Last 10 Years of Research.
Biomedicines 2022, 10, 3189. https://doi.org/10.3390/biomedicines10123189.

Di Gregorio, F.; La Porta, F.; Petrone, V.; Battaglia, S.; Orlandi, S.; Ippolito, G.; Romei, V.; Piperno, R.; Lullini, G. Accuracy of
EEG Biomarkers in the Detection of Clinical Outcome in Disorders of Consciousness after Severe Acquired Brain Injury:
Preliminary Results of a Pilot Study Using a Machine Learning Approach. Biomedicines 2022, 10, 1897.
https://doi.org/10.3390/biomedicines10081897.

Sankoorikal, G.M.; Kaercher, K.A; Boon, C.J.; Lee, ].K,; Brodkin, E.S. A mouse model system for genetic analysis of sociability:
C57BL/6] versus BALB/c] inbred mouse strains. Biol. Psychiatry 2006, 59, 415-423. https://doi.org/10.1016/j.biopsych.2005.07.026.
Akillioglu, K.; Melik, E.B.; Melik, E.; Boga, A. Effect of ketamine on exploratory behaviour in BALB/C and C57BL/6 mice.
Pharmacol. Biochem. Behav. 2012, 100, 513-517. https://doi.org/10.1016/j.pbb.2011.10.014.

Brinks, V.; van der Mark, M.; de Kloet, R.; Oitzl, M. Emotion and cognition in high and low stress sensitive mouse strains: A
combined neuroendocrine and behavioral study in BALB/c and C57BL/6] mice. Front. Behav. Neurosci. 2007, 1, 8.
https://doi.org/10.3389/neuro.08.008.2007.

Lin, J.C.; Chan, M.H.; Lee, M.Y.; Chen, Y.C.; Chen, H.H. N,N-dimethylglycine differentially modulates psychotomimetic and
antidepressant-like effects of ketamine in mice. Prog. Neuropsychopharmacol. Biol. Psychiatry 2016, 71, 7-13.
https://doi.org/10.1016/j.pnpbp.2016.06.002.

Lin, J.C; Lee, M.Y.; Chan, M.H.; Chen, Y.C.; Chen, H.H. Betaine enhances antidepressant-like, but blocks psychotomimetic
effects of ketamine in mice. Psychopharmacology 2016, 233, 3223-3235. https://doi.org/10.1007/s00213-016-4359-x.



Biomedicines 2023, 11, 1821 12 of 13

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Irifune, M.; Shimizu, T.; Nomoto, M. Ketamine-induced hyperlocomotion associated with alteration of presynaptic components
of dopamine neurons in the nucleus accumbens of mice. Pharmacol. Biochem. Behav. 1991, 40, 399-407.
https://doi.org/10.1016/0091-3057(91)90571-i.

Karwacki, Z.; Kowianski, P.; Morys, J. General anaesthesia in rats undergoing experiments on the central nervous system. Folia
Morphol. 2001, 60, 235-242.

Becker, A.; Peters, B.; Schroeder, H.; Mann, T.; Huether, G.; Grecksch, G. Ketamine-induced changes in rat behaviour: A possible
animal model of schizophrenia. Prog. Neuropsychopharmacol. Biol. Psychiatry 2003, 27, 687-700. https://doi.org/10.1016/S0278-
5846(03)00080-0.

Trujillo, K.A.; Smith, M.L.; Sullivan, B.; Heller, C.Y.; Garcia, C.; Bates, M. The neurobehavioral pharmacology of ketamine:
Implications for drug abuse, addiction, and psychiatric disorders. ILAR J. 2011, 52, 366-378. https://doi.org/10.1093/ilar.52.3.366.
Hefner, K.; Holmes, A. Ontogeny of fear-, anxiety- and depression-related behavior across adolescence in C57BL/6] mice. Behav.
Brain Res. 2007, 176, 210-215. https://doi.org/10.1016/j.bbr.2006.10.001.

Krystal, ].H.; Karper, L.P.; Seibyl, ].P.; Freeman, G.K.; Delaney, R.; Bremner, ].D.; Heninger, G.R.; Bowers, M.B.; Jr.; Charney,
D.S. Subanesthetic effects of the noncompetitive NMDA antagonist, ketamine, in humans. Psychotomimetic, perceptual,
cognitive, and neuroendocrine responses. Arch. Gen. Psychiatry 1994, 51, 199-214.
https://doi.org/10.1001/archpsyc.1994.03950030035004.

Xu, K.; Krystal, ].H.; Ning, Y.; Chen, D.C.; He, H.; Wang, D.; Ke, X,; Zhang, X,; Ding, Y.; Liu, Y,; et al. Preliminary analysis of
positive and negative syndrome scale in ketamine-associated psychosis in comparison with schizophrenia. J. Psychiatr. Res.
2015, 61, 64-72. https://doi.org/10.1016/j.jpsychires.2014.12.012.

Schramm-Sapyta, N.L.; Walker, Q.D.; Caster, ].M.; Levin, E.D.; Kuhn, C.M. Are adolescents more vulnerable to drug addiction
than adults? Evidence from animal models. Psychopharmacology 2009, 206, 1-21. https://doi.org/10.1007/s00213-009-1585-5.
Rocha, A.; Hart, N.; Trujillo, K.A. Differences between adolescents and adults in the acute effects of PCP and ketamine and in
sensitization following intermittent administration. Pharmacol. Biochem. Behav. 2017, 157, 24-34.
https://doi.org/10.1016/j.pbb.2017.04.007.

Bates, M.L.S.; Trujillo, K.A. Long-lasting effects of repeated ketamine administration in adult and adolescent rats. Behav. Brain
Res. 2019, 369, 111928. https://doi.org/10.1016/j.bbr.2019.111928.

Carola, V.; D'Olimpio, F.; Brunamonti, E.; Mangia, F.; Renzi, P. Evaluation of the elevated plus-maze and open-field tests for the
assessment of anxiety-related behaviour in inbred mice. Behav. Brain Res. 2002, 134, 49-57. https://doi.org/10.1016/s0166-
4328(01)00452-1.

Tang, X.; Orchard, S.M.; Sanford, L.D. Home cage activity and behavioral performance in inbred and hybrid mice. Behav. Brain
Res. 2002, 136, 555-569. https://doi.org/10.1016/s0166-4328(02)00228-0.

Wiley, J.L.; Evans, R.L.; Grainger, D.B.; Nicholson, K.L. Age-dependent differences in sensitivity and sensitization to
cannabinoids and 'club drugs' in male adolescent and adult rats. Addict. Biol. 2008, 13, 277-286. https://doi.org/10.1111/j.1369-
1600.2007.00077 ..

Parise, E.M.; Alcantara, L.F.; Warren, B.L.; Wright, K.N.; Hadad, R; Sial, O.K.; Kroeck, K.G.; [figuez, S.D.; Bolafios-Guzman,
C.A. Repeated ketamine exposure induces an enduring resilient phenotype in adolescent and adult rats. Biol. Psychiatry 2013,
74, 750-759. https://doi.org/10.1016/j.biopsych.2013.04.027.

Hetzler, B.E.; Wautlet, B.S. Ketamine-induced locomotion in rats in an open-field. Pharmacol. Biochem. Behav. 1985, 22, 653—655.
https://doi.org/10.1016/0091-3057(85)90291-6.

Allain, F.; Minogianis, E.A.; Roberts, D.C.; Samaha, A.N. How fast and how often: The pharmacokinetics of drug use are decisive
in addiction. Neurosci. Biobehav. Rev. 2015, 56, 166-179. https://doi.org/10.1016/j.neubiorev.2015.06.012.

McCarthy, L.E.; Mannelli, P.; Niculescu, M.; Gingrich, K.; Unterwald, E.M.; Ehrlich, M.E. The distribution of cocaine in mice
differs by age and strain. Neurotoxicol. Teratol. 2004, 26, 839-848. https://doi.org/10.1016/j.ntt.2004.07.004.

Veilleux-Lemieux, D.; Castel, A; Carrier, D.; Beaudry, F.; Vachon, P. Pharmacokinetics of ketamine and xylazine in young and
old Sprague-Dawley rats. J. Am. Assoc. Lab. Anim. Sci. 2013, 52, 567-570.

Olney, J.W.; Farber, N.B. NMDA antagonists as neurotherapeutic drugs, psychotogens, neurotoxins, and research tools for
studying schizophrenia. Neuropsychopharmacology 1995, 13, 335-345. https://doi.org/10.1016/0893-133X(95)00079-S.

Farber, N.B.; Olney, ].W. Drugs of abuse that cause developing neurons to commit suicide. Brain Res. Dev. Brain Res. 2003, 147,
37-45. https://doi.org/10.1016/j.devbrainres.2003.09.009.

Cho, HK,; Kim, KW.; Jeong, Y.M.; Lee, H.S,; Lee, Y.J.; Hwang, S.H. Efficacy of ketamine in improving pain after tonsillectomy
in children: Meta-analysis. PLoS ONE 2014, 9, e101259. https://doi.org/10.1371/journal.pone.0101259.

Colwell, C.S.; Cepeda, C.; Crawford, C.; Levine, M.S. Postnatal development of glutamate receptor-mediated responses in the
neostriatum. Dev. Neurosci. 1998, 20, 154-163. https://doi.org/10.1159/000017310.

Henson, M.A; Roberts, A.C.; Salimi, K.; Vadlamudj, S.; Hamer, R.M.; Gilmore, J.H.; Jarskog, L.F.; Philpot, B.D. Developmental
regulation of the NMDA receptor subunits, NR3A and NR1, in human prefrontal cortex. Cereb. Cortex 2008, 18, 2560-2573.
https://doi.org/10.1093/cercor/bhn017.

Insel, T.R.; Miller, L.P.; Gelhard, R.E. The ontogeny of excitatory amino acid receptors in rat forebrain--I. N-methyl-D-aspartate
and quisqualate receptors. Neuroscience 1990, 35, 31-43. https://doi.org/10.1016/0306-4522(90)90117-m.

Luo, J.; Bosy, T.Z.; Wang, Y.; Yasuda, R.P.; Wolfe, B.B. Ontogeny of NMDA R1 subunit protein expression in five regions of rat
brain. Brain Res. Dev. Brain Res. 1996, 92, 10-17. https://doi.org/10.1016/0165-3806(95)00191-3.



Biomedicines 2023, 11, 1821 13 of 13

57.

58.

59.

60.

61.

62.

Nowakowski, R.S. The mode of inheritance of a defect in lamination in the hippocampus of BALB/c mice. . Neurogenet. 1984, 1,
249-258. https://doi.org/10.3109/01677068409107090.

Akillioglu, K.; Binokay, S.; Kocahan, S. The effect of neonatal N-methyl-D-aspartate receptor blockade on exploratory and
anxiety-like  behaviors in adult BALB/c and C57BL/6 mice. Behav. Brain Res. 2012, 233, 157-161.
https://doi.org/10.1016/j.bbr.2012.04.041.

Jacome, L.F.; Burket, ].A.; Herndon, A.L.; Deutsch, S.I. D-Cycloserine enhances social exploration in the Balb/c mouse. Brain Res.
Bull. 2011, 85, 141-144. https://doi.org/10.1016/j.brainresbull.2011.03.004.

Jacome, L.F.; Burket, J.A.; Herndon, A.L.; Cannon, W.R.; Deutsch, S.I. D-serine improves dimensions of the sociability deficit of
the genetically-inbred Balb/c mouse strain. Brain Res. Bull. 2011, 84, 12-16. https://doi.org/10.1016/j.brainresbull.2010.10.010.
Burket, ].A.; Herndon, A.L.; Deutsch, S.I. Locomotor activity of the genetically inbred Balb/c mouse strain is suppressed by a
socially salient stimulus. Brain Res. Bull. 2010, 83, 255-256. https://doi.org/10.1016/j.brainresbull.2010.07.006.

Martos, D.; Tuka, B.; Tanaka, M.; Vécsei, L.; Telegdy, G. Memory Enhancement with Kynurenic Acid and Its Mechanisms in
Neurotransmission. Biomedicines 2022, 10, 849. https://doi.org/10.3390/biomedicines10040849.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.



