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Abstract

Background: (R,S)-ketamine, an N-methyl-D-aspartate receptor antagonist, is frequently used as an anesthetic and as a rapid-
acting antidepressant. We and others have reported that (R,S)-ketamine is prophylactic against stress in adult mice but have
yet to test its efficacy in adolescent or aged populations.

Methods: Here, we administered saline or (R,S)-ketamine as a prophylactic at varying doses to adolescent (5-week-old) and aged
(24-month-old) 129S6/SvEv mice of both sexes 1 week before a 3-shock contextual fear-conditioning (CFC) stressor. Following
CFC, we assessed behavioral despair, avoidance, perseverative behavior, locomotion, and contextual fear discrimination. To
assess whether the prophylactic effect could persist into adulthood, adolescent mice were injected with saline or varying
doses of (R,S)-ketamine and administered a 3-shock CFC as a stressor 1 month later. Mice were then re-exposed to the
aversive context 5 days later and administered behavioral tests as aforementioned. Brains were also processed to quantify
Cyclooxygenase 2 expression as a proxy for inflammation to determine whether the prophylactic effects of (R,S)-ketamine
were partially due to changes in brain inflammation.

Results: Our data indicate that (R,S)-ketamine is prophylactic at sex-specific doses in adolescent but not aged mice. (R,S)-
ketamine attenuated learned fear and perseverative behavior in females, reduced behavioral despair in males, and facilitated
contextual fear discrimination in both sexes. (R,S)-ketamine reduced Cyclooxygenase 2 expression specifically in ventral
Cornu Ammonis region 3 of male mice.

Conclusions: These findings demonstrate that prophylactic (R,S)-ketamine efficacy is sex, dose, and age dependent and will
inform future studies investigating (R,S)-ketamine efficacy across the lifespan.
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Significance Statement

(R,S)-ketamine, an N-methyl-D-aspartate (NMDA) receptor antagonist, is used as an anesthetic and rapid-acting antidepressant.
We and others have reported that (R,S)-ketamine is prophylactic against stress in adult mice, but have yet to test its efficacy
in adolescent or aged populations. Here, we report that prophylactic (R,S)-ketamine administration during adolescence was
efficacious in attenuating learned fear and perseverative behaviors in females and at reducing behavioral despair in males.
Importantly, the prophylactic effect could persist into adulthood: prophylactic (R,S)-ketamine administration reduced fear ex-
pression in males and decreased behavioral despair and perseverative behavior in females. These results show for the first time,
to our knowledge, that there is a long-lasting, prophylactic effect of (R,S)-ketamine on separate stress-induced behaviors in ado-
lescent males and females. Notably, prophylactic (R,S)-ketamine was not effective in aged mice. Overall, our findings underscore
the need for age- and sex-specific dosing to increase the efficacy of (R,S)-ketamine treatment in adolescent and aged subjects.

Introduction

(R,S)-ketamine, an N-methyl-D-aspartate receptor antagonist,
has emerged as a rapid-acting and long-lasting antidepres-
sant (Berman et al., 2000; Zarate et al., 2006; Kavalali et al.,
2015; Carreno et al., 2016). While traditional antidepressants
take weeks to reach efficacy and require daily administration to
maintain therapeutic efficacy, (R,S)-ketamine often acts within
2 hours following a single dose (Autry et al., 2011; Murrough
et al., 2013) in patients with major depressive disorder (MDD).
Moreover, (R,S)-ketamine effects can last 1-2 weeks (Zarate
et al., 2006; Murrough et al., 2013). We have previously reported
that a single injection of (R,S)-ketamine administered 1 week
before stress protects against stress-induced behavioral despair
and attenuates learned fear in adult mice (Brachman et al., 2016;
McGowan et al., 2017). (R,S)-ketamine’s prophylactic effect has
been replicated by several other laboratories (Amat et al., 2016;
Dolzani et al., 2018) and has been shown to be effective in the
clinic (McGhee et al., 2008; Ma et al., 2019), demonstrating its
promising potential as a preventative therapy.

Despite its potential as a prophylactic, (R,S)-ketamine has
primarily been tested preclinically in adult mice. (R,S)-ketamine
is used for short-term procedural sedation in the emergency de-
partment setting in a wide age range, starting at 3 months of
age (Rosenbaum et al., 2021). Yet, even with a high prevalence of
(R,S)-ketamine being administered as an anesthetic in children
(Green et al., 2004; Dolansky et al., 2008), few studies have sys-
tematically evaluated the behavioral effects of (R,S)-ketamine
administration in children (Papolos et al., 2013; Dwyer et al,,
2017; Cullen et al., 2018; Zarrinnegar et al., 2019). Moreover, the
long-term effects of adolescent (R,S)-ketamine administration
later in life, or in males vs females, have not yet been inves-
tigated. Whether there is a sex-specific effect and/or an inter-
action of (R,S)-ketamine and stress during adolescence is also as
of yet unknown, making it essential that the behavioral conse-
quences associated with (R,S)-ketamine administration in ado-
lescent populations be characterized.

Similarly, (R,S)-ketamine is used as an anesthetic in older
adults (Maneglia and Cousin, 1988; Green and Krauss, 2004),
often in combination with other drugs (Willman et al., 2007;
Andolfatto et al., 2012). However, there are minimal data about
(R,S)-ketamine efficacy as an antidepressant in elderly pa-
tients (i.e., >60 years old) (Szymkowicz et al., 2014; Heard et al.,
2017; Medeiros et al., 2017; Bahr et al., 2019; Bryant et al., 2019;
Pennybaker et al., 2021). Only 2 studies showed that (R,S)-
ketamine successfully decreased depressive symptomatology
(Srivastava et al., 2015; Medeiros da Frota Ribeiro and Riva-Posse,
2017). Two other studies showed that, although the geriatric
population responded to an acute infusion of (R,S)-ketamine,
they were unable to maintain an antidepressant response to i.v.
(R,S)-ketamine over time, suggesting that (R,S)-ketamine has low
efficacy for the elderly (George et al.,, 2017; Bryant et al., 2019).

However, it is important to note that in these studies, (R,S)-
ketamine was often given in addition to other antidepressants,
in patients with co-morbid disorders, and without taking into
account sex differences. Most critically, there are no preclinical
studies on (R,S)-ketamine’s prophylactic effects in aged mice.

Studying sex and age is crucial given that brain maturation
is affected by both variables. The mouse life-cycle is character-
ized by the following stages: adolescence (4-7 weeks), adulthood
(3-6 months), and aging (18-24 months) (Flurkey et al., 2007).
Sex steroids increase during adolescence, enhancing neuronal
myelination (Martini and Melcangi, 1991) and modulating the
development of neurocircuitry underlying high-order cogni-
tion, reward, and emotional processing until adulthood (Flurkey
et al., 2007). These neurodevelopmental changes are necessary
for developing adult behaviors (Flurkey et al., 2007), but also
make the adolescent brain highly susceptible to stress. Thus,
adolescence is the time when symptoms of a variety of mental
illnesses often emerge (Kessler et al., 2005). Conversely, with
aging biomarkers such as sex steroids, energy metabolism, syn-
aptic transmission, cell membrane turnover, and neurogenesis
become altered (Duarte et al., 2015). Therefore, behavioral and
drug responses may be drastically different in adolescent vs
adult or aged populations.

Recent studies showed that inflammatory markers, such as
cytokines, enzymes, and metabolites levels, could be used as
biomarkers for depressive behavior (Wright et al., 2005; Haroon
etal.,2012; Strawbridge et al.,2017). For example, Cyclooxygenase
2 (Cox-2), an enzyme involved in inflammation by synthesizing
prostaglandins, has been shown to be increased in depressed
patients (Galecki et al., 2012). (R,S)-ketamine has been shown to
have anti-inflammatory properties in depressed patients with
peripheral inflammation (De Kock et al., 2013; Zanos et al., 2018;
Verdonk et al., 2019). Interestingly, (R,S)-ketamine has been
shown to interfere with Cox-2 without blunting the local in-
flammatory process (De Kock et al., 2013). It is still unknown if
prophylactic (R,S)-ketamine alters Cox-2 expression in adoles-
cent or aged mice.

Here, to better understand (R,S)-ketamine’s prophylactic ef-
ficacy in adolescent and aged populations, male and female
adolescent or aged mice were injected with saline or (R,S)-
ketamine at 1 of varying doses 1 week before a contextual
fear-conditioning (CFC) stressor. Prophylactic (R,S)-ketamine at-
tenuated learned fear in adolescent female mice and decreased
behavioral despair in adolescent male mice, but had no effects
in aged mice. Prophylactic (R,S)-ketamine also facilitated con-
textual fear discrimination (CFD) in adolescent but not aged
mice. (R,S)-ketamine administration specifically reduced the ex-
pression of Cox-2 in ventral Cornu Ammonis region 3 CA3 (vCA3)
in adolescent male mice. In summary, by showing that prophy-
lactic (R,S)-ketamine efficacy is sex, dose, and age dependent,

220z AInf 0 uo Josn Aysioaun eiquiniod Aq |1 L0YS9/Z15/9/GZ/91e/duli/woo dno-olwepeoe//:sdjy WwoJy papeojumoq



514 | International Journal of Neuropsychopharmacology, 2022

this and our prior studies aim to inform future clinical studies
investigating (R,S)-ketamine efficacy across the lifespan.

METHODS

For a full description of Methods, please refer to the supple-
mental Methods and supplemental Table 1.

Mice

For adolescent studies, male and female 129S6/SvEvTac mice
were purchased from Taconic (Hudson, NY, USA) at 4 weeks of
age, equivalent to 13-17 years of age in humans (Newman et al.,
1996; Pattwell et al., 2012). Mice were housed in the vivarium for
1 week to allow for an adjustment.

For aged studies, 129S6/SvEvTac mice were purchased
from Taconic and bred in-house. The pups were then aged to
24 months of age, equivalent to 56-69 years of age in humans
(Flurkey et al., 2007). Mice were housed 5 per cage in a 12-hour
(6:00 AM-6:00 PMm) light/-dark colony room at 22°C.

In contrast to other mouse strains, 12956/SvEvTac mice show
greater susceptibility to stress (Chan et al., 2017) and are ideal to
model stress-induced psychopathology (Anisman and Matheson,
2005; Ducottet and Belzung, 2005). This mouse strain has also
been used in previous studies of (R,S)-ketamine’s prophylactic ef-
fects (Brachman et al., 2016; McGowan et al., 2017; Mastrodonato
et al., 2018; Mastrodonato et al., 2020; Chen et al., 2020).

Food and water were provided ad libitum. Behavioral testing
was performed during the light phase. All experiments were ap-
proved by the Institutional Animal Care and Use Committee at
the New York State Psychiatric Institute.

Drugs

A single injection of saline (0.9% NaCl) or (R,S)-ketamine (Fort
Dodge Animal Health, Fort Dodge, IA, USA) (10, 30, or 100 mg/
kg) was administered at 5 weeks or 24 months of age once
during the course of each experiment. All drugs were prepared
in physiological saline and administered i.p. in volumes of 0.1
cc/10 mg body weight.

Statistical Analysis

All data were analyzed using Prism 8.0 (Graphpad Software, La
Jolla, CA, USA). Alpha was set to 0.05 for all analyses. Overall, the
effect of age, time, and drug was analyzed using ANOVA, using
repeated measures where appropriate. Post-hoc Dunnett’s and
Sidak’s tests were used where appropriate. The effect of drug on
Cox-2 expression (mean intensity) was analyzed using Student’s
t tests. All statistical tests and P values are listed in supplemen-
tary Table 2. A summary of behavioral findings is listed in sup-
plementary Table 3.

RESULTS

(R,S)-Ketamine Is Prophylactic in Adolescent but Not
Aged Mice

We have previously shown that (R,S)-ketamine is prophy-
lactic against stress-induced behavioral despair in adult mice
(Brachman et al., 2016; McGowan et al.,, 2017; Mastrodonato
et al,, 2018) but have yet to determine its prophylactic efficacy
in adolescent or aged mice. Here, male and female adolescent
(5-week-old) and aged (24-month-old) 129S6/SvEv mice were

injected with saline or (R,S)-ketamine at varying doses (Fig. 1A).
Doses were chosen on previous studies in adolescent (Parise
et al,, 2021) and adult mice (Brachman et al., 2016; McGowan
et al, 2017; Mastrodonato et al,, 2018; Chen et al., 2020).
Furthermore, since aged mice were bred in-house, and there-
fore, only a limited number of mice were available for each ex-
periment, only the previously identified effective doses for adult
mice (30 mg/kg for males and 10 mg/kg for females) were chosen
for these studies.

One week later, mice were administered a 3-shock CFC para-
digm. During CFC training, all groups of adolescent male mice
exhibited lower levels of freezing compared with aged male
mice (Fig. 1B). However, all groups of adolescent female mice
exhibited higher levels of freezing compared with aged female
mice (Fig. 1C). (R,S)-ketamine did not impact freezing levels in
any group. Five days later, mice were re-exposed to the CFC
context. Adolescent male mice tended to freeze less than aged
male mice (P=.06), and there was no effect of drug (Fig. 1D). In
females, there was an effect of drug, but not of age, and there
was a drug x age interaction. Adolescent (R,S)-ketamine-injected
(10 or 30 mg/kg) female mice exhibited significantly less freezing
than saline-injected mice (Fig. 1E). Adolescent (R,S)-ketamine-
injected (100 mg/kg) mice tended to freeze less than saline-
injected mice (P=.05). Saline- and (R,S)-ketamine-injected aged
female mice exhibited comparable levels of freezing.

During day 1 of the forced swim test (FST), male and female
adolescent mice had lower immobility time than male and fe-
male aged mice (Fig. 1F-G). During day 2 of the FST, adolescent
(R,S)-ketamine-injected (30 or 100 mg/kg) male mice exhibited
significantly less immobility time than saline-injected male mice
(Fig. 1H). Saline- and (R,S)-ketamine-injected aged male mice ex-
hibited comparable immobility time. Adolescent female mice ex-
hibited significantly less immobility time than aged female mice
(Fig. 11). (R,S)-ketamine did not impact behavioral despair in ado-
lescent or aged female mice.

In the open field (OF) test, adolescent male and female mice
traveled significantly more than aged male and female mice
(Fig. 1J-K). (R,S)-ketamine did not impact the distance traveled
in any of the groups. In the elevated plus maze (EPM), adoles-
cent male mice spent significantly more time in the open arms
than aged male mice (Fig. 1L). There was a significant effect of
(R,S)-ketamine on the time spent in the open arms in adolescent
male but not female mice (Fig. 1L-M). Adolescent female and
aged mice spent a comparable time in the open arms (Fig. 1M).
In the marble-burying task, all groups of adolescent and aged
male mice buried a comparable number of marbles (Fig. 1N).
However, adolescent female mice buried a significantly lower
number of marbles than aged female mice, indicating decreased
perseverative behavior in these mice (Fig. 10). All groups of ado-
lescent female mice administered (R,S)-ketamine buried sig-
nificantly fewer marbles than female mice administered saline.
Saline- and (R,S)-ketamine-injected aged female mice buried a
comparable number of marbles (Fig. 10). These data indicate
that while ineffective in aged mice, prophylactic (R,S)-ketamine
administration decreases stress-induced behavioral despair in
adolescent male mice and decreases fear behavior and compul-
sive behavior in adolescent female mice.

Prophylactic (R,S)-Ketamine Has Long-Lasting Effects
in Adolescent Mice

It remained to be determined how long the prophylactic effects
of (R,S)-ketamine could persist in adolescent mice. We previously
showed that prophylactic (R,S)-ketamine was effective when
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Figure 1. Prophylactic (R,S)-ketamine is effective against stress in adolescent but not aged mice. (A) Experimental design. (B) Five-week-old male mice exhibited lower
levels of freezing compared with 24-month-old male mice on CFC training (age: P=.030). (R,S)-ketamine did not impact freezing levels in either group (drug: P=.674).
(C) Five-week-old female mice exhibited higher level of freezing compared with 24-month-old female mice during CFC training (age: P<.0001). (R,S)-ketamine did not
impact freezing levels in either group (drug: P=.735). (D) During CFC re-exposure, 5-week-old mice tended to freeze less than 24-month-old male mice (age: P=.058). (E)
Five-week-old female mice exhibited similar freezing levels to 24-month-old female mice (age: P=.086). Five-week-old female mice administered (R,S)-ketamine at 10 or
30 mg/kg, but not 100 mg/kg, exhibited significantly less freezing than female mice administered saline (P=.009; P=.042; P=.054, respectively). (F,G) Five-week-old male
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administered 1 week but not 1 month before stress (McGowan
et al., 2018). However, it remained to be determined if prophy-
lactic (R,S)-ketamine followed that same window in adolescent
mice. Male and female 5-week-old mice were injected with
saline or (R,S)-ketamine (Fig. 2A). One month later, mice were
administered a 3-shock CFC paradigm. During CFC training,
all groups of mice exhibited comparable levels of freezing (Fig.
2B-C). During CFC context re-exposure, male mice administered
(R,S)-ketamine exhibited significantly less freezing than male
mice administered saline (Fig. 2D). Female mice administered
(R,S)-ketamine tended to exhibit less freezing than female mice
administered saline (Fig. 2E).

During day 1 of the FST, all groups of mice had comparable
immobility time (Fig. 2F-G). During day 2 of the FST, both groups
of male mice had comparable immobility time (Fig. 2H). In fe-
male mice, (R,S)-ketamine-injected mice exhibited significantly
less immobility time than saline-injected mice (Fig. 2I).

All groups of mice traveled a comparable distance during
the OF (Fig. 2J-K) and spent a comparable amount of time
in the open arms of the EPM (Fig. 2L-M). During the marble
burying task, both groups of male mice buried a comparable
number of marbles (Fig. 2N). However, (R,S)-ketamine-injected
female mice buried significantly fewer marbles than saline-
injected female mice (Fig. 20). In contrast to our adult male
prophylactic (R,S)-ketamine study, these data indicate that
(R,S)-ketamine administration has long-lasting prophylactic
effects against fear in adolescent male mice and against
stress-induced behavioral despair and compulsive behavior in
adolescent female mice that can last up to 1 month following
a single injection.

Prophylactic (R,S)-Ketamine Facilitates CFD in
Adolescent but Not Aged Mice

We next investigated whether the prophylactic (R,S)-ketamine
effect was specific for fear expression or could alsoimpact other
types of fear learning, such as fear discrimination. We previ-
ously reported that (R,S)-ketamine was effective at facilitating
fear discrimination in adult male mice (Mastrodonato et al.,
2018). Here, adolescent and aged mice were injected with sa-
line or (R,S)-ketamine and administered a CFD paradigm 1
week later (Fig. 3A). In adolescent male mice, saline-injected
mice discriminated between the 2 contexts starting on day 5
(Fig. 3B and K). (R,S)-ketamine-injected mice (10 or 100 mg/kg)
discriminated between the 2 contexts starting on day 6 (Fig.
3C, E, and K). (R,S)-ketamine-injected mice (30 mg/kg) could
discriminate starting on day 4 (Fig. 3D and K). By day 10, only
(R,S)-ketamine-injected mice (30 mg/kg) showed an increased
discrimination ratio compared with saline-injected mice
(Fig. 3J).

In adolescent female mice, saline- or (R,S)-ketamine-injected
(10 mg/kg) mice discriminated between the 2 contexts starting
on day 5 (Fig. 3F, G, and M). In contrast, (R,S)-ketamine-injected
mice (30 or 100 mg/kg) discriminated between the 2 contexts
starting on day 7 (Fig. 3H, I, and M). By day 10, all groups of fe-
male mice administered showed similar discrimination ratios
(Fig. 3L).

Both groups of aged male and female mice could not dis-
criminate between the 2 contexts over the course of CFD, and
(R,S)-ketamine did not improve this behavioral phenotype (Fig.
3N-U). Although there was an overall effect of context in the fe-
male aged mice administered (R,S)-ketamine, only day 8 reached
significance (Fig. 3S). These data indicate that prophylactic (R,S)-
ketamine administration is effective at facilitating CFD in ado-
lescent but not aged mice.

Prophylactic (R,S)-Ketamine Decreases Cox-2
Expression in vCA3 of Adolescent but Not Aged Mice

We next investigated whether the sex- and age-specific effects
of (R,S)-ketamine on behavior could be paralleled by changes
in the expression of Cox-2 (Fig. 4A-C), a marker of inflamma-
tion (De Kock et al., 2013). Only the previously identified ef-
fective (R,S)-ketamine doses for adult mice (30 mg/kg for males
and 10 mg/kg for females) were chosen for these studies. In the
dorsal hippocampus (HPC), 5-week-old male mice tended to
have lower levels of Cox-2 expression than 24-month-old male
mice in the dentate gyrus (DG) (P=.05) (Fig. 4D). Five-week-old
male mice had similar levels of Cox-2 expression compared with
24-month-old male mice in the CA3 (Fig. 4E). (R,S)-ketamine did
not impact Cox-2 expression in either group. Five-week-old fe-
male mice had a lower level of Cox-2 expression than 24-month-
old female mice in the DG and CA3 (Fig. 4F-G). (R,S)-ketamine
did not impact Cox-2 expression in either group.

In the ventral HPC, 5-week-old male mice tended to have or
had a lower level of Cox-2 expression than 24-month-old male
mice in the DG and CA3, respectively (Fig. 4H-I). (R,S)-ketamine
did not impact Cox-2 expression in either group in the ventral
DG. However, 5-week-old male mice administered (R,S)-ketamine
had lower levels of Cox-2 expression than saline-treated mice in
vCA3 (Fig. 4]). (R,S)-ketamine did not impact Cox-2 expression
in 24-month-old mice in vCA3. Five-week-old female mice had
a lower level of Cox-2 expression compared with 24-month-
old female mice in the ventral DG and vCA3 (Fig. 4J-K). (R,S)-
ketamine did not impact Cox-2 expression in any groups. These
data suggest that (R,S)-ketamine effects might be partially me-
diated by Cox-2 expression in vCA3 in 5-week-old male mice.
Furthermore, in line with our previous data (Mastrodonato et al.,
2018), these data suggest that vCA3 is a key node in prophylactic
(R,S)-ketamine efficacy.

and female mice administered saline or (R,S)-ketamine exhibited lower immobility time on day 1 of the FST compared with 24-month-old mice (age: P<.0001; P=.0008,
respectively). (H) Five-week- and 24-month-old male mice showed similar immobility time on day 2 of the FST (age: P=.418). Five-week-old male mice administered
(R,S)-ketamine at 30 or 100 mg/kg, but not 10 mg/kg, exhibited significantly less immobility time compared with mice administered saline on day 2 of the FST (P=.036
and P=.007, respectively). (I) Five-week-old female mice exhibited significantly less immobility time than 24-month-old female mice (age: P=.005). (R,S)-ketamine
did not impact behavioral despair in either group (drug: P=.305). (J, K) Both groups of 24-month-old male and female mice traveled significantly less than 5-week-old
male and female mice (age: P=.039; P<.0001, respectively). (R,S)-ketamine did not impact the distance traveled in any groups (drug: P=.119; P=.694, respectively). (L)
Five-week-old mice spent more time in the open arms than 24-month-old male mice (age: P=.0003). (R,S)-ketamine increased the time spent in the open arms (drug:
P=.0002). (M) Five-week-old female mice spent a similar amount of time in the open arms compared with 24-month-old female mice (age: P=.672). In 5-week-old
mice, there was no effect of drug (P=.719). (N) During the MB, all groups of 5-week-old and 24-month-old male mice buried a comparable number of marbles (P=.357).
(O) All groups of 5-week-old female mice administered (R,S)-ketamine buried significantly fewer marbles compared with female mice administered saline (P<.0001).
Both groups of 24-month-old female mice buried a comparable number of marbles, but significantly higher than 5-week-old mice (P=.028). (n=4-8 mice per group).
Error bars represent + SEM. *P<.05. **P<.01. **P<.0001. CFC, contextual fear conditioning; EPM, elevated plus maze; FST, forced swim test; K, (R,S)-ketamine; MB, marble

burying; OF, open field; Sal, saline; sec, second.
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Figure 2. Prophylactic (R,S)-ketamine has long-lasting effects in adolescent mice. (A) Experimental design. (B, C) Five-week-old male and female mice administered
saline or (R,S)-ketamine froze comparably during CFC training (P=.210, P=.694, respectively). (D) Male mice administered (R,S)-ketamine exhibited significantly less
freezing than male mice administered saline during CFC re-exposure (P=.022). (E) In female mice, (R,S)-ketamine-injected mice tended to freeze less than saline-
injected mice during CFC re-exposure (P=.053). (F) Male mice administered saline or (R,S)-ketamine exhibited similar immobility time on day 1 of FST (P=.920). (G)
Female mice administered saline or (R,S)-ketamine exhibited similar immobility time on day 1 of FST (P=.186). (H) Male mice administered saline or (R,S)-ketamine
exhibited similar immobility during day 2 of the FST (P=.444). (I) Female mice administered (R,S)-ketamine exhibited significantly less immobility time compared with
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Discussion

Here, we report for the first time, to our knowledge, that a single
injection of (R,S)-ketamine, administered prophylactically, is
effective against selective stress-induced behaviors in adoles-
cent, but not aged, mice depending on sex, dose, and time of
administration. Specifically, we found that prophylactic (R,S)-
ketamine attenuated learned fear and perseverative behavior
in adolescent female mice and decreased behavioral despair in
adolescent male mice. Importantly, a single injection of (R,S)-
ketamine during adolescence attenuated fear in males and be-
havioral despair in females during adulthood, suggesting that
(R,S)-ketamine can provide long-lasting protection against
stress. These findings underscore the need for age- and sex-
specific dosing to increase the efficacy of (R,S)-ketamine treat-
ment in adolescent and aged subjects. (R,S)-ketamine facilitated
CFD in both sexes in adolescent but not aged mice. Lastly, we
found that the levels of the marker of inflammation Cox-2 were
increased in aged but not adolescent mice. Prophylactic (R,S)-
ketamine decreased the level of Cox-2 specifically in vCA3 of
adolescent male mice.

Our study demonstrates that during CFC training, aged male
mice froze more than adolescent male mice, while aged female
mice froze less than aged female mice. Sex differences in fear-
related behaviors have been widely reported by several studies.
For instance, males have generally been shown to exhibit more
fear behaviors than females (e.g., lower ambulation and rearing,
reduced open-arm activity in the EPM) as well as behavioral
inhibition after previous aversive stimulation (Archer, 1975;
Johnston and File, 1991; Gruene et al., 2015). Females, however,
more readily show active responding (e.g., darting) and rapid
fear extinction (Archer, 1975; Johnston and File, 1991; Gruene
et al,, 2015). Human studies have also shown sex-specific symp-
toms of fear-related disorders in men and women. While women
diagnosed with MDD experience higher rates of comorbid anx-
iety disorders and greater suicidal ideation, men are at greater
risk of comorbid substance abuse (Altemus et al., 2014). Overall,
these studies suggest that males and females have unique fear
strategies that, from an evolutionary standpoint, may be differ-
entially advantageous for either sex.

We next showed that prophylactic (R,S)-ketamine attenuated
learned fear in adolescent female mice and decreased behav-
ioral despair in adolescent male mice. Intriguingly, these re-
sults do not directly parallel what we have found in adult mice,
where prophylactic (R,S)-ketamine attenuates learned fear in
males (McGowan et al., 2017) and decreases behavioral despair
in both sexes (Brachman et al., 2016; Mastrodonato et al., 2018;
Chen et al., 2020). Developmental changes in fear neural circuits,
such as the amygdala-HPC-prefrontal cortex circuit, during ado-
lescence may result in different behavioral phenotypes and drug
responses in adolescent compared with adult mice (Casey et al.,
2015; Pattwell et al., 2016). Future studies will investigate how
the brain circuits change during development to result in age-
and sex-specific behaviors.

Interestingly, we found that aged mice showed increased
avoidance behavior compared with adolescent mice only in
males. In line with this, recent studies suggest that generalized

anxiety disorder is more common in older than in younger
adults (Sable and Jeste, 2001; Lenze and Wetherell, 2011).
However, these works have not considered sex as a variable in
the study of anxiety behavior across the lifespan. It remains to
be determined if hormonal differences might be responsible for
the increased avoidance behavior that we observed in aged male
but not female mice. Consistent with previous studies showing
the lack of an anxiolytic effect with (R,S)-ketamine (Autry et al.,
2011; Brachman et al., 2016), (R,S)-ketamine did not affect avoid-
ance behavior. Moreover, we report that at all doses tested,
(R,S)-ketamine reduced perseverative behavior only in adoles-
cent female mice. These data indicate that (R,S)-ketamine may
be protective to attenuate perseverative behavior (i.e., obsessive
compulsive disorder) in adolescent females, which has only
been reported in clinical studies so far (Rodriguez et al., 2013,
2015; Thompson et al., 2020).

Here, we also report that 1 month after adolescent (R,S)-
ketamine administration, male mice exhibit reduced fear ex-
pression, and female mice exhibit decreased behavioral despair
and decreased perseverative behavior. These results show for
the first time, to our knowledge, that there is a long-lasting
prophylactic effect of (R,S)-ketamine on separate stress-induced
behaviors in males and females. These data are in contrast
with our previous work in adult mice showing that prophy-
lactic (R,S)-ketamine is not effective at reducing fear behavior
when administered 1 month before CFC (McGowan et al., 2017)
and suggest that there are different mechanisms regulating the
long-lasting effects of (R,S)-ketamine in adolescents compared
with adult mice. Notably, a recent study in mice has shown that
(R,S)-ketamine in adolescents does not cause long-lasting det-
rimental drug-seeking behavior, providing evidence about the
safety of (R,S)-ketamine exposure during adolescence as a treat-
ment for stress-induced illnesses (Garcia-Carachure et al., 2020).

Since impaired CFD is a symptom often observed in anx-
iety disorders, here we assessed if the (R,S)-ketamine was ef-
fective against CFD in adolescent and aged mice (Lissek et al.,
2010). We report that a similar phenotype in prophylactic (R,S)-
ketamine (30 mg/kg)-administered adolescent male mice and
(R,S)-ketamine (10 mg/kg)-administered adolescent female mice
discriminated faster than their saline-injected controls. Overall,
these data indicate that (R,S)-ketamine is effective at mitigating
fear overgeneralization in both adolescent and adult mice in
a dose- and sex-dependent manner. These data are of clinical
relevance because they suggest using (R,S)-ketamine to treat
pathological fear generalization in anxiety disorders, which are
known to be more prevalent during adolescence than during
adulthood (Kessler et al., 2005). Our data also suggest that the
dose of (R,S)-ketamine will strongly determine whether there is
a positive outcome.

In the CFD experiment, aged mice could not discriminate,
which is in accord with a previous study showing that aged mice
show a profound impairment in CFD compared with young mice
(Wu et al., 2015). (R,S)-ketamine did not facilitate CFD in aged
mice. Our results are consistent with recent studies showing
that Spravato (esketamine) is less effective in older adults (i.e.,
>60 years old) (Bahr et al.,, 2019) and that (R,S)-ketamine in-
fusions are not effective in geriatric patients suffering from

female mice administered saline during day 2 of the FST (P=.015). (J, K) Male and female mice administered saline or (R,S)-ketamine traveled a comparable distance
during the OF (P=.111, P=.826, respectively). (L, M) Male and female mice administered saline or (R,S)-ketamine spent a comparable amount of time in the open arms
of the EPM (P=.428, P=.997, respectively). (N) Male mice administered saline or (R,S)-ketamine buried a comparable number of marbles in the MB (P=.968). (O) Female
mice administered (R,S)-ketamine buried significantly fewer marbles than mice administered saline in the MB (P=.002). (n=6-8 mice per group). Error bars represent
+ SEM. *P<.05. *P<.01. CFC, contextual fear conditioning; EPM, elevated plus maze; FST, forced swim test; K, (R,S)-ketamine; MB, marble burying; OF, open field; Sal,

saline; sec, second.
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Figure 3. Prophylactic (R,S)-ketamine accelerates contextual fear discrimination in adolescent but not aged mice. (A) Experimental design. (B) Saline-injected male
mice could discriminate between the 2 contexts starting from day 5 (context: P<.0001). (C) (R,S)-ketamine-injected male mice (10 mg/kg) could discriminate between
the 2 contexts starting from day 6 (context: P<.0001). (D) (R,S)-ketamine-injected male mice (30 mg/kg) could discriminate starting on day 4 (Context: P<.0001). (E) (R,S)-
ketamine-injected male mice (100 mg/kg) could discriminate between the 2 contexts starting from day 6 (context: P=.0006). (F, G) Saline- or (R,S)-ketamine-injected
female mice (10 mg/kg) could discriminate between the 2 contexts starting on day 5 (context: P<.0001 for both groups). (H, I) (R,S)-ketamine-injected female mice (30 or
100 mg/kg) could discriminate starting on day 7 (context: P<.0001; context: P=.0017, respectively). (J) (R,S)-ketamine-injected male mice (30 mg/kg) exhibited improved
discrimination on day 10 (drug: P=.037). (K) Saline- or (R,S)-ketamine-injected male mice could not discriminate between the 2 contexts on day 2 (context: P=.682; drug:
P=.161). (R,S)-ketamine-injected male mice (30 mg/kg) could discriminate between the 2 contexts on day 6 (P=.001). All groups of mice could discriminate between the
2 contexts on day 10 (context: P<.0001; drug: P=.327). (L) All groups of female mice exhibited comparable discrimination ratios on day 10 (drug: P=.263). (M) Saline- or
(R,S)-ketamine-injected female mice could not discriminate between the 2 contexts on day 2 (drug: P=.010; context: P=.679). (R,S)-ketamine-injected female mice
(10 mg/kg) could discriminate between the 2 contexts on day 6 (P=.0004). All groups of mice could discriminate between the 2 contexts on day 10 (context: P<.0001;
drug: P=.240). (N, O) Twenty-four-month-old male saline or (R,S)-ketamine-injected mice could not discriminate between the 2 contexts over the 10 days (context:
P=.370, P=.969, respectively). (P) Both groups of mice exhibited comparable discrimination ratios on day 10 (drug: P=.622). (Q) On days 2, 6, and 10, all groups exhibited
comparable freezing. (R) Twenty-four-month-old saline-injected female mice could not discriminate between the 2 contexts over the 10 days (context: P=.900). (S) (R,S)-
ketamine-injected female mice could discriminate between the 2 contexts on day 8 (context: P=.047). (T) Both groups of mice exhibited comparable discrimination
ratios on day 10 (drug: P=.571). (U) On days 2, 6, and 10, all groups exhibited comparable freezing (n=5-10 mice per group). Error bars represent + SEM. **P<.0001. K,
(R,S)-ketamine; Sal, saline.
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Figure 4. Prophylactic (R,S)-ketamine selectively decreases Cox-2 expression in ventral CA3 of adolescent male mice. (A) Experimental design. (B, C) Cox-2 expression
in the dorsal and ventral hippocampus. Scale bar = 250 pm and 25 pm (inset). (D) Twenty-four-month-old male mice tended to show increased Cox-2 expression in the
dorsal DG compared with 5-week-old mice (age: P=.053). (R,S)-ketamine did not impact Cox-2 expression (drug: P=.866). (E) Twenty-four-month-old male mice had
similar Cox-2 expression in the dorsal CA3 compared with 5-week-old mice (age: P=.422). (R,S)-ketamine did not impact Cox-2 expression (drug: P=.505). (F, G) Twenty-
four-month-old female mice had increased Cox-2 expression in the dorsal DG and dorsal CA3 compared with 5-week-old mice (age: P=.010; P=.003, respectively).
(R,S)-ketamine did not impact Cox-2 expression in either region (drug: P=.968; P = 444, respectively). (H, I) Twenty-four-month-old male mice trended to have and had
increased Cox-2 expression in the ventral DG and in the ventral CA3 compared with 5-week-old mice (age: P=.059; P=.036, respectively). (R,S)-ketamine did not impact
Cox-2 expression in the ventral DG (drug: P=.603). However, in 5-week-old male mice, (R,S)-ketamine decreased Cox-2 expression in ventral CA3 (drug: P=.043). (J, K)
All groups of female mice showed lower level of Cox-2 expression in the ventral DG and ventral CA3 (age: P=.024; P=.002, respectively). (R,S)-ketamine did not impact
Cox-2 expression (drug: P=.267; P=.773, respectively). Error bars represent + SEM. *P<.05, **P<.01, **P<.001. CA3, Cornu Ammonis region 3; DG, dentate gyrus; iDISCO,
immunolabeling-enabled three-dimensional imaging of solvent-cleared organs; K, (R,S)-ketamine; Sal, saline.
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treatment-resistant depression (Szymkowicz et al.,, 2014; da
Frota Ribeiro and Riva-Posse, 2017; Heard et al., 2017; Bryant
et al., 2019; Pennybaker et al., 2021). These studies, therefore, in-
dicate the necessity of testing different (R,S)-ketamine doses and
protocols of administration in the geriatric population. Future
studies will expand on our study and investigate a variety of
doses and/or combined drug administration in aged mice.

Emerging evidence suggests that peripheral inflammation
is a major risk factor for MDD (Haroon et al., 2012). Moreover,
patients with significantly elevated levels of pro-inflammatory
cytokines at baseline are more likely to develop MDD and less
likely to respond to classical antidepressants. In addition to ab-
errant cytokine levels, the effects of inflammation on mood are
mediated by the indoleamine 2,3-dioxygenase (IDO) pathway.
This pathway metabolizes tryptophan into kynurenine instead
of serotonin (Maes et al., 2007), leading to the production of
metabolites that induce neurotoxicity and depressive symp-
toms. IDO levels can be reduced through the inhibition of Cox-2
(Tachininoto et al., 2013). While the exact molecular mechanism
is unknown, our work shows that (R,S)-ketamine reduces Cox-2
expression, suggesting that decreased IDO-induced neurotox-
icity may be responsible for its beneficial effects on mood.

Here, we found that Cox-2 is significantly increased in the
HPC of aged mice, which aligns with mice and human data
showing that several inflammatory markers increase with aging
(Chung et al., 2019). Notably, we found that (R,S)-ketamine se-
lectively decreased Cox-2 expression in vCA3 of adolescent male
mice. These experiments indicate that Cox-2 expression in vCA3
may contribute to the sex-specific effects of (R,S)-ketamine in
adolescent mice. Therefore, these findings indicate that it could
be possible to track and/or target inflammation in ventral CA3 to
replicate (R,S)-ketamine effects. Moreover, these results could be
translatable in the clinic because they suggest that in patients
showing high level of Cox-2, using pharmacological interven-
tions to lower these levels might be able to alleviate stress-
induced behaviors.

We previously reported that prophylactic (R,S)-ketamine al-
ters nucleotide and neurotransmitter metabolism in both the
brain and plasma (McGowan et al., 2018), suggesting novel target
candidates for prophylactic (R,S)-ketamine efficacy. Future
studies will expand to other markers to assess whether inflam-
matory activity can predict and/or correlate with (R,S)-ketamine
efficacy. This will not only strengthen the translational value
of our basic research, but will be an important step towards
identifying clinically relevant neural mechanisms by which
(R,S)-ketamine can buffer stress responses and/or can be useful
in patient populations suffering from peripheral inflammation.

In summary, the present study demonstrates that (R,S)-
ketamine administration induces distinct behavioral effects in
a sex-, dose-, and age-specific manner. Our results indicate the
necessity of including sex and age effects in pharmacological
studies in both pre-clinical and clinical settings. Future studies
will need to investigate how the brain circuits change across the
lifespan to result in specific behavioral effects.

Supplementary Materials

Supplementary data are available at International Journal of
Neuropsychopharmacology (JNPPY) online.
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