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Although ketamine, a multimodal dissociative anesthetic, is frequently used for analgesia and treatment-resistant
major depression, molecular mechanisms of ketamine remain unclear. Specifically, differences in the effects of
ketamine on neuroplasticity-related proteins in the brains of males and females need further investigation. In the
current study, adult male and female Sprague-Dawley rats with an indwelling jugular venous catheter received
an intravenous ketamine infusion (0, 10, or 40 mg/kg, 2-h), starting with a 2 mg/kg bolus for ketamine groups.
Spontaneous locomotor activity was monitored by infrared photobeams during the infusion. Two hours after the
infusion, brain tissue was dissected to obtain the medial prefrontal cortex (mPFC), hippocampus including the
CA1, CA3, and dentate gyrus, and amygdala followed by Western blot analyses of a transcription factor (c-Fos),
brain-derived neurotrophic factor (BDNF), and phosphorylated extracellular signal-regulated kinase (pERK). The
10 mg/kg ketamine infusion suppressed locomotor activity in male and female rats while the 40 mg/kg infusion
stimulated activity only in female rats. In the mPFC, 10 mg/kg ketamine reduced pERK levels in male rats while
40 mg/kg ketamine increased c-Fos levels in male and female rats. Female rats in proestrus/estrus phases showed
greater ketamine-induced c-Fos elevation as compared to those in diestrus phase. In the amygdala, 10 and 40
mg/kg ketamine increased c-Fos levels in female, but not male, rats. In the hippocampus, 10 mg/kg ketamine
reduced BDNF levels in male, but not female, rats. Taken together, the current data suggest that subanesthetic
doses of intravenous ketamine infusions produce differences in neuroplasticity-related proteins in the brains of
male and female rats.

1. Introduction

Initially derived from phencyclidine in the 1960s, ketamine, a non-
competitive N-methyl-D-aspartate (NMDA) glutamate receptor antago-
nist, has recently acquired popularity because it is used for multiple
clinical applications. Most commonly administered intravenously (IV),
health care professionals use ketamine to provide rapid sedation and/or
anesthesia without compromising hemodynamic stability and sponta-
neous respiration (Mankowitz et al., 2018). In addition, subanesthetic
ketamine provides effective analgesia when compared to opioids, such
as morphine, for both chronic (Niesters et al., 2014) and acute pain
(Schwenk et al., 2018), potentially reducing the reliance on opioids for
pain management. Furthermore, ketamine at subanesthetic doses has

shown validity as a rapid-acting antidepressant in patients considered to
be treatment-resistant (Berman et al., 2000). The growing clinical uti-
lization of ketamine has led many preclinical researchers to explore
ketamine’s mechanism of action. However, many preclinical studies
have ignored sex as a biological variable, resulting in a lack of studies
investigating potential sex-related differences in the effects of ketamine.

Clinical studies have demonstrated that males and females can
exhibit different responses to the same drug treatments (Fletcher et al.,
1994; Harris et al., 1995; Loikas et al., 2013, 2011; Stock et al., 2008;
Van der Heyden et al., 2009). These sex-related differences are impor-
tant for the optimization of drug treatment for patient care. A few pre-
clinical findings have confirmed differences between male and female
rodents when given ketamine. In animal behavioral models, such as the
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forced swim test and novelty suppressed feeding, female rodents were
more sensitive to a low dose (2.5 mg/kg, IP) of ketamine injection when
compared to males (Carrier and Kabbaj, 2013; Saland et al., 2016).
Moreover, female mice showed greater sensitivity to antidepressant ef-
fects of ketamine when compared to males based on the forced swim test
(Franceschelli et al., 2015). Additionally, female rats have higher levels
of ketamine and its primary metabolite, norketamine, in both the mPFC
and hippocampus following a low dose of ketamine (2.5 mg/kg, IP),
indicating slower metabolism of ketamine in female rats (Saland and
Kabbaj, 2018). Moreover, hydroxynorketamine (HNK), a secondary
ketamine metabolite, was found at higher levels in female mice
compared to males after a low dose of IP ketamine (10 mg/kg) (Zanos
et al., 2016). These sex differences may be due to interactions between
circulating gonadal hormones, such as estrogen and progesterone, and
ketamine, as gonadal hormones can impact sensitivity to ketamine
(Saland et al., 2016).

Other preclinical studies have demonstrated that ketamine can
stimulate multiple signaling pathways and proteins involved in synaptic
plasticity, such as brain-derived neurotrophic factor (BDNF) and extra-
cellular signal-regulated kinase (ERK) (Autry et al., 2011; Li et al.,
2010). Furthermore, the immediate early gene c-Fos is used as an index
of neuronal activity (Herdegen et al., 1995) and has been implicated in
the processes of learning and memory (Gallo et al., 2018). Using male
rats, a previous study of ours investigated effects of IV ketamine infusion
on c-Fos, BDNF, and pERK levels in brain regions implicated in neuro-
plasticity (Zhang et al., 2019). There were dose-dependent effects of
ketamine (10 and 40 mg/kg) on c-Fos and pERK levels in the mPFC and
amygdala of male rats. However, investigations detailing the effect of IV
ketamine on these proteins in female rodents are sparse. A few studies
reported a greater increase in BNDF and pERK levels after ketamine
administration (2.5 mg/kg and 3 mg/kg) in female rodents compared to
male rodents (Dossat et al., 2018; Saland et al., 2016), indicating po-
tential sex-related differences in ketamine effects on BDNF and pERK
levels in rodents.

It is important to note that most preclinical studies utilize an intra-
peritoneal (IP) injection to deliver ketamine. However, in clinical set-
tings, ketamine is commonly administered through an IV route. This
discrepancy is often overlooked in preclinical studies, but the route of
administration may affect the bioavailability of ketamine, which can be
as high as 93% with intramuscular administration or as low as 20% with
oral administration (Mion and Villevieille, 2013). Following an IP in-
jection, blood plasma drug levels of ketamine rapidly peak and decline
secondary to drug distribution and do not maintain a steady-state drug
concentration over time (Palenicek et al., 2011). In contrast, a contin-
uous IV ketamine infusion causes elevated plasma drug levels and is
maintained over the duration of the infusion (Radford et al., 2017).
Consequently, this allows for a longer sustained blockade of NMDA re-
ceptors in the brain and this difference in routes of administration may
provide limitations in translating preclinical results to clinical practice.
Therefore, we utilized intravenous infusion rather than bolus injection
of ketamine in the current study to model clinical situations. For anti-
depressant effects in rodents, a low-dose IV ketamine infusion (1.47
mg/kg, 40 min) was used (Wright et al., 2019). In the current study,
higher-dose IV ketamine infusions (10 and 40 mg/kg, 2-h) were tested
because these doses produce strong analgesia with various behavioral
effects, as reported previously (Radford et al., 2017, 2020).

In order to address sex as a biological variable, we included male and
female adult rats in the current study. Furthermore, we took into
consideration the possibility of an interaction between circulating
gonadal hormones and ketamine effects on brain protein levels in female
rats. We hypothesized that female rats may be more sensitive to the
effects of IV ketamine on neuroplasticity-related protein levels and that
gonadal hormones may contribute to differences between male and fe-
male rats.
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2. Experimental procedures
2.1. Animals

Adult male and female Sprague-Dawley (SD) rats (9 weeks old upon
arrival) were purchased from Envigo Laboratories (Dublin, VA). Animals
were acclimated and handled regularly for one week before the exper-
iment. A catheter (Polyurethane; Instech, Plymouth Meeting, PA, USA)
was implanted in the jugular vein of the animal under isoflurane anes-
thesia as described previously (Radford et al., 2020a, 2020b). Animals
were given a minimum of one week to recover from the surgery and
were housed individually in a climate-controlled environment with food
and water available ad libitum. Male and female rats were housed in
separate rooms with a 12-h reversed light/dark cycle (lights off at 0600
h and on at 1800 h), and all procedures were conducted during the dark
cycle when animals were active. The catheter was flushed twice a week
with 0.1 mL of sterile heparin and glycerol solution to maintain catheter
patency. Animal use and procedures were in accordance with National
Institutes of Health Guide for the Care and Use of Laboratory Animals
and Use Committee at the Uniformed Services University (Bethesda,
MD).

2.2. Estrous cycle monitoring in female rats

The estrous cycles of the female rats were monitored on a daily basis
using a vaginal cytology method before (two weeks as a baseline) and on
the testing day. Vaginal cells such as leukocytes, nucleated epithelial
cells, and cornified epithelial cells were collected using vaginal lavage,
spread onto microscope slides (Fisher Scientific, Waltham, MA), and
dried. Subsequently, the cells were stained with 0.01% Crystal violet
solution (Sigma-Aldrich, St. Louis, MO) to enhance morphology of cells.
Based on the predominant vaginal cell type on the testing day, female
rats were classified into the diestrus group (leukocytes) or the proestrus/
estrus group (nucleated and/or cornified epithelial cells). Similar
dichotomous grouping strategy was used for estrous cycle analysis in
previous studies (D’Souza and Sadananda, 2017; LeFevre and McClin-
tock, 1988; Pare and Redei, 1993; Radford et al., 2020).

2.3. IV Ketamine Infusion

Animals were randomized into three groups: saline, 10 mg/kg ke-
tamine, and 40 mg/kg ketamine. The saline control group received a
saline IV bolus followed by a 2-h saline infusion (1 mL/h). The ketamine
groups received a 2 mg/kg IV ketamine bolus followed by a 2-h keta-
mine infusion (10 mg/kg or 40 mg/kg). All doses were delivered in a 1
mL/kg volume. Racemic (+) ketamine hydrochloride (100 mg/mL)
(Mylan Institutional LLC, Rockford, IL) was diluted in 0.9% sterile saline
and administered to each rat placed in an infusion chamber (Med As-
sociates Inc., St. Albans, VT). Each chamber was equipped with an
infusion pump (Harvard Pump 11 Elite, Holliston, MA) using a 5 mL
Hamilton glass syringe connected to a fluid swivel (Instech, Plymouth
Meeting, PA) by a polyurethane tubing encased in a metal spring-wire
tether (Instech, Plymouth Meeting, PA). The spring-wire tether was
attached to the vascular access button on the back of the animal. Each
tethered rat had free mobility in the chamber during the 2-h infusion
period, and each infusion chamber was equipped with two infrared
photobeams. The number of photobeam breaks was recorded by a
computer for quantification of spontaneous locomotor activity during
the infusion period.

2.4. Western Blot experiment

Animals were returned to their home cages for 2 h following IV ke-
tamine infusion. At the end of the 2 h, they were euthanized, and the
bilateral medial prefrontal cortex (mPFC), amygdala, and dorsal hip-
pocampus were rapidly dissected out using a brain matrix chilled in wet
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ice as described previously (Zhang et al., 2019). All tissue samples were
immediately frozen on dry ice and stored at —80 °C. Brain tissue samples
were homogenized in RIPA buffer containing 0.22% Beta glycer-
ophosphate, 10% Tergitol-NP40, 0.18% Sodium orthovanadate, 5%
Sodium deoxycholate, 0.38% EGTA, 1% SDS, 6.1% Tris, 0.29% EDTA,
8.8% Sodium chloride, and 1.12% Sodium pyrophosphate decahydrate.
The protein concentration was quantified using a BCA protein assay
(ThermoFisher Scientific, Waltham, MA) and an equal amount of protein
samples were loaded and separated on an SDS-polyacrylamide gel
(NuPage 4-12% Bis-Tris gel, ThermoFisher, Waltham, MA). Following
electrophoresis, proteins were transferred to a nitrocellulose membrane
and blocked for 1 h in 5% milk TBS-T (TBS and 0.1% Tween 20). After
the blocking, membranes were incubated with a primary antibody at
4 °C overnight. The following primary antibodies were used: BDNF
(1:2000 Santa Cruz, Dallas, TX), c-Fos (1:1000 Biolegend, San Diego,
CA), pERK (1:2000 Biolegend, San Diego, CA), and beta-actin (1:200,
000 Abcam, Cambridge, United Kingdom). Next, the membranes were
washed in TBS-T and incubated with HRP-conjugated secondary anti-
body for 1 h. Protein bands were detected using the ECL plus method
(BioRad, Hercules, CA) with ChemiDoc equipment (BioRad, Hercules,
CA). After the target protein quantification, the membranes were
stripped for 15 min using Western Blot Stripping Buffer (ThermoFisher,
Carlsbad, CA) and re-probed for a reference protein (p-actin) to adjust
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for the variations in sample loading in the gel. Each protein band was
normalized with the sum of the same protein bands in the same blot to
reduce variability between the blots based on the previous study
(Degasperi et al., 2014). After the sum normalization, each target pro-
tein such as c-Fos, pERK1, pERK2, and BDNF was further normalized
with the reference protein (p-actin) of the same sample.

2.5. Data analyses

The intensities of the protein bands were quantified by using the
Image Lab software (BioRad, Hercules, CA). All data are presented as
mean =+ standard error of the mean (SEM) and were analyzed using
GraphPad Prism (GraphPad Software Version 8.0). A two-way analysis
of variance (ANOVA) with sex and ketamine as factors and Tukey’s post-
hoc tests were used to compare group differences in protein levels. For
the estrous cycle data, an independent samples t-test was used to
compare diestrus and proestrus/estrus groups. The accepted level of
significance was p < 0.05.

3. Results

The IV ketamine infusion produced dose-dependent effects on loco-
motor activity in male and female rats. The 10 mg/kg ketamine infusion
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Fig. 1. Effects of IV ketamine infusion on spontaneous locomotor activity in male and female rats. A: Total locomotor activity of male and female rats during the
infusion. B: A time course of ketamine-induced locomotor activity in male rats. C: A time course of ketamine-induced locomotor activity in female rats. Saline (white),
10 mg/kg (checkered), and 40 mg/kg (black). D: Brain regions dissected for Western blot analysis. Bregma: mPFC (2.52 mm), Amygdala (—3.24 mm), Hippocampus
(—3.6 mm) E: Representative blot images of c-Fos (top) and beta-actin (bottom) in the mPFC of male rats. 0: Saline, 10: 10 mg/kg ketamine, 40: 40 mg/kg ketamine
F: Representative blot images of c-Fos (top) and beta-actin (bottom) in the mPFC of female rats. O: Saline, 10: 10 mg/kg ketamine, 40: 40 mg/kg ketamine. Data are

shown as mean + SEM (*p < 0.05 compared to saline controls).
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reduced locomotor activity in both male and female rats (Fig. 1A).
However, the 40 mg/kg ketamine infusion stimulated locomotor activity
only in female rats (Fig. 1A). A two-way ANOVA on locomotor activity
indicated significant main effects of ketamine F (2, 57) = 42.81, p <
0.0001 and sex F (1, 57) = 16.51, p = 0.0001, and an interaction be-
tween ketamine and sex F (2, 57) = 23.91, p < 0.0001. A detailed time
course during the 2-h infusion indicated that the 10 mg/kg ketamine
infusion consistently suppressed activity in male rats compared to the
saline control group (Fig. 1B). On the contrary, the 40 mg/kg ketamine
infusion stimulated activity from 40 min to 120 min in female rats
(Fig. 1C). This indicates that the 10 mg/kg ketamine infusion produces
sedative effects in both male and female rats, while the 40 mg/kg ke-
tamine infusion produces locomotor stimulation in female rats. The
three brain regions analyzed in the current study are depicted in Fig. 1D.
Fig. 1E and F show example Western blot images of c-Fos in the mPFC of
male and female rats, respectively.

The c-Fos, pERK1, pERK2, and BDNF levels were determined in the
mPFC of male and female rats following IV ketamine infusion (Fig. 2).
The 40 mg/kg ketamine infusion significantly increased c-Fos levels in
the mPFC of both male and female rats (Fig. 2A). A two-way ANOVA
indicated significant main effects of ketamine F (2, 59) = 45.28,
p < 0.0001 and sex F (1, 59) = 20.51, p < 0.0001, and an interaction F
(2, 59) = 14.97, p < 0.0001 on c-Fos levels in the mPFC. Post hoc tests
revealed that the 40 mg/kg ketamine infusion increased c-Fos levels in
both male and female rats (p < 0.05). There was a significant difference
between males and females in c-Fos elevation following the 40 mg/kg
ketamine infusion. Ketamine also dose-dependently altered pERK1
levels in male rats (Fig. 2B). A two-way ANOVA indicated significant
main effects of ketamine F (2, 55) = 4.196, p = 0.02 and an interaction
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between ketamine and sex F (2, 55) = 8.506, p = 0.0006 on pERK1
levels in the mPFC. Post hoc tests revealed that 10 mg/kg reduced, but
40 mg/kg increased, pERK1 levels in the mPFC of male rats. Similar to
PERK1 levels, 10 mg/kg ketamine reduced pERK2 levels in male rats
(Fig. 2C). A two-way ANOVA indicated that there was a significant
interaction between ketamine and sex F (2, 57) = 4.099, p = 0.021 on
PERK2 levels in the mPFC. In contrast, ketamine did not alter BDNF
levels in the mPFC of either male or female rats (Fig. 2D). These data
indicate that a ketamine infusion produces dose-dependent and sex-
specific effects on c-Fos and pERK levels in the mPFC of male and fe-
male rats.

The effects of a ketamine infusion on c-Fos, pERK1, pERK2 and BDNF
levels in the amygdala of male and female rats were also determined
(Fig. 3). Ketamine significantly increased c-Fos levels in the amygdala of
female rats (Fig. 3A). A two-way ANOVA indicated significant main
effects of ketamine F (2, 58) = 9.311, p = 0.0003 and sex F (1, 58) =
8.400, p = 0.0053 on c-Fos levels in the amygdala. Post hoc tests
revealed that 10 mg/kg and 40 mg/kg ketamine doses were significantly
different from the saline control group. Contrary to the mPFC, the ke-
tamine infusion did not alter either pERK1 (Fig. 3B) or pERK2 (Fig. 3C)
levels in the amygdala of either male or female rats. Similar to the mPFC,
ketamine did not alter BDNF levels in the amygdala of either male or
female rats (Fig. 3D). These results indicate that an IV ketamine infusion
produces sex-related differences in c-Fos levels in the amygdala of rats.

Next, the c-Fos, pERK1, pERK2, and BDNF levels in the hippocampus
were determined following an IV ketamine infusion in male and female
rats (Fig. 4). In contrast with the mPFC and amygdala, the ketamine
infusion failed to increase c-Fos levels in the hippocampus of both male
and female rats (Fig. 4A). The ketamine infusion also did not alter

Fig. 2. The effects of ketamine infusion (0, 10,
and 40 mg/kg, 2-h) on protein levels in the

mPFC pERK1 mPFC of male and female rats. A: Ketamine
(40 mg/kg) increased c-Fos levels in male and
* female rats. B: Ketamine (10 mg/kg) reduced

pERK1 while 40 mg/kg ketamine increased
PERKI1 levels in male rats. C: Ketamine (10 mg/
kg) reduced pERK2 levels in male rats. D: Ke-
tamine did not alter BDNF levels in either male
or female rats. Saline group (white), 10 mg/kg
(checkered), and 40 mg/kg (black). Male rats:
Saline (n=18), 10 mg/kg (n =8), 40 mg/kg

(n = 8-10); Female rats: Saline (n=10),
10 mg/kg (n=9-10), 40 mg/kg (n=7-9).
Data shown as mean +SEM (*p < 0.05

compared to saline controls).
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Fig. 3. The effects of ketamine infusion (0, 10,
and 40 mg/kg, 2-hr) on protein levels in the
amygdala of male and female rats. A: Both
10 mg/kg and 40 mg/kg ketamine increased c-
Fos levels in female rats. B: Ketamine did not
alter pERK1 levels in either male or female rats.
C: Ketamine did not alter pERK2 levels in either
male or female rats. D: Ketamine did not alter
BDNF levels in either male or female rats. Saline
group (white), 10 mg/kg (checkered), and
40 mg/kg (black). Male rats: Saline (n = 18),
10 mg/kg (n = 8), 40 mg/kg (n = 10); Female
rats: Saline (n=11), 10mg/kg (n=10),
40 mg/kg (n =7-9). Data shown as mean-
+SEM (*p <0.05 compared to saline
controls).
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PERK1 levels in the hippocampus of either male or female rats (Fig. 4B).
However, the 40 mg/kg ketamine infusion significantly reduced pERK2
levels in the hippocampus of female rats (Fig. 4C). A two-way ANOVA on
PERK2 levels indicated a significant interaction between ketamine and
sex F (2, 60) = 5.391, p = 0.007. Contrary to the mPFC and amygdala,
the 10 mg/kg ketamine infusion reduced BDNF levels in the hippo-
campus of male rats (Fig. 4D). A two-way ANOVA on BDNF levels
indicated a significant main effect of sex F (1, 59) = 5.605, p = 0.021
and an interaction between ketamine and sex F (2, 59) = 4.971,
p = 0.01 in the hippocampus of male rats.

Because female rats showed elevated c-Fos levels in the mPFC and
amygdala following an IV ketamine infusion, potential effects of the
estrous cycle on c-Fos levels were examined in female rats. Fig. 5A de-
picts representative images of vaginal cell types including leukocytes
(diestrus phase), nucleated epithelial cells (proestrus phase), and cor-
nified epithelial cells (estrus phase) in female rats. Based on the majority
of cell types, animals that received a ketamine infusion (10 and 40 mg/
kg) were classified into the diestrus group (low estrogen levels) or
proestrus/estrus group (high estrogen levels). Ketamine-induced c-Fos
elevation in the mPFC was greater in female rats in the proestrus/estrus
phases as compared to those in diestrus phase (Fig. 5B) (t = 2.338,
df =17, p = 0.03). However, ketamine-induced c-Fos elevation in the
amygdala was not different between females in diestrus phase and
proestrus/estrus phases (Fig. 5C) (t = 0.656, df =15, p = 0.52). This
suggests that circulating estrogen levels may produce differential effects

on c-Fos expression in the mPFC of female rats following IV ketamine
infusion.

4. Discussion

Comparative and systematic evaluations of differences in ketamine
effects on behaviors and brain mechanisms between males and females
are sparse. The goal of the current investigation was to determine sex-
related differences in the effects of ketamine on locomotor activity
and neuroplasticity-related protein levels in the brain using a clinically
relevant route of administration. Our results indicate that IV ketamine
produced dose-dependent and region-specific effects on those measures
in male and female rats. The 10 mg/kg ketamine infusion over 2 h
significantly reduced locomotor activity both in male and female rats,
indicating sedative effects without severe dissociation. However, the
40 mg/kg ketamine infusion stimulated locomotor activity only in fe-
male rats. In addition, the IV ketamine infusion produced sex-related
differences in c-Fos and pERK levels in the PFC and amygdala of male
and female rats. Female rats were more sensitive to ketamine-induced c-
Fos elevation in these regions compared to male rats. Female rats with
high estrogen levels (proestrus/estrus phases) exhibited greater eleva-
tion of c-Fos compared to the ones with low estrogen levels (diestrus
phase). Taken together, the current findings suggest that IV ketamine
produces sex-related differences in spontaneous locomotor activity and
neuroplasticity-related proteins in multiple brain regions of male and
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Fig. 4. The effects of ketamine infusion (0, 10,
and 40 mg/kg, 2-hr) on protein levels in the
hippocampus of male and female rats. A: Keta-
mine did not alter c-Fos levels in either male or
female rats. B: Ketamine did not alter pERK1
levels in either male or female rats. C: Ketamine
(40 mg/kg) reduced pERK2 levels in female
rats. D: Ketamine (10 mg/kg) reduced BDNF
levels in male rats. Saline (white), 10 mg/kg
(checkered), and 40 mg/kg (black). Male rats:
Saline (n =18), 10 mg/kg (n =8), 40 mg/kg
(n = 10); Female rats: Saline (n = 11), 10 mg/
kg (n = 10), 40 mg/kg (n = 9). Data shown as
mean + SEM (*p < 0.05 compared to saline
controls).
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female rats.

The IV ketamine infusion produced sex-specific effects on sponta-
neous locomotor activity in female rats. Specifically, the 10 mg/kg ke-
tamine infusion suppressed activity whereas the 40 mg/kg ketamine
infusion stimulated spontaneous activity in female rats. This is surpris-
ing given the male rats did not show stimulation during the 40 mg/kg
ketamine infusion. Previous studies reported differences in dissociative
stereotypy between male and female rodents following ketamine
administration. A previous study found that female rats exhibited
greater levels of ataxia than male rats following 5 mg/kg IV bolus ke-
tamine (Radford et al., 2020). However, other behaviors such as hori-
zontal activity and rearing during the 10-minute period following
ketamine bolus administration were not significantly different between
male and female rats in that study. The discrepancy between these
findings may be due to the duration of ketamine administration (bolus
vs. infusion) and doses (5 mg/kg bolus vs. 40 mg/kg infusion). It has
been well-documented that pharmacokinetic and pharmacodynamic
properties of the same drug are different depending on the route and
duration of administration (Palenicek et al., 2011). Nevertheless, the
current findings agree with previous studies that reported female rats
are more sensitive to locomotor stimulant effects of ketamine and other
NMDA receptor antagonists when compared to male rats (Honack and
Loscher, 1993; McDougall et al., 2019; Nabeshima et al., 1984; Wilson
et al., 2007). It is important to note that the time course of
locomotor-stimulating effects of ketamine are dependent on the route of
administration. For example, in the current study, IV ketamine infusion
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(40 mg/kg over 2 h) produced locomotor stimulation at 40 min which
lasted until the end of the infusion in female rats. However, a
higher-dose 80 mg/kg ketamine IP injection produced a slower time
course as hyperactivity started at 90 min and lasted until 270 min in
female rats (McDougall et al., 2019). These results indicate that adult
male and female rats may have drastic differences in locomotor re-
sponses to higher doses of ketamine, which warrants a future investi-
gation to examine to how this difference occurs.

Subanesthetic doses of IV ketamine produced dose-dependent, brain
region-specific, and sex-specific effects on c-Fos levels in rats. The
40 mg/kg ketamine infusion significantly increased c-Fos levels in the
mPFC of male and female rats. However, the ketamine infusion elevated
c-Fos levels only in the amygdala of female rats. Interestingly, c-Fos
levels in the dorsal hippocampus were not altered following ketamine
infusions in either male or female rats. These findings support previous
studies that reported elevated c-Fos levels in the mPFC (Girgenti et al.,
2017) and amygdala of male rats following ketamine administration
(Zhang et al., 2019). The c-Fos levels were increased in the mPFC of male
rats when measured two days after a 10 mg/kg IP ketamine injection
(Girgenti et al., 2017). Increased c-Fos levels in the mPFC and amygdala
following ketamine infusion in the current study demonstrate ket-
amine’s possible role in brain function relevant to learning and memory
as both regions are critical in the acquisition and retrieval of fear
memory and extinction (Quirk and Mueller, 2008). Interestingly, female
rats showed a greater elevation of c-Fos levels in the mPFC and amyg-
dala following ketamine infusion compared to male rats. These results
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Fig. 5. The effects of ketamine infusion (0, 10
and 40 mg/kg, 2-h) on c-Fos levels in the mPFC
(B) and amygdala (C) of female rats with dies-
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indicate that females may have a heightened sensitivity to the effects of
ketamine on fear memory. Furthermore, female rats may exhibit pro-
longed c-Fos expression as compared to male rats. A study confirmed
female rats to show greater c-Fos mRNA levels at 60 min post-stress
exposure as male rat c-Fos levels returned to baseline levels at the
same time point (Bland et al., 2005). In the current study, c-Fos protein
levels in the mPFC when measured at 2 h post-ketamine infusion were
greater in female rats as compared to male rats. These results may
indicate that females may have a heightened sensitivity to the effects of
ketamine on behaviors regulated by the mPFC of the brain.

Possible explanations for female rats’ enhanced c-Fos response can
be drawn from some similar patterns in other studies. Behavioral studies
have demonstrated that female rodents are more sensitive to ketamine
compared to male rats at the same dose (Carrier and Kabbaj, 2013;
Dossat et al., 2018; Saland et al., 2016). For instance, studies have
shown female rodents spent less time immobile in the forced swim test
following ketamine administration (2.5 mg/kg and 3 mg/kg, IP) (Car-
rier and Kabbaj, 2013; Dossat et al., 2018). More specifically, females
showed greater antidepressant effects at a lower dose (2.5 mg/kg, IP)
than male rats in the forced swim test (Carrier and Kabbaj, 2013). In the
same study, antidepressant effects of low-dose ketamine were dependent
upon gonadal hormones, as ovariectomy abolished ketamine effects in
female rats. In addition, the low dose of ketamine (2.5 mg/kg, IP) in this
study produced a decreased latency in the novelty suppressed feeding
task in females compared to no effect in males (Carrier and Kabbaj,
2013). This heightened sensitivity trend is also seen in the sucrose
preference test as ketamine induced an increase in sucrose preference in
females, but not males, at 2.5 mg/kg IP (Saland et al., 2016). Taken
together, previous and current findings agree on the enhanced sensi-
tivity to ketamine in females, similar to what we observed in c-Fos levels
between male and female rats.

The extracellular signal-regulated kinase (ERK) has also been
implicated in multiple roles in learning and memory, as ERK is suggested
to be important for synaptic plasticity and the formation of memory (Sun
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and Nan, 2017). Indeed, studies have suggested ERK1/2 activation is
necessary for synaptic plasticity in both the hippocampus and amygdala
(English and Sweatt, 1997; Schafe et al., 2000). Accordingly, previous
studies have shown that a single administration of ketamine (10 mg/kg,
IP) can increase the phosphorylation of ERK in the mPFC of male rodents
(Girgenti et al., 2017; Li et al., 2010; Park et al., 2014). In the current
investigation, we measured two phosphorylated isoforms of ERK, pERK1
and pERK2, in the brain. A 10 mg/kg ketamine infusion reduced pERK1
and 2 levels while a 40 mg/kg ketamine infusion only increased pERK1
levels in the mPFC of male rats. Interestingly, neither dose of ketamine
produced significant effects on pERK1 and 2 levels in the mPFC of fe-
male rats. Thus, 10 mg/kg ketamine infusion reduced locomotor activity
and pERK levels in the mPFC of male rats. This finding is interesting
because 40 mg/kg did not alter locomotor activity and pERK levels in
male rats. However, it is difficult to discuss potential mechanisms by
which pERK may modulate locomotor activity due to a lack of published
work on this topic. It is possible that reduced pERK levels in the mPFC
following a clinically relevant dose of ketamine infusion (10 mg/kg),
which produces antinociception without severe dissociation (Radford
et al., 2017, 2020), may serve as a neuronal marker for dose-dependent
effects of ketamine. Because female rats are more sensitive to c-Fos
elevation but less sensitive to pERK changes in the mPFC following IV
ketamine infusion, different molecular pathways mediated by these two
important proteins may play a role in ketamine’s behavioral disparities
between male and female rats. Contrary to our findings, a previous
investigation reported that low-dose ketamine injection (3 mg/kg, IP)
had no effects on pERK levels in the mPFC but increased pERK levels in
the hippocampus of both male and female mice (Dossat et al., 2018).
Moreover, an antidepressant dose of ketamine (10 mg/kg, IP) injected to
stress-naive mice produced sex-specific effects (Thelen et al., 2019).
Based on ketamine effects on spine density and synaptic
plasticity-related proteins, the mPFC and hippocampus showed greater
reactivity to ketamine in male and female mice, respectively, in that
study. Taken together, we can conclude that ketamine may produce
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heterogeneous effects on pERK levels in different brain regions
depending on the route and doses of ketamine (3 mg/kg, IP vs. 10 and
40 mg/kg IV infusion over 2 h) and the timing of protein assays (1 h vs.
2h) after ketamine administration. Further study is necessary to
investigate sex-related differences in the effects of IV ketamine infusion
on pERK levels in neuroplasticity-related brain regions at different time
points.

BDNF is a necessary molecule in neuroplasticity and has been widely
implicated in learning and memory. There is evidence that BDNF plays a
major role in ketamine’s effects and is linked directly to its antidepres-
sant attributes. Indeed, behavioral effects of ketamine are blocked in
BDNF knockout mice while an increase of BDNF release was found in
control mice (Autry et al., 2011). Moreover, several investigations have
also demonstrated increased BDNF levels in brain tissue upon ketamine
administration in both the mPFC and hippocampus in rodents (Akin-
firesoye and Tizabi, 2013; Garcia et al., 2008; Yang et al., 2013; Zhou
et al., 2014). Most importantly, an investigation looking at potential sex
differences after a low-dose ketamine injection detected an increase in
BDNF in the PFC of female rats (Dossat et al., 2018). Furthermore, the
same study observed a sex hormone effect as proestrus females exhibited
higher levels of BDNF in the mPFC when compared to diestrus females.
Contrary to the previous studies, we observed no change in BDNF levels
in any of the regions except hippocampus of male rats. The lack of
changes in BDNF levels following ketamine infusion could be attributed
to the differences in route and duration of ketamine administration and
timing of sample collection. Most previous studies found positive
changes in BDNF when measured within 30-60 min after bolus keta-
mine injection, while our samples were analyzed 2 h post-ketamine
infusion. Accordingly, previous reports describe no changes in hippo-
campal BDNF when measured between 4 h up to 10 days post-ketamine
injection, further suggesting a transient regulation of BDNF levels after
ketamine administration (Li et al., 2020; Medeiros et al., 2021; Saur
etal., 2017). Thus, a subsequent study is warranted to investigate effects
of IV ketamine infusion on BDNF levels in different brain regions of
animals at multiple time points.

The interaction between gonadal hormones, including estrogen and
progesterone, and ketamine in females remains elusive. In the current
study, we observed a greater elevation of c-Fos levels in the mPFC of
female rats in proestrus/estrus phases (high estrogen levels) when
compared to those in diestrus phase (low estrogen levels). However, a
study utilizing uncontrollable stress found c-Fos expression in the mPFC
of female rats was opposite to our findings as diestrus female rats
showed greater c-Fos expression than proestrus and estrus female rats
(Bland et al., 2005). This suggests that gonadal hormones in female rats
may differentially regulate c-Fos expression in the mPFC depending on
the type of stimuli such as stress or ketamine. A potential mechanism
that could cause an increase of c-Fos levels during the proestrus/estrus
phases may be due the fluctuation of dendritic spine density in the mPFC
during the natural estrous cycle in female rats, as dendritic spines are
known to be key structures for neuroplasticity (Gipson and Olive, 2017).
Studies confirmed that female rats in the proestrus phase had greater
dendritic spine density compared to those in the diestrus phase (Chen
et al., 2009; Sarkar and Kabbaj, 2016). Thus, the increased dendritic
spine density in the mPFC could result in increased c-Fos expression
when interacting with ketamine. Taken together, it is possible that
circulating gonadal hormones may play an important role in regulating
biological effects of ketamine in the mPFC of females.

The current study is not without limitations. First, measuring protein
levels at single time point after the ketamine infusion has a limitation as
those neuroplasticity related proteins can show dynamic temporal
changes following a 2-hour ketamine infusion. Additionally, pERK levels
were normalized with f-actin rather than total ERK levels. We chose this
approach based on the prior studies that also used p-actin to normalize
PERK levels in the spinal cord and brain tissue of rodents (Chen et al.,
2021; Esmaili-Shahzade-Ali-Akbari et al., 2021; Xu et al., 2019; Zhang
et al., 2019). However, because of a longer duration of IV ketamine
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infusion (2 h) employed in the current study, calculating the ratio of
PERK/ERK would have provided more accurate information on func-
tional changes of ERK proteins in these brain regions. Thus, further
studies that examine multiple time points of phosphorylated as well as
total protein levels beyond 2 h post-ketamine infusion are warranted.
Second, the Western blot assay provides limited information on
anatomical specificity and cell types in the brain regions investigated. In
order to enhance anatomical specificity of mPFC, amygdala, and hip-
pocampus, different techniques such as immunohistochemistry would
provide more information. Thus, a future study using immunohisto-
chemistry along with cell type-specific labeling of proteins in those re-
gions is warranted. Third, sex-related effects of ketamine are known to
be different in stressed vs. non-stressed animals. For instance,
sex-related differences in depression-like behaviors and synaptic plas-
ticity, including dendritic spine density and synaptic protein levels,
following ketamine administration have been described in animals
exposed to chronic stress (Sarkar and Kabbaj, 2016). Therefore, further
investigation is necessary to better understand the relationship between
stress and ketamine on synaptic plasticity in males and females. Finally,
increased c-Fos levels in the PFC following 40 mg/kg ketamine infusion
may be due to dissociative symptoms which increased locomotor ac-
tivity especially in female rats. Indeed, previous studies reported a
dose-dependent relationship between motor activity and c-Fos levels in
multiple brain regions of male rats (Imre et al., 2006) and female mice
(Nishizawa et al., 2000). Imre et al. reported that 12 and 16 mg/kg
ketamine injection increased locomotor activity and c-Fos levels in the
PFC, amygdala, and hippocampus of rats when measured at 2 hr
post-ketamine. Higher doses of ketamine (20 and 50 mg/kg) injection
produced robust dissociative stereotypy such as ataxia and head
weaving, which were positively correlated with c-Fos immunoreactivity
in the cortex of female mice (Nishizawa et al., 2000). Therefore, it is
possible that increased c-Fos activity in the PFC of female rats may have
been influenced by increased motor activity in the animals.

In conclusion, we found sex-related differences in the effects of IV
ketamine infusion on locomotor activity and neuroplasticity-related
proteins in multiple brain regions in male and female rats. Compared
to male rats, female rats were more sensitive to c-Fos expression in the
mPFC and amygdala following an IV ketamine infusion. Moreover,
ketamine-induced c-Fos elevation in the mPFC was greater in female rats
with high estrogen levels compared to those with low estrogen levels.
Better understanding of the molecular mechanisms by which an IV ke-
tamine infusion impacts neuroplasticity-related proteins differently be-
tween male and female rodents can facilitate the translation of
preclinical findings to clinical research and practice.
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