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Abstract

RATIONALE—Low-dose ketamine is a rapid-acting antidepressant, to which female rodents are
more sensitive as compared to males. However, the mechanism mediating this sex difference in
ketamine sensitivity remains elusive.

OBJECTIVES—We sought to determine whether male and female mice differ in their behavioral
sensitivity to low doses of ketamine, and uncover how ovarian hormones influence females’
ketamine sensitivity. We also aimed to uncover some of the molecular mechanism(s) in mood-
related brain regions that mediate sex differences in ketamine antidepressant effects.

METHODS—Male and female mice (freely-cycling, diestrus 1 [D1], proestrus [Pro], or D1
treated with an estrogen receptor (ER) a,, ERp, or progesterone receptor (PR) agonist) received
ketamine (0, 1.5, or 3 mg/kg intraperitoneally) and were tested in the forced swim test (FST) 30
min later. Ketamine’s influence over synaptic plasticity markers in the prefrontal cortex (PFC) and
hippocampus (HPC) of males, D1, and Pro females was quantified by Western blot 1 h post-
treatment.

RESULTS—Males, freely-cycling females, D1 and Pro females exhibited antidepressant-like
responses to 3 mg/kg ketamine. Pro females were the only group where ketamine exhibited an
antidepressant effect at 1.5 mg/g. D1 females treated with an agonist for ERa and ERP exhibited
an antidepressant-like response to 1.5 mg/kg ketamine. Ketamine (3 mg/kg) increased synaptic
plasticity-related proteins in the PFC and HPC of males, D1, and Pro females. Yet, Pro females
exhibited an increase in p-Akt and p-CaMKIlla in response to 1.5 and 3 mg/kg ketamine.

CONCLUSION—Our results indicate that females’ enhanced sensitivity to ketamine during Pro
is likely mediated through estradiol acting on ERa and ER, leading to greater activation of
synaptic plasticity-related kinases within the PFC and HPC.
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1. Introduction

The N-methyl-D-aspartate (NMDA) receptor antagonist, ketamine, has shown great promise
as a rapid-acting antidepressant in humans and rodents (Abdallah et al., 2015; Kavalali and
Monteggia, 2015). In clinical studies, a single infusion of low-dose of ketamine alleviates
symptoms of depression within hours (Berman et al., 2000; Zarate et al., 2006). This rapid
effect is superior to other antidepressants (e.g., selective serotonin-reuptake inhibitors),
which can take weeks to months to provide therapeutic benefit (Nutt, 2002; Rush et al.,
2006). These exciting findings have burgeoned interest in uncovering the neural loci and
molecular mechanisms of ketamine’s rapid antidepressant effects. Low doses of ketamine
promote the expression of downstream signaling of synaptic plasticity-related pathways
within mood-related brain regions, such as the prefrontal cortex (PFC) and hippocampus
(HPC) (Bjorkholm and Monteggia, 2016; Duman et al., 2016). While there have been great
advances in our understanding of some molecular mechanisms of ketamine’s rapid effects,
the majority of these investigations have been conducted in males; creating a serious gap in
our knowledge, since females experience a two-fold increased risk of depression as
compared to males (Kessler, 2003; Van de Velde et al., 2010). In addition the disparity in
risk of depression, there is evidence that pharmacodynamics and pharmacokinetics of
antidepressant compounds may differ between the sexes, and can be influenced by a variety
of factors including levels of ovarian hormones (Bigos et al., 2009). Ovarian hormones,
estrogen (E,) and progesterone (P4), influence many common biochemical targets to
promote synaptic plasticity and increase spine density in mood-related brain regions (Frick,
2015; Woolley and McEwen, 1992; Woolley et al., 1997). Thus, it is possible for
peripherally- or centrally-mediated factors to influence females’ sensitivity to the
antidepressant-like effects of ketamine.

Preclinical studies from our lab and others have shown female rodents exhibit behavioral
sensitivity to doses of ketamine that are subthreshold for an antidepressant-like effect in
males (Carrier and Kabbaj, 2013; Franceschelli et al., 2015; Sarkar and Kabbaj, 2016; Zanos
et al., 2016). While most of these studies did not control for the stage of estrous, there is
evidence that females’ sensitivity may be mediated by the cyclic fluctuations of the ovarian
hormones, E; and P4 (Carrier and Kabbaj, 2013; Sarkar and Kabbaj, 2016). Which is based
upon evidence that surgical removal of the ovaries blocked females’ sensitivity and
pharmacological replacement of E,/P,4 restored females’ sensitivity to a male-subthreshold
dose of ketamine (Carrier and Kabbaj, 2013). However, the molecular mechanism(s)
mediating these sex differences remain elusive. In the first part of this work, we examined
sensitivity to low doses of ketamine in male and female mice in which we did not control for
the stage of estrous cycle (freely cycling). Then, to investigate the impact of estrous cycle on
sensitivity to ketamine, we then evaluated sensitivity to ketamine in females experiencing a
natural nadir (diestrus 1, D1) or a peak (proestrus, Pro) in ovarian hormone levels. To further
determine which hormone receptor subtypes might be mediating ketamine high sensitivity in
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females, D1 females were treated with an estrogen receptor (ER) a., ERp, or progesterone
receptor (PR) agonist and tested 24h later in the FST. Finally, we examined sex/estrous stage
differences and ketamine-induced activation of neurotrophic signaling pathways within the
prefrontal cortex (PFC) and hippocampus (HPC) of males, D1, and Pro females to explore
which one(s) may mediate sex differences in ketamine sensitivity.

2. Materials and Methods

2.1 Animals

One-hundred and eighty five adult male and female C57BL6/J mice (46 males and 139
females, mean weight at time of testing 23.7 and 18.8 g, respectively) from The Jackson
Laboratory (Bar Harbor, Maine) aged 7 weeks at time of arrival were used in these
experiments. Upon arrival, mice were pair-housed in same-sex pairs and maintained on a 12
h light:12 h dark cycle in a temperature-controlled vivarium in standard Plexiglass cages.
Food and water were available ad /ibitum. Males and females were habituated to animal
facilities and handling for one week prior to the start of behavioral testing. All experimental
procedures were approved by the Florida State University Institutional Animal Care and Use
Committee and conform to the NIH Guide for Care and Use of Laboratory Animals.

2.2 Drug Treatments

Mice received a single intraperitoneal injection of sterile saline (\Veh), 1.5, or 3 mg/kg of
racemic ketamine hydrochloride (Ketasthesia®, Henry Schein) and behavioral tests were
conducted 30 min later. Females in D1 received a subcutaneous injection of either 4,4”,4” -
(4-Propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol (PPT, 0.5 mg/kg, Tocris Bioscience; ERa
agonist), Diarylpropionitrile (DPN, 0.5 mg/kg, Tocris Bioscience; ER[ agonist) or
progesterone (P4, 0.5 mg/kg, Sigma-Aldrich), 24 h prior to behavioral testing. This estrous
stage was chosen because of the low levels of E2 and P4 during D1. The idea tested here is
that during D1 ketamine at 1.5 mg/kg will have no antidepressant effects, however if we
stimulate ERs or progesterone receptors during D1 (as to mimic what happens during Pro)
ketamine may have an antidepressant effects. This experiment will also allow us to
determine which receptors are critical in enhancing female sensitivity to ketamine
antidepressant effects.

2.3 Vaginal Cytology

Female mice were gently handled and lavaged daily with 25 pl sterile 0.9% saline as
described elsewhere (McLean et al., 2012) within the first 3 hours of the light cycle. For
daily analysis of estrous stage, vaginal epithelial cells were deposited onto glass slides and
immediately viewed with a light microscope. Degenerated, cornified epithelial cells and few
stained leukocytes characterized the D1 estrous stage. The Pro stage was characterized by an
abundance of rounded, nucleated epithelial cells. For crystal violet staining, slides were
dried for 6 h at room temperature, stained with 0.1% crystal violet (Sigma-Aldrich) for 1
min, rinsed with DDH20 for 1 min x2, sealed with 30 ul Permount (Sigma-Aldrich), and
cover slipped. If a female remained in single estrous stage for more than 4 days, she was
excluded from the study.
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2.4 Forced swim test (FST)

The FST is a sensitive measure of behavioral effects of antidepressant treatments in rodents
(Porsolt et al., 1977). Mice were placed into a 4-L Pyrex glass beaker containing 3 L of
water at 24 + 1AC and forced to swim for six minutes. After the FST, mice were returned to
their home cage and placed in a holding room until sacrifice. The FST was recorded by a
video camera and videos were saved for later analysis. Beakers were cleaned with 70%
EtOH and filled with fresh water between each FST. Treatments were delivered in a
completely randomized design and counterbalanced such that cage mates received different
treatments, and were examined in the FST in parallel. An observer who was blind to
experimental assignments when the FST was conducted and when immaobility time was
scored during the final four minutes of the FST. The final four minutes are commonly scored
because mice are active during the onset of this test, and this activity may mask the effect of
the treatment (Can et al., 2012). Immobility time was defined as the duration of time in
which the mouse maintained this stationary posture and only made movements necessary to
keep its head above water.

2.5 Tissue Collection and Processing

Mice were sacrificed via rapid decapitation 24 min after the conclusion of the FST, which
corresponds to 1-hour post-vehicle or ketamine treatment. This time point was chosen due to
reports that ketamine can rapidly, yet transiently influence protein expression and
phosphorylation of molecules implicated in plasticity (Autry et al., 2011; Li et al., 2010).
Trunk blood was collected into tubes containing chilled 0.5 M EDTA (Sigma-Aldrich) and
stored on ice. Plasma was extracted via refrigerated centrifugation (2800 rpm for 20 min, at
4°C), transferred to sterile pre-chilled microcentrifuge tubes, and stored at —80°. Brains were
rapidly removed, flash frozen in methyl butane (Sigma-Aldrich) on dry ice at —20°C, and
stored at —80°C. Brains underwent coronal sectioning at 100 uM at —20°C in a cryostat,
tissue punches containing the PFC (prelimbic and infralimbic cortices) and HPC (CA1,
CAZ3, and dentate gyrus) were collected in sterile microcentrifuge tubes, and stored at
—B80°C. Total protein was extracted from these punches using the Tri Reagent protocol
(Molecular Research Center), and concentration was determined via Bradford Assay (Bio-
Rad). Whole tissue was used for western blot examination as compared to
synaptoneurosomes because of the limited volume of tissue that can be generated from
specific regions of the mouse brain. Using whole tissue allowed for us to investigate many of
the known targets of ketamine and of ovarian hormones within the same animals that
underwent behavioral testing. Whole cell hippocampal extracts have also been used by other
investigators to examine phosphorylation of molecular targets affected by ketamine (Autry et
al., 2011; Choi et al., 2015; Gideons et al., 2014; Nosyreva et al., 2013).

2.6 Radioimmunoassay of Ovarian Hormones

Plasma levels of estradiol and P4 were examined in a subset of vehicle-treated females from
the FST experiment, using radioimmunoassay (RIA) kits (Cat. No. 07-238102 and
07-270102, MP Biomedicals). Samples were run in duplicate and any sample with a
coefficient of variation >10% was excluded from analysis.
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2.7 Western Blot

Ten or 20 pg of protein per sample was resolved by a 12% acrylamide gel and subsequently
transferred to a nitrocellulose membrane (Whatman, Protran BA83, GE Healthcare).
Membranes were incubated with 5% milk in tris-buffered saline (TBS) for 1 h at room
temperature then incubated overnight at 4°C with a primary antibody (full list found in Table
1). After incubation with the primary antibody, membranes were rinsed once with 0.2% TBS
Tween and four times with TBS on a rocking platform at room temperature, then incubated
for 45 min at room temperature with a donkey anti-rabbit or goat anti-mouse secondary
antibody diluted 1:10,000 (Li-COR Biosciences), rinsed once with 0.2% TBST and four
times with TBS on a rocking platform, and imaged using an Odyssey infrared imaging
system (Li-COR). Quantification was performed using ImageJ software (NIH). Data are
shown as the ratio to vehicle-treated male values. The amount of protein for CaMKlla.,
GluR1, BDNF, MAPK, Akt, GSK-3p, and mTOR was calculated as the ratio of the optical
density (OD) of the target band over the OD of the GAPDH band or from total protein.
Levels of p-CaMKlla, p-GluR1, p-MAPK, p-Akt, p-GSK-38, and p-mTOR were calculated
as a ratio of the OD of the phosphorylated band over the OD of the total band. Two lanes of
each gel contained standard samples, which were each comprised of homogenized
hippocampal protein from 8 male mice that received no drug treatment and were naive to the
FST. These standard samples were used to normalize protein quantities across membranes.

2.8 Statistics

Results

Data are reported as mean + SEM. Two-way analysis of variance (ANOVA) was used to
examine the effect of ketamine and sex/estrous stage. Unpaired t-tests were used to examine
ovarian hormone plasma levels and to determine the effect of ketamine within each hormone
receptor agonist condition. Western blot analysis of the effect of ketamine within each sex/
estrous stage was examined using two-way ANOVA. When significant main effects or
interaction of ketamine or of sex/estrous stage were identified in the two-way ANOVA, post
hoc comparisons were made with Fisher’s LSD. Any value that was more than two standard
deviations above the group mean was considered an outlier and was removed from the
analysis. P-values of <0.05 were considered significant. Sample size was determined based
upon previous studies conducted by our group and statistical computation with power
analysis that indicated a need for a sample size of 8-10 animals per group in order to obtain
power values of 0.8 and higher for p values of .05.

3.1 Effect of sex (males versus freely cycling females) on behavioral sensitivity to the
antidepressant-like effect of ketamine in the FST

Thirty min following treatment with ketamine, time spent immobile in the FST was
examined in male and female mice (n=7-9/group) as shown in Figure 1. There was a
significant effect of ketamine treatment (F(2,40)=5.54, p=.0007) and a significant effect of
sex (F(1,40y=4.44, p=.041) to influence time spent immobile. There were however no
interactions (F( 40=0.06, p=.94). Fisher’s post hoc analyses identified that 3 mg/kg
ketamine significantly reduced males and females immobility ({40)=2.22, p=.03;
%(40)=2.49, p=.017, respectively).
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3.2 Effect of estrous stage over behavioral sensitivity to the antidepressant-like effect of
ketamine in the FST

To determine the effect of endogenous ovarian hormones to influence behavioral sensitivity
to ketamine, time spent immobile in the FST was examined 30 min following ketamine
treatment in males, D1, and Pro females (n=7-10/group) as shown in Figure 2. There was a
significant effect of ketamine treatment (F(,,64)=10.87, p<.0001) and of sex/estrous stage to
influence duration of immobility (F(; 4)=7.36, p=.001). There were however no interactions
(Fa,64=1.99, p=.10). Fisher’s post hoc analyses revealed that males and D1 females have
significantly reduced immobility time following 3 mg/kg ketamine (males: {64)=2.38, p=.
02; D1: {64)=3.295, p=.0016). In contrast, Pro females display significant reductions in
immobility following both 1.5 mg/kg and 3 mg/kg ketamine ({643)=2.897, p=.005;
1(64)=2.346, p=.02, respectively). Fisher’s post hoc revealed that Pro females exhibited
significantly less immobility as compared to D1 females in the vehicle condition
(464)=2.016, p=.04). Similarly, Pro females exhibited significantly less immobility as
compared to males and D1 females following treatment with 1.5 mg/kg ketamine
(464)=3.58, p=.0007; {64)=3.56, p=.0007; respectively).

3.3 Confirmation of estrous cycle via ovarian hormone assay

As shown in Figure 2B, D1 females exhibited significantly lower levels of plasma estradiol
and P4 vs. Pro females (£10)=2.03, 0=.03; {10)=2.87, p=.008; respectively).

3.4 Effect of agonists for ERa, ER, and PR over D1 females’ behavioral sensitivity to the
antidepressant-like effect of ketamine in the FST

To determine which specific hormone receptor subtypes may influence females’ ketamine
sensitivity, we examined D1 females’ behavior in the FST 24 h following treatment with an
agonist for ERa. (PPT), ERP (DPN), or PR (P4), and 30 min following O or 1.5 mg/kg
ketamine (n=7-10/group). As shown in Figure 3, two-way ANOVA revealed a significant
main effect of vehicle/ketamine (F(1,58)=15.85, p=.0002) and a significant main effect of
hormone treatment (F (3 58)=3.6, p=.019) to influence time spent immobile. There were
however no interactions (F(3 58)=1.49, p=.22). Post hoc analysis revealed a significant effect
of ketamine to reduce immobility time only when given in combination with PPT or DPN
(458)=3.317, p=.0016; 158=2.85, p=.006, respectively). PPT- or DPN-treated females
exhibited less time immobile as compared to oil-treated females only when given in
combination with 1.5 mg/kg ketamine (#58)=2.719, p=.0086; #58=2.805, p=.0068,
respectively. The lack of effect of the ERa and ERp agonists within the vehicle condition
indicates that these doses of hormone receptor agonist are not sufficient to influence FST
behavior on their own.

3.5 Effect of sex/estrous stage and ketamine on PFC p-CaMKlla levels

One hour following ketamine treatment, we examined the level of activation of synaptic
plasticity markers p-CaMKIla within the PFC (n=4-6 samples/group). There was no
significant effect of ketamine or of sex/estrous stage to influence phosphorylation of
CaMKlla (F(,38)=0.27, p=76; F(,38)=1.04, p=.36, respectively; Figure 4A). There were
also no interactions (F(4 3g)=1.45, p=.23).
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3.6 Effect of sex/estrous stage and ketamine on PFC p-GIuR1 levels

Two-way ANOVA indicated a main ketamine treatment effect (F(2,45)=9.667, p=.0003; n=4—
7 samples/group; Figure 4B) and a main sex/estrous stage effects on the levels of p-GluR1
(F(2,45)=68.49, p<.0001; n=4-7 samples/group; Figure 4B). There were however no
interactions (F(445)=1.33, p=.27). Post hoc examination revealed a significant effect of 3
mg/kg ketamine to increase p-GluR1 expression in males and Pro females (£45)=3.38, o=.
0015; 445)=3.31, p=.0018, respectively). Within the vehicle and 1.5 mg/kg ketamine
treatment conditions, Pro females exhibited higher levels of p-GIuR1 as compared to males
(4(45)=4.89, p<.0001, #45)=4.19, p=.0001) and D1 females (#45)=6.00, p<.0001,
K(45)=5.41, p<.0001). Following treatment with 3 mg/kg ketamine, D1 females exhibited
significantly lower p-GIuR1 levels as compared to males and Pro females ({45)=3.80, p=.
0004; #45)=8.78, p<.0001, respectively); Pro females exhibited higher levels of p-GIuR1 as
compared to males (£45)=5.13, p<.0001).

3.7 Effect of sex/estrous stage and ketamine on PFC BDNF levels

Two-way ANOVA indicated a main ketamine treatment effect (F(2,44)=7.12, p=.002; n=4-7/
group; Figure 4C) and a main sex/estrous stage effects on the levels of BDNF within the
PFC ((2,44)=23.54, p<.0001; n=4-7/group; Figure 4C). There were however no interactions
(F(a,44=2.23, p=.08). Post hoc examination revealed a significant increase in BNDF levels
following 3 mg/kg ketamine in males (444)=2.63, p=.01) and Pro females (#44)=3.81, p=.
0004). Pro females exhibited higher BDNF levels as compared to D1 females in all
treatment conditions (vehicle: {44)=2.62, p=.01; 1.5 mg/kg: {44)=3.05, p=.004; 3 mg/Kkg:
#(44)=6.39, p<.0001). Following treatment with 1.5 mg/kg and 3 mg/kg ketamine, Pro
females exhibited higher BDNF levels as compared males ({44)=2.08, p=.04; {44)=2.57,
p=.01, respectively). While males exhibited higher levels of BDNF as compared to D1
females in the 3 mg/kg ketamine treatment condition (444)=3.92, p=.0003).

3.8 Effect of sex/estrous stage and ketamine on PFC p-MAPK levels

There was no significant effect of ketamine treatment to influence p-MAPK levels within the
PFC (F(2,47)=0.51, p=.6; n=5-7/group; Figure 4D), yet there was a significant main effect of
sex/estrous stage (F(2,47)=14.68, p<.0001). There were however no interactions
(F(4,47)=0.99, p=.42). Post hoc analysis revealed that in the vehicle condition, males and Pro
females exhibited higher levels of p-MAPK as compared to D1 females (£47)=4.47, p<.
0001; (47)=2.51, p=.01, respectively). Additionally, males exhibited higher p-MAPK levels
following 3 mg/kg ketamine as compared to D1 female counterparts (447)=3.02, p=.004).

3.9 Effect of sex/estrous stage and ketamine on PFC p-Akt levels

Two-way ANOVA indicated a main ketamine treatment effect (F(2,53)=12.77, p<.0001; n=6—
8/group; Figure 4E) and a main sex/estrous stage effects on the levels of p-Akt within the
PFC (F(2,53)=99.16, p<.0001; n=6-8/group; Figure 4E). There were however no interactions
(Fa,53=2.19, p=.08). Post hoc analysis revealed a significant increase in p-Akt in males in
response to 3 mg/kg ketamine (#53)=2.96, p=.004), and in Pro females in response to 1.5
and 3 mg/kg ketamine (453)=2.8, p=.007; {53)=4.69, p<.0001, respectively). In all
treatment conditions, D1 females exhibited lower p-Akt as compared to males and Pro
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females (vehicle: £53)=6.83, p<.0001; 453)=2.89, p=.005; 1.5 mg/kg: #53)=7.43, p<.0001;
#(53)=4.94, p<.0001; 3 mg/kg: #53)=9.98, p<.0001; {53)=7.26, p<.0001, respectively).
Additionally, males exhibited higher levels of p-Akt as compared to Pro females in all
treatment conditions (vehicle: {53)=3.69, p=.0005; 1.5 mg/kg: {53)=2.64, p=.01; 3 mg/kg;
#(53)=2.16, p=.03).

3.10 Effect of sex/estrous stage and ketamine on PFC p-GSK-3p levels

There was a significant main effect of ketamine treatment to influence levels of p-GSK-3f in
the PFC (F(2,46)=7.75, p=.001; n=5-7/group; Figure 4F), yet no effect of sex/estrous stage
(F(2,46)=1.47, p=.24). There were however no interactions (F4,46)=1.24, p=.31). Post hoc
examination revealed a significant effect of 1.5 mg/kg ketamine to increase p-GSK-3p in
males ({46)=2.65, p=.01), and a significant effect of 3 mg/kg ketamine to increase levels in
males and Pro females ({46)=2.35, p=.02; {46)=2.72, p=.009, respectively).

3.11 Effect of sex/estrous stage and ketamine on PFC p-mTOR levels

There was a significant main effect of ketamine treatment to increase levels of PFC p-mTOR
(F2,52=4.01, p=.02; n=5-8/group; Figure 4G), yet no effect of sex/estrous stage
(F(2,52=1.44, p=.25). There were however no interactions (F4,52)=1.05, p=.39). Post hoc
examination revealed a significant increase in p-mTOR in response to 3 mg/kg ketamine in
males and D1 females (452)=2.36, p=.02; {52)=2.34, p=.02, respectively). The effects of
ketamine within the PFC are summarized in Table 2 and Figure 7A.

3.12 Effect of sex/estrous stage and ketamine on HPC p-CaMKlla levels

Following the same timeline as the one described for the PFC, we examined the
phosphorylation of synaptic plasticity markers within the HPC. As shown in Figure 5A,
there were significant main effects of ketamine and of sex/estrous stage to influence levels of
p-CaMKlla (F(,44)=9.54, p=.0004; F( 44=6.94, p=.002, respectively; n=5-6/group) as
well as a significant interaction between the two (F(2,44)=2.59, p=.04). Post hoc analysis
revealed that 3 mg/kg ketamine increased p-CaMKIlla levels in males (£44)=3.22, p=.002),
and both 1.5 and 3 mg/kg ketamine increased levels in Pro females ({44)=3.04, p=.0039;
1(44)=4.00, p=.0002, respectively). Post hoc analysis of sex/estrous stage effects revealed
significantly higher levels of p-CaMKIla in Pro females as compared to males and D1
females in response to treatment with 1.5 mg/kg ketamine ({44)=6.17, p=.036; {(44)=2.64,
p=.01, respectively). In contrast, D1 females exhibited lower levels of p-CaMKIla as
compared to males and Pro females following 3 mg/kg ketamine (t(44)=3.14, p=.003;
t(44)=3.72, p=.0006, respectively).

3.13 Effect of sex/estrous stage and ketamine treatment on HPC p-GluR1

As shown in Figure 5B, there were significant main effects of ketamine and sex/estrous
stage to influence levels of p-GIuR1 within the HPC (F(2,43)=9.87, p=.0003; F (2 43)=8.88,
=.00086, respectively; n=4-7/group). There were however no interactions (Fs 43)=1.82, p=.
14). Post hoc examination of the effect of ketamine revealed a significant increase in males
and Pro females following 3 mg/kg (£43)=2.82, p=.007; {43)=4.15, p=.0002, respectively).
Post hoc examination of the effect of sex/estrous stage revealed significantly higher levels of
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p-GluR1 in D1 females as compared to males in the vehicle condition and following 1.5
mg/kg ketamine ({43)=3.18, 0=.002; {43)=2.04, p=0.04, respectively). In contrast,
following 3 mg/kg ketamine Pro females exhibited higher p-GluR1 levels as compared to
males and D1 females (443)=3.2, p=.002; {43)=2.33, p=0.02, respectively).

3.14 Effect of sex/estrous stage and ketamine on HPC BDNF levels

There were significant main effects of ketamine and of sex/estrous stage to influence BDNF
levels within the HPC (F(2,44)=13.31, p=.001; F( 44)=7.48, p<.0001, respectively; n=5-7/
group; Figure 5C). There were however no interactions (F4,44)=1.79, p=.14). Post hoc
analysis of the effect of ketamine revealed an increase in males and D1 females following 3
mg/kg ketamine ({44)=2.25, p=.02; {44)=3.94, p=.0003, respectively). Post hoc analysis of
the effect of sex/estrous stage revealed significantly higher levels of BDNF in males as
compared to Pro females in the vehicle condition ({44)=2.12, p=.03), and significantly
higher levels in males and D1 vs. Pro females following treatment with 3 mg/kg ketamine
(444)=3.45, p=.001; (44)=3.59, p=.0008, respectively).

3.15 Effect of sex/estrous stage and ketamine on HPC p-MAPK levels

For levels of HPC p-MAPK, there were significant main effects of ketamine and of sex/
estrous stage (F(,43)=22.51, p<.0001; F (5 43)=55.65, p<.0001, respectively; n=5-6/group;
Figure 5D). There were however no interactions (Fs,43)=1.72, p=.16). Post hoc analysis of
the main effect of ketamine revealed that 1.5 and 3 mg/kg ketamine increased p-MAPK
levels in D1 females (£43)=4.19, p=.0001; (£43)=5.4, p<.0001, respectively) and 3 mg/kg
increased levels in males and Pro females ({43)=3.2, p=.003, {43)=3.04, p=.004,
respectively). Post hoc examination of the main effect of sex/estrous stage revealed
significantly lower levels of p-MAPK in D1 females within all treatment conditions as
compared to males (vehicle: {43)=6.93, p<.0001; 1.5 mg/kg: #(43)=4.06, p=.0002; 3 mg/kg:
X(43)=5.24, p<.0001) and vs. Pro females (vehicle: {43)=6.93, p<.0001; 1.5 mg/kg:
#(43)=3.69, p=.0006; 3 mg/kg: {43)=4.57, p<.0001).

3.16 Effect of sex/estrous stage and ketamine on HPC p-Akt levels

There were significant main effects of ketamine treatment and of sex/estrous stage to
influence protein expression of p-Akt in the HPC (F(5,41)=7.46, p=.0017; F(2 41)=3.49, p=.
03, respectively; n=4-7/group; Figure 5E). There were however no interactions
(F4,41)=1.92, p=.12). Post hoc analysis of the main effect of ketamine revealed a significant
increase in males following 3 mg/kg ketamine (#44)=2.23, p=.03), and a significant increase
in Pro females following 1.5 and 3 mg/kg (444)=3.08, p=.004; {44)=3.9, p=.0004,
respectively). Post hoc analysis of the main effect of sex/estrous stage revealed significantly
higher levels of p-Akt in Pro females as compared to D1 females in the 1.5 mg/kg condition
(444)=2.14, p=.04). Additionally, following treatment with 3 mg/kg ketamine, males and
Pro females exhibited higher levels of p-Akt as compared to D1 counterparts (£44)=2.04,
p=.04; (44)=2.47, p=.01, respectively).
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3.17 Effect of sex/estrous stage and ketamine on HPC p-GSK-3p

There were significant main effects of ketamine and of sex/estrous stage to influence levels
of p-GSK-3p in the HPC (F(2,43)=12.74, p<.0001; F (2 43)=17.24, p<.0001, respectively;
n=5-7/group; Figure 5F). There were however no interactions (F4 43)=1.14 p=.34). Post hoc
analysis of the main effect of ketamine revealed a significant increase in males following 1.5
mg/kg and 3 mg/kg ketamine (£43)=2.77, p=.008; {43)=2.54, p=.01, respectively), as well
as a significant increase in D1 and Pro females following 3 mg/kg (443)=3.07, p=.004;
%(43)=3.12, p=.003, respectively). Post hoc analysis of the main effect of sex/estrous stage
revealed significantly lower levels of p-GSK-3p in D1 females as compared to males and
Pro females in the vehicle condition (443)=3.05, p=.004; {43)=2.67, p=.01, respectively)
and following 3 mg/kg ketamine (443)=2.51, p=.01; {43)=2.98, p=.005, respectively). In
response to 1.5 mg/kg ketamine, males exhibited higher levels of p-GSK-3p as compared to
D1 and Pro females (443)=4.28, p=.0001; £43)=2.43, p=.02, respectively).

3.17 Effect of sex/estrous stage and ketamine on HPC p-mTOR

There were significant main effects of ketamine and of sex/estrous stage to influence
expression of p-mTOR in the HPC (F(2,41)=15.97, p<.0001; F( 41)=13.4, p<.0001,
respectively; n=4-6/group) as well as a significant interaction between the two (F(2,41)=4.73,
p~=.003; Figure 5G). Post hoc analysis of the ketamine effect revealed a significant increase
in males and in Pro females following 3 mg/kg (£41)=5.66, p<.0001; {41)=2.04, p=.04,
respectively). Post hoc analysis of the main effect of sex/estrous stage to influence p-mTOR
revealed significantly higher levels in males as compared to Pro females treated with vehicle
(#(41)=2.41, p=.02). Additionally, there were group differences in the 3 mg/kg ketamine
condition, such that males exhibited higher levels as compared to all female counterparts
(D1: (41)=4.365, p<.0001; Pro: f41)=6.34, p<.0001). The effects of ketamine within the
HPC are summarized in Table 3 and Figure 7B.

4. Discussion

In this study, we demonstrate that when examined only by sex, male and female mice exhibit
similar behavioral sensitivity to ketamine in the FST. In contrast, when stage of estrous is
controlled for, D1 females and males exhibit similar ketamine sensitivity. While Pro females
exhibit an antidepressant-like response to a dose of ketamine that is subthreshold for effect
for the other groups (i.e., 1.5 mg/kg). Furthermore, we show that pharmacological activation
of ERa or ERp is sufficient to render D1 females sensitive to the Pro-effective dose of
ketamine, which suggests that E, action at these receptor subtypes may mediate females’
behavioral sensitivity to ketamine. Investigation into the molecular mechanism(s) that may
mediate different ketamine sensitivity revealed that at behaviorally effective doses of
ketamine (1.5 and 3 mg/kg), Pro females exhibited activation of CaMKIlla within the HPC,
and of Akt in the PFC and HPC in response to a male- and D1-subthreshhold dose of
ketamine.

Behavioral effects of ketamine and ovarian hormones in the FST

In the present study, we observed similar behavioral sensitivity to ketamine in males and
freely cycling female mice in the FST when examined 30 min post-treatment. This was
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unexpected, due to previous reports in rats (Carrier and Kabbaj, 2013; Sarkar and Kabbaj,
2016) and in mice (Franceschelli et al., 2015; Zanos et al., 2016) which demonstrated that
females respond to a male-subthreshold dose of ketamine. While unexpected, this difference
is not unwarranted since when not controlling for the stage of estrous, the females within the
test group may be comprised of more Pro vs. D1 females depending upon the group make up
on the test day (Goldman et al., 2007). Furthermore, without assessing estrous cyclicity in
females, it is impossible to determine if the females are experiencing natural fluctuations in
ovarian hormones, experiencing a period of anestrus due to housing in an all-female
environment (Cooper et al., 1993). To control for this potential confound, the goal of the
present study was to examine females’ ketamine sensitivity during stages of the estrous
cycle characterized by low and high ovarian hormone levels (D1 and Pro, respectively),
because it is well known that ovarian hormones (E, and P,) influence depression-like
behavior (Frye and Walf, 2002; Mahmoud et al., 2016), can impact behavioral sensitivity to
antidepressants (Carrier and Kabbaj, 2013; Estrada-Camarena et al., 2008; Kokras et al.,
2015), as well as influence neurochemical responses to antidepressants (Allen et al., 2012;
Kendall et al., 1981; Wilson et al., 1989). In line with the known antidepressant-like effects
of E, and P4 (Frye, 2011; Walf and Frye, 2009, 2010), we found that vehicle-treated D1
females exhibit higher indices of behavioral despair in the FST as compared to Pro
counterparts. Males and D1 females exhibited similar sensitivity to ketamine in the FST,
where both groups showed an antidepressant-like response 30 min following treatment with
3 mg/kg ketamine. These results are in line with a report by Autry et al., (2011) that
demonstrated male mice exhibit sensitivity to 3 mg/kg ketamine at 30 min, 3 h, 24 h, and 1
week post-treatment (Autry et al., 2011), but see (Franceschelli et al., 2015; Zanos et al.,
2016). In the present study, Pro females exhibited an antidepressant-like response to both 1.5
and 3 mg/kg ketamine, indicating enhanced behavioral sensitivity. To our knowledge, this is
the first report of the effect of estrous stage to influence sensitivity to the antidepressant-like
effects of ketamine. These findings are consistent with a recent report, which demonstrated
females’ responsivity to ketamine’s reinforcing effects is dependent upon estrous stage
(Wright et al., 2017). Our findings are also in agreement with findings that ovariectomized
(OVX) females treated with E,/P, exhibit behaviorally sensitivity to 2.5 mg/kg ketamine,
which is subthreshold for effect in OV X females without E,/P4 and in males (Carrier and
Kabbaj, 2013; Saland et al., 2016; Wright et al., 2017). Adding support to our findings in
Pro females, when D1 females were treated with an agonist for ERa or ERp, but not for PR,
they exhibited an antidepressant-like response to 1.5 mg/kg ketamine. Taken together, these
results suggest that endogenous ovarian hormones, specifically E,, can act at either ERa or
ERP subtypes to enhance females’ sensitivity to ketamine.

Neurotrophic effects of ketamine and ovarian hormones within the PFC and HPC

The present study aimed to elucidate potential molecular mechanisms that mediate sex/
estrous stage differences in behavioral sensitivity to antidepressant doses of ketamine. The
rapid antidepressant-like effects of ketamine are paralleled, and supported by, the expression
and activation of neuroplasticity-related signaling pathways within the PFC and HPC
(Bjérkholm and Monteggia, 2016; Duman et al., 2016). This includes increased expression
and release of BDNF and activation of mTOR within mood-related brain regions. Ketamine,
E,, and P4 share many biochemical targets, through which they support synaptic plasticity
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and increase spine density in mood-related brain regions (Frick, 2015; Woolley and
McEwen, 1992; Woolley et al., 1997). Based upon this evidence we hypothesized that if
females are experiencing a natural peak in levels of E,/P4, then enhanced activation of these
shared plasticity-related signaling pathways may be one mechanism through which Pro
females are more sensitive to ketamine as compared to males and D1 females.

Ketamine rapidly increases glutamate release and neuronal depolarization (Hoflich et al.,
2016; Li et al., 2016; Moghaddam et al., 1997). Preclinical evidence suggests that
ketamine’s induction of neuronal plasticity-related functions likely underlies its rapid
antidepressant-like effects (Lepack et al., 2015; Li et al., 2010; Li et al., 2011). Postsynaptic
depolarization is accompanied by an influx of calcium, which promotes long-term
potentiation and synaptic plasticity through its phosphorylation of CaMKIlla (Herring and
Nicoll, 2016; Lisman et al., 2012). Previous reports have shown that ketamine can rapidly
increase levels of p-CaMKIlla in the HPC of male rats (Choi et al., 2015), which we
confirmed in the present investigation in male mice. As has been shown for ketamine, there
is evidence that E, also promotes the phosphorylation of CaMKlla (Hasegawa et al., 2015).
In line with this role of E,, we found that Pro females exhibited HPC CaMKIlla activation in
a manner that was consistent with their behavioral ketamine sensitivity (i.e., increased by 1.5
and 3 mg/kg). Of the many functions carried out by p-CaMKIlla to support synaptic
plasticity, one important task is the phosphorylation of the GIuR1 subunit of AMPA
receptors (Barria et al., 1997). This supports GIuR1 insertion into the synapse and can
enhance channel conductivity (Derkach et al., 2007). Previous reports posited that
ketamine’s up-regulation of AMPA receptor expression may underlie enhanced
glutamatergic sensitivity and synaptic plasticity (Kavalali and Monteggia, 2012; Li et al.,
2010). Consistent with this effect of ketamine, we observed a significant increase in levels of
p-GluR1 in the PFC and HPC of males and Pro females in 1 h following treatment with 3
mg/kg ketamine.

Antidepressant doses of ketamine rapidly increase BDNF levels in the PFC and HPC (Autry
etal., 2011; Garcia et al., 2008; Lepack et al., 2015; Zhou et al., 2014b). In line with these
previous reports in males, we observed this effect of ketamine in the male PFC and HPC. We
extend previous reports and demonstrate an increase in BDNF within the PFC of Pro
females, and in the HPC of D1 females. Consistent with the role of E, and P4 to promote
BDNF expression/release (Kaur et al., 2007; Scharfman et al., 2003; Segal and Murphy,
2001), Pro females exhibited higher levels of BDNF within the PFC as compared to D1
females in all treatment conditions. However, we observed no ovarian hormone-related
difference in BDNF levels within the HPC. This may be due to our collection of the entire
CAL1/CAS3 region, since the estradiol-related expression of BDNF exhibits subregion
specificity (e.g., CA3) (Spencer-Segal et al., 2012).

There are many intracellular signaling pathways that are downstream of BDNF, and are
activated in response to antidepressant doses of ketamine. Levels of phosphorylated MAPK
have been shown to rapidly rise in response to antidepressant doses of ketamine in the PFC
of male rodents (Li et al., 2010). Unexpectedly, we observed no effect of ketamine over
activation of this kinase within the PFC. This lack of effect may be due to methodological
differences between the studies such as rodent species (rat vs. mouse) or dose of ketamine (3
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vs. 10 mg/kg). Additionally, protein extraction technique (synaptoneurosomal vs. total
protein) may have impacted our ability to detect ketamine-induced phosphorylation of
MAPK, as we used total protein and observed no effect of ketamine, consistent with another
report (Réus et al., 2014). It is important to note that other studies have reported ketamine-
induced elevations in p-MAPK within the HPC using total protein (Choi et al., 2015; Park et
al., 2014), which we confirmed in the present study. E,/P,4 exert neurotrophic functions
through their ability to promote activation of MAPK within the HPC (Boonyaratanakornkit,
2011; Leonhardt et al., 2003; Orr et al., 2012; Tuscher et al., 2016). In line with these data,
we demonstrate that D1 females exhibited lower levels of HPC p-MAPK as compared to Pro
females. Interestingly, while 1.5 mg/kg ketamine was subthreshold for a behavioral effect in
D1 females, this dose did significantly increase p-MAPK, which may be due to the low
baseline levels of p-MAPK.

The phosphoinositide 3-kinase/protein kinase B (PI13K-Akt) pathway is another downstream
intracellular signaling target of BDNF. Consistent with previous reports (Caffino et al., 2016;
Li et al., 2010), we demonstrate that an antidepressant dose of ketamine increases levels of
p-Akt within the PFC and HPC of male rodents. E,/P4 promote activation of the PI3K-Akt
pathway and this is one mechanism through which they promote cell survival and neuronal
plasticity (Briz and Baudry, 2014; Fortress et al., 2013; Singh, 2001). This is consistent with
our finding that Pro females exhibit an increase in PFC and HPC p-Akt in a manner that
directly mirrored their behavioral sensitivity to ketamine (i.e., 1.5 and 3 mg/kg). Following
phosphorylation, p-Akt promotes synaptic plasticity via inhibition of the pro-apoptotic
signaling molecule, GSK-3p (Beaulieu, 2012; Beurel et al., 2015). In line with the
relationship between Akt and GSK-3p, ketamine promotes the phosphorylation of GSK-3p
in the PFC and HPC of male rodents (Beurel et al., 2011; Zhou et al., 2014a), and this
phosphorylation is required for ketamine’s rapid antidepressant-like effects (Beurel et al.,
2011). Consistent with these reports we demonstrate that ketamine induced an increase in p-
GSK-3p in the male and Pro PFC, as well as the HPC of all groups. It is important to note
that in addition to the PI3K-Akt pathway, there are many ketamine-activated kinases that
promote phosphorylation of GSK-3p (e.g., p70 S6 kinase) (Beurel et al., 2015). Thus, our
finding that there was no effect of ketamine to affect phosphorylation of Akt in the HPC of
D1 females, yet an effect of ketamine to influence levels of p-GSK-3p is somewhat
surprising, but not unfounded.

mTOR is another neurotrophic signaling molecule that has garnered much attention in the
field of antidepressant research, and is also downstream of BDNF and its associated
signaling pathways (e.g., Akt and GSK-3p) (Beurel et al., 2011; Liu et al., 2013; Navé et al.,
1999; Zoncu et al., 2011). Phosphorylation of mTOR and its ability to promote the
translation of synaptic plasticity-related proteins in the PFC are required for the rapid
antidepressant-like effects of ketamine in males (Li et al., 2010). Indeed, we found that a
behaviorally effective dose of ketamine induced activation of mTOR in the PFC of males
and D1 females, and in the HPC of males and Pro females.

The present study aimed to determine doses of ketamine that exert antidepressant-like effects
in mice and to elucidate the contribution of endogenous ovarian hormones to mediate sex
differences in ketamine sensitivity. We demonstrated that females experiencing a natural
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peak in levels of the ovarian hormones E, and P4 exhibited heightened behavioral and
biochemical sensitivity to ketamine. Taking this a step further, we demonstrate that
pharmacological activation of ERa or ERB was sufficient to render D1 females sensitive to a
dose of ketamine that was only effective in Pro females. This finding indicates that action of
E, at either of these ER subtypes may mediate Pro females heightened behavioral sensitivity
to ketamine. Investigation into the potential molecular mechanism(s) underlying Pro
females’ ketamine sensitivity revealed some interesting clues. First, we confirmed that in
male mice behaviorally effective dose of ketamine increased the expression and/or activation
of many neurotrophic pathways within the PFC and HPC. Then, we identified ketamine-
sensitive biochemical pathways in these same mood-related brain regions in D1 and Pro
females. Overall, when compared to D1 counterparts, Pro females were more sensitive to the
biochemical effects of ketamine in both the PFC and HPC, which is in line with evidence
that both of these mood-related brain regions are robustly influenced by ovarian hormones
and display estrous cycle-related changes in synaptogenesis and neuronal excitability
(Scharfman and MacLusky, 2006). Furthermore, we found that Pro females exhibited
activation of Akt and CaMKlla within mood-related brain regions in response to 1.5 mg/kg
ketamine; indicating that ovarian hormones may prime these signaling pathways to render
females sensitive to male-subthreshold doses of ketamine. While these results provide some
insight into the molecular mechanisms of ketamine within low and high ovarian hormone
conditions, future studies need to examine the effects of ketamine in these hormone states in
animals not exposed to an FST, as the acute stress associated with this test has the potential
to influence expression of synaptic plasticity markers.

The present study goes some way to determine the molecular mechanisms underlying sex
differences in behavioral sensitivity to ketamine, yet it is important to note that other
mechanisms may also contribute to the observed effects. Sex differences in
pharmacokinetics and pharmacodynamics are well established (Bigos et al., 2009; Soldin
and Mattison, 2009; Waxman and Holloway, 2009), and recent work by Zanos et al. (Zanos
et al., 2016) demonstrated that female mice have three-fold higher levels of the ketamine
metabolite, (2S,6;2R6R)hydroxynorketamine, up to one hour following treatment with
ketamine. Taken together, these studies suggest that the females may take longer to clear
metabolites of ketamine, which may explain sex differences in ketamine antidepressant-like
effects. Furthermore, ovarian hormones can influence excitatory receptor expression and/or
receptor sensitivity (Gazzaley et al., 1996; Woolley et al., 1997), which may influence
sensitivity to the antidepressant effects of ketamine. Thus, further investigation into the
impact of sex and hormonal status over sensitivity to the rapid-acting antidepressant
ketamine is warranted.
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. Males and diestrus 1 females exhibited antidepressant-like responses 3 mg/kg
ketamine.
. Females’ ketamine sensitivity was increased by ovarian hormones and by

estrogen receptor agonists.

. Proestrus behavioral ketamine sensitivity was mirrored by increased PFC
activation of Akt and of HPC Akt and CaMKlla.
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Figure 1. Behavioral sensitivity to the antidepressant-like effect of ketamine is influenced by sex
Ketamine at 3 mg/kg reduced immobility time in males and freely-cycling females. Overall,

females exhibited lower immobility time as compared to males. *p<0.05 vs. vehicle,
#0<0.05 males vs. females. Data are means + SEM. (males: n=7-8/group, females 8/group).
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Figure 2. Behavioral sensitivity to the antidepressant-like effect of ketamine is influenced by sex
and by estrous stage

(A) Ketamine at 3 mg/kg reduced immobility time in males and diestrus 1 (D1) females, 1.5
and 3 mg/kg ketamine reduced immobility time in proestrus (Pro) females (*p<.05 vs.
within-group vehicle). (B) Representative vaginal lavage samples from D1 and Pro females.
(C) Plasma levels of estradiol (pg/mL) and levels of progesterone (ng/mL) were significantly
lower in females in D1 vs. Pro females (*p<.05, ** p<.01). Data are means + SEM.
Different letters indicate statistically significant differences within the treatment group.
(males: n=8/group, D1: n=7-9/group, Pro: n=7-10/group; plasma: n=5-7)
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Figure 3. Behavioral sensitivity to the antidepressant-like effect of ketamine is influenced by
agonists for ERa. and ERB

Ketamine at 1.5 mg/kg reduced immobility time for D1 females treated with PPT (ERa
agonist) or DPN (ERp agonist), but not progesterone (P4). *p<0.05 vs. within-group vehicle;
Different letters indicate statistically significant differences within the treatment group. Data
are means + SEM. (n=7-10/group)
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Figure 4. Influence of sex/estrous stage on protein expression of synaptic plasticity markers
within the prefrontal cortex (PFC) following treatment with vehicle or ketamine

(A) Protein expression of p-CaMKIlla/CaMKIlla was not affected by ketamine nor by sex/
estrous stage. (B) Males and Pro females exhibited an increased expression of p-GIluR1/
GluR1 and (C) increased expression of BDNF following 3 mg/kg ketamine. (D) Protein
expression of p-MAPK/MAPK was not affected by ketamine, yet there was a main effect of
sex/estrous stage. (E) Ketamine at 1.5 mg/kg increased expression of p-Akt/Akt in Pro
females, and 3 mg/kg increased expression in males and Pro females. (F) Ketamine at 1.5
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mg/kg increased expression of p-GSK-3p/GSK-3p in males, and in males and Pro females at
3 mg/kg. (G) Ketamine at 3 mg/kg increased p-mTOR/MTOR expression in males and D1
females. *p<.05, **p<.005, ***p<.0005, ****p<0.0001 vs. within-group vehicle. Different
letters indicate statistically significant differences between sex/estrous stages within the
vehicle treatment group. Data are means + SEM. (n=4-8/group)
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Figure 5. Influence of sex/estrous stage on protein expression of synaptic plasticity markers
within the hippocampus (HPC) following treatment with vehicle or ketamine

(A) Protein expression of p-CaMKIla/CaMKIla was increased by 1.5 mg/kg ketamine in
Pro females, and in males and Pro females by 3 mg/kg. (B) Ketamine at 3 mg/kg increased
expression of p-GluR1/GIuR1 in males and Pro females, (C) and increased expression of
BDNF in males and D1 females. (D) Protein expression of p-MAPK/MAPK was

significantly lower in D1 females in all treatment conditions. Ketamine at 1.5 mg/kg

increased expression of p-MAPK in D1 females, and in all groups at 3 mg/kg. (E) Ketamine
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at 1.5 mg/kg increased expression of p-Akt/Akt in Pro females, and 3 mg/kg increased
expression in males and Pro females. (F) Ketamine at 1.5 mg/kg increased expression of p-
GSK-3B/GSK-3p in males, and in all groups at 3 mg/kg. (G) Ketamine at 3 mg/kg increased
p-mTOR/mTOR expression in males and D1 females. *p<.05, **p<.005, ***p<.0005,
****n<0.0001 vs. within-group vehicle. Different letters indicate statistically significant
differences between sex/estrous stages within the vehicle treatment group. Data are means +
SEM. (n=4-7/group)
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A Prefrontal Cortex

Figure 6. Schematic representation of the hypothesized shared influence of ketamine and ovarian
hormones within mood related brain regions

(A) A simplified schematic of the intracellular signaling pathways that are influenced by
ketamine and ovarian hormones within the PFC and (B) and the HPC. Yellow circles
indicate pathways activated by behaviorally-effective doses of ketamine in Pro females.
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List of antibodies used in Western blot analysis of the prefrontal cortex and hippocampus.

Table 1

Primary Antibody Host/Type Manufacturer | Catalog Number | Dilution
GAPDH (D16H11) XP® Rabbit, mAb | Cell Signaling 5174 1:2000
Phospho-CaMKII (Thr286) (D21E4) Rabbit, mAb | Cell Signaling 12716 1:2000
CaMKllI-a (6G9) Mouse, mAb | Cell Signaling 50049 1:2000
AMPA Receptor (GIuR 1) (D4N9V) Rabbit, mAb | Cell Signaling 13185 1:1000
Phospho-AMPA Receptor (Ser831) Rabbit, mAb Abcam ab109464 1:1000
BDNF (N-20) Rabbit, pAb Santa Cruz sc-546 1:500
Phospho-p44/42 MAPK (Thr202/Thr204) | Rabbit, pAb | Cell Signaling 9101 1:2000
p44/42 MAPK Mouse, pAb | Cell Signaling 9102 1:2000
Phospho-Akt (Ser473) (D9W9U) Mouse, mAb | Cell Signaling 12694 1:1000
Akt Rabbit, pAb Cell Signaling 9272 1:1000
Phospho-GSK-3B (Ser9) (D85E12) XP® | Rabbit, mAb | Cell Signaling 5558 1:2000
GSK-3p (3D10) Mouse, mAb | Cell Signaling 9832 1:1000
Phospho-mTOR (Ser2448) (D9C2) XP® | Rabbit, mAb | Cell Signaling 5536 1:1000
mTOR (L27D4) Mouse, mAb | Cell Signaling 4517S 1:1000

mADb, monoclonal antibody; pAb, polyclonal antibody.
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Table 2

Summary of ketamine’s effects on activation of synaptic plasticity markers in the prefrontal cortex.
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Prefrontal Cortex

Male Diestrus 1 Proestrus

p - CaMKlla And And A
p - GIuR1l 1 3 mg/kg < A 3 mg/kg
BDNF 13 mg/kg < 4 3 mg/kg

p - MAPK < < <

p - Akt 13 mg/kg R 1 1.5 & 3 mg/kg

p-GSK-38 | 11.5& 3mglkg R 4 3 mg/kg

p-mTOR 13 mg/kg 4 3 mg/kg -

<> no change from vehicle-treated samples, 1 in levels as compared to vehicle-treated samples.
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Table 3

Summary of ketamine’s effects on activation of synaptic plasticity markers in the hippocampus.
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Hippocampus
Male Diestrus 1 Proestrus
p - CaMKlla 13 mg/kg <> 4 1.5 & 3 mg/kg
p - GIuR1 13 mg/kg <~ 4 3 mg/kg
BDNF 13 mg/kg 1 3 mg/kg R
p - MAPK 13 mg/kg 4 1.5 & 3 mg/kg 4 3 mglkg
p - Akt 13 mg/kg < 4 1.5 & 3 mg/kg
p-GSK3-B | 11.5& 3 mglkg 1 3 mg/kg 4 3 mglkg
p-mTOR 13 mg/kg < 4 3 mglkg

<> no change from vehicle, 1 in levels as compared to vehicle-treated samples.
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