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Ketamine Corrects Stress-Induced Cognitive Dysfunction
through JAK2/STAT3 Signaling in the Orbitofrontal
Cortex

Michael S Patton', Daniel J Lodge', David A Morilak' and Milena Girotti*'

'Department of Pharmacology and Center for Biomedical Neuroscience, University of Texas Health Science Center at San Antonio, San Antonio,
TX, USA

Deficits in cognitive flexibility are prominent in stress-related psychiatric disorders, including depression. Ketamine has rapid antidepressant
efficacy, but it is unknown if ketamine improves cognitive symptoms. In rats, 2 weeks chronic intermittent cold (CIC) stress impairs reversal
leamning, a form of cognitive flexibility mediated by the orbitofrontal cortex (OFC) that we have used previously to model cognitive
dysfunction in depression. We have shown that activating JAK2/STAT3 signaling in the OFC rescued the CIC stress-induced reversal
learning deficit. Thus, in the present study we determined whether ketamine also corrects the stress-induced reversal learning deficit, and if
JAK2/STATS signaling is involved in this effect. A single injection of ketamine (10 mg/kg, i.p.) 24 h prior to testing rescued the CIC stress-
induced reversal leaming deficit. CIC stress decreased JAK2 phosphorylation in the OFC, and ketamine restored pJAK2 levels within 2 h
post injection. The JAK2 inhibitor AG490 given systemically or into the OFC at the time of ketamine injection prevented its beneficial
effect on reversal learing. We then tested the role of JAK2/STAT3 in ketamine-induced plasticity in the OFC. Ketamine depressed local
field potentials evoked in the OFC by excitatory thalamic afferent stimulation, and this was prevented by JAK2 inhibition in the OFC.
Further, in both the OFC and primary cortical neurons in culture, ketamine increased expression of the neural plasticity-related protein
Arc, and this was prevented by JAK2 inhibition. These results suggest that the JAK2/STATS3 signaling pathway is a novel mechanism by

INTRODUCTION

Cognitive flexibility is the ability to modify established
thoughts and behaviors based on feedback from a changing
environment. This adaptive executive process is mediated
by the prefrontal cortex (PFC) (Merriam et al, 1999), and is
impaired in several stress-related psychiatric disorders
(Castaneda et al, 2008; Porter et al, 2015), including
depression. In depression, negative and perseverative cogni-
tive biases are believed to promote and maintain depressive
symptoms (Beck, 2008). Reversal learning is a form of
cognitive flexibility mediated in the orbitofrontal cortex
(OFC) (Clarke et al, 2008). Patients with OFC lesions show
impaired emotional regulation (Bechara et al, 2000), and
depressed individuals exhibit structural and functional
abnormalities in the OFC, as well as deficits in reversal
learning (Drevets, 2007). Chronic stress is a risk factor for
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which ketamine exerts its therapeutic effects on stress-induced cognitive dysfunction in the OFC,
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depression (Kessler, 1997; Manji et al, 2000). We have shown
that rats subjected to chronic intermittent cold (CIC) stress
exhibit behavioral changes that model several dimensions of
depression, including reversal learning deficits (Lapiz-Bluhm
et al, 2009; Lapiz-Bluhm and Morilak, 2010).

Currently available antidepressants, including monoamine
reuptake inhibitors, require weeks of treatment for maximal
effect (Olchanski et al, 2013), and are relatively ineffective,
with only one in three people responding to first-round
treatment (Janicak et al, 1997). Further, these drugs have
limited efficacy in improving cognitive symptoms (Gonda
et al, 2015). Acute infusion of the NMDA receptor
antagonist, ketamine, has been shown to have rapid
antidepressant effects in treatment resistant patients
(Berman et al, 2000; Zarate et al, 2006). Preclinical studies
have also demonstrated rapid antidepressant-like effects of
ketamine (Jett et al, 2015; Li et al, 2010; Rogdz et al, 2002).
However, it is unlikely ketamine will ultimately be widely
used as a therapeutic agent owing to its many substantial
drawbacks, eg, psychotomimetic properties and abuse
liability (Lodge and Mercier, 2015). Therefore, elucidating
mechanisms underlying the antidepressant effects of keta-
mine may inform the development of more effective
pharmacotherapies. Ketamine is thought to increase
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glutamate signaling in the hippocampus and PFC (Berton
and Nestler, 2006; Duman et al, 2012b; Li et al, 2011), by
inhibiting fast-firing GABAergic interneurons, resulting in
disinhibition of glutamatergic pyramidal cells (Homayoun
and Moghaddam, 2007). A recent study showed that
hydroxynorketamine, a metabolite of ketamine, similarly
activates glutamate signaling without blocking NMDA
receptors (Zanos et al, 2016). Activation of pyramidal cells
is then thought to induce synaptic plasticity (Zunszain et al,
2013) via BDNF release (Lepack et al, 2015) and downstream
regulation of mRNA translation by mTOR (Hoeffer and
Klann, 2010; Li et al, 2010; Proud, 2009).

The JAK/STAT signaling pathway comprises Janus
tyrosine kinases (JAKs) and signal transduction activators
of transcription proteins (STATs). The canonical signaling
cascade involves ligand-mediated activation of a gpl30
receptor subunit that promotes autophosphorylation of
JAK, which then induces phosphorylation of STAT. The
JAK/STAT signaling pathway has been studied primarily in
the context of peripheral inflammation (Akira, 1999). De-
Fraja et al (1998) identified this pathway in the CNS, with
higher expression of JAK2/STAT3 isoforms in cortex and
hippocampus. We recently demonstrated a role for JAK2/
STATS3 in reversal learning (Donegan et al, 2014). Processes
reflecting synaptic plasticity, such as long-term depression
(LTD), have been implicated in reversal learning (Dulffy et al,
2008), and the JAK2/STAT3 pathway has been shown to be
involved in LTD (Nicolas et al, 2012), thus identifying this
pathway as a potentially novel therapeutic target for deficits
in cognitive flexibility.

In the present study, we first explored whether ketamine
corrects the CIC stress-induced deficit in reversal learning,
and if so, if this requires JAK2/STATS3 signaling in the OFC.
We then investigated whether ketamine induces plasticity in
the OFC response to thalamic afferent stimulation, providing
a functional substrate for its effect on reversal learning. We
then tested whether inhibiting JAK2/STAT3 blocks
ketamine-induced plasticity in the OFC. At last, in primary
cortical neurons we explored the downstream signaling
effects of ketamine-induced JAK2/STAT3 phosphorylation.
Portions of this work have been presented in abstract form
(Patton et al, 2015).

MATERIALS AND METHODS
Animals

A total of 179 adult male Sprague Dawley rats (Harlan, 220-
240 g) were maintained on a 12/12h light/dark cycle, with
food and water ad libitum. All procedures were consistent
with NIH guidelines and approved by the Institutional
Animal Care and Use Committee of the University of Texas
Health Science Center at San Antonio.

CIC Stress

CIC stress was conducted as described previously (Lapiz-
Bluhm et al, 2010). Animals were transported in their home
cages into a cold room (4°C) for 6h, then returned to
housing. This was repeated for 14 consecutive days. Controls
remained in the housing room.
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Attentional Set-Shifting Test

The attentional set-shifting test was performed as described
previously (Donegan et al, 2014). Figure la shows the
experimental timeline. One week before testing (ie, day 11 of
CIC) animals were food restricted to 14 g per day. One day
after the end of CIC, animals were trained to dig in terracotta
pots to retrieve % Honey Nut Cheerio reward (General Mills,
Minneapolis, MN, USA). On day 2, they were trained to
locate the reward in the baited pot via cues in two sensory
dimensions: an odor applied to the rim of the pot, and the
digging medium that filled the pot. On Day 3, animals
received acute drug administration (below). The following
day, animals were tested on a series of discrimination tasks,
in which a criterion of six consecutive correct responses was
required to proceed to the next task. In the first task (simple
discrimination), animals learned to associate one stimulus
dimension (eg, odor) with the reward-baited pot. On the
second task (compound discrimination), animals continued
to discriminate based on that dimension, and the second
irrelevant dimension (eg, digging medium) was introduced
as a distractor. For the reversal learning task, the cue/reward
association was switched: the previously non-rewarded cue
was now positive, and vice versa. The dependent measure
was number of trials to meet criterion on the reversal task.
Animals that did not dig within 10 min on six consecutive
trials, or did not reach criterion within 50 trials on any task
were excluded from analysis.

In Vivo Drug Administration

For systemic administration, animals received saline (1 ml/
kg), or ketamine (10 mg/kg, i.p.; Henry Schein Animal
Health, Dublin, OH), and were tested 24 h later, or killed
2-12h later. For microinjections, saline or ketamine
(2 nmol/0.5 pl/side (Fukumoto et al, 2016), were infused
into the OFC (from bregma: AP +2.9 mm, ML 2.6 mm, DV
—-5.0mm). In preliminary studies, we established that
systemic administration of the JAK2 inhibitor Tryphostin
AG490 (10 mg/kg, i.p. Fisher Scientific, Waltham, MA)
decreased phospho-JAK2 in the rat OFC for at least 2 h after
administration. As the effect of the inhibitor was transient,
(undetectable by 4h), and induction of JAK2/STAT3 in the
OFC was not evident in the first 30 min post-ketamine, we
injected AG490 or vehicle (DMSO) 15 min after ketamine to
maximize the inhibition of initial JAK2 activation. To test the
effects of JAK2 inhibition specifically in the OFC, AG490
(1.47 ng/0.5 pl) or vehicle (0.03% DMSO) were microinjected
into OFC immediately prior to systemic injection of
ketamine. Rats were tested 24 h later.

Tissue Collection

A 2mm coronal section was cut 2-4mm caudal to the
frontal pole. OFC was dissected from the lateral margin of
the brain to the medial boundary of the forceps minor,
ventral to the forceps minor and dorsal to the rhinal sulcus.

MDT-Evoked Field Potentials in OFC

Rats were anesthetized with chloral hydrate (400 mg/kg, i.p.),
and placed in a stereotaxic apparatus. A glass microelectrode
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Ketamine corrects the CIC stress-induced cognitive deficit in reversal leaming and activates the JAK2/STAT3 pathway in the OFC.
(a) Experimental timeline. (b) CIC-stressed rats exhibited a cognitive deficit in reversal leaming that was prevented by acute systemic injection of ketamine
(10 mg/kg, i.p.) given 24 h prior to testing (*p <0.0001, CIC- stressed rats compared with Non-stress control rats given vehicle; #p <0.000 |, CIC-stressed rats
given ketamine compared with CIC-stressed rats given vehicle; n=8/group). (c) Local microinjection of ketamine (2 nmol/0.5 pl/side) directly into the OFC
24 h before testing also corrected the CIC stress-induced reversal leaming deficit (*p <0.001, CIC-stressed rats compared with Non-stress control rats given
vehicle; #p<0.0001, CIC-stressed rats given ketamine compared with CIC-stressed rats given vehicle; n=3-7/group. Acute systemic injection of ketamine
(10 mg/kg, i.p.) increased phosphorylation of both JAK2 (d) and STAT3 (e) in the OFC (*p <0.05 compared with baseline; n = 5/group). (f) Three days after
the end of CIC stress, levels of pJAK2 were reduced in the OFC (*p < 0.05). (g) CIC stress did not change pSTAT3 levels. (h) Levels of the synaptic plasticity-
related protein Arc were modestly reduced after CIC stress. At 2 h post injection, ketamine increased expression of Arc in control rats (h; *p<0.05), and
increased both pJAK2 (f: *p<0.01) and Arc (h; *p<0.01) in CIC-stressed rats, By contrast, ketamine increased pSTAT3 only in controls (*p < 0.05), but not in



was placed into the lateral OFC (AP +3.0 mm, ML 2.8 mm,
DV —4.5mm from brain surface). For local drug adminis-
tration, a 28 G cannula was positioned 0.3 mm dorsal to the
recording electrode (20° medial approach: AP +3.0 mm, ML
0.8 mm, DV —4.5mm from the brain surface). A bipolar
concentric stimulating electrode (NEX-100, Kopf) was
positioned in the mediodorsal thalamus (MDT) (AP
—3.2mm, ML 0.8 mm, DV —5.0 mm from brain surface).
MDT stimulation evoked a negative field potential in the
OFC with a peak latency of 8-15 ms. Test stimuli (0.1 msec,
100-400 pA) were delivered every 30s. Stimulus intensity
was set to evoke 70% maximal response. Baseline responses
were recorded for 15min. The JAK2 inhibitor AG490
(1.47 ng/0.5pl) or vehicle were microinjected into OFC
(0.05 pl/min). As microinjection itself produced an approx-
imate 10% decrease in evoked field potentials that was
sustained for the duration of recording, all subsequent
measures were compared with a 15 min post microinjection
baseline. Ketamine (10mg/kg, i.p.) or saline was then
administered, and MDT-evoked potentials recorded for
3.5h. Potentials were amplified, filtered (0.3-100 Hz) and
digitized (ADInstruments power lab) for offline analysis
(LabChart 7.1, ADInstruments). Responses were normalized
to percent baseline. Changes in evoked responses were
analyzed by calculating the mean of all normalized responses
in four time bins: baseline, 0-30 min, 30-60 min, and 60—
210 min postdrug, generating a single average value for each
animal in each bin.

Primary Neuronal Cell Culture

Cortical neurons were extracted from embryonic day 18 rats,
and seeded (2x10° cells/10 cm®) onto poly-L-lysine-coated
plates (Corning) in plating media (Neurobasal supplemented
with 2 mM glutamine, 2% B-27, 3% FBS) and maintained in
5% CO, at 37°C. The following day, plating media were
replaced with media without FBS, and cells were maintained
in serum-free media. Every 3-4 days, media were replaced,
and on day 4, the mitotic inhibitor f-D-arabinofuranoside
(Sigma-Aldrich) was added to curb glial proliferation (5 pM
final). Cells were allowed to mature 18 days in vitro before
drug administration. On the day of stimulation, cells were
incubated with 0.5 pM ketamine (Lepack et al, 2015), and
lysed at 0-60 min to establish the time course of treatment
effect.

siRNA Transfection

Rat Accell Smart-pool silencing constructs (GE Dharmacon,
Lafayette, CO) were resuspended in 1x siRNA buffer to a
100 pM stock, and stored in aliquots at —20 °C. Concentra-
tions of the constructs were based on percent knockdown of
the target proteins determined in pilot experiments. Primary
cortical neurons were transfected with 1 pM siRNA con-
structs, JAK2 (E-088340-00), STAT3 (E-080103-00), or non-
targeting pool (D-001910-01) using Accell transfection media
(10 pl:1 ml media). Cells were incubated in siRNA media for
48 h, then treated for 1h with ketamine (0.5 pM), or saline.
Knockdown efficiency, determined by western blots, was:
JAK2 =70%, STAT3 =90%.
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Fluorescence Immunocytochemistry

Primary cortical neurons (DIV 18) plated onto poly-lysine-
coated glass coverslips were treated with saline or 0.5 pM
ketamine for 30 min, washed with cold PBS, fixed in 2%
paraformaldehyde for 5min, then washed and fixed in
methanol for 5min at — 20 °C. After blocking (1% BSA, 0.3%
Triton X100, 1% donkey serum/PBS) for 1h, cells were
incubated with rabbit anti-pJAK2 mAb (1:500, Millipore
07-606, Billerica, MA) overnight at 4°C. The next day,
coverslips were incubated with biotin-conjugated donkey
anti-rabbit secondary antibody for 1h and reacted with
avidin-peroxidase complex (Vector Laboratories, Burlin-
game, CA) for 30 min, followed by fluorescein-conjugated
tyramide amplification (TSA-Plus, Perkin Elmer, Waltham,
MA). After heat inactivation at 70 °C in 10 mM citric acid,
pH 6 for 5min, coverslips were re-blocked and exposed to
mouse anti-Arc mAb (1: 2000, Santa Cruz sc-166461, Dallas,
TX) overnight at 4 °C. After secondary antibody and ABC
treatment, cells were reacted with a cyanine 3 (cy3)-tagged
tyramide or a cyanine 5 (cy5)-tagged tyramide. For triple
label, after amplification of the pJAK2 signal, cells were
incubated overnight with guinea pig anti-Arc pAb (1:200,
Synaptic Systems 156-005), then Alexa-647-conjugated anti-
guinea pig secondary antibody, followed by DNAsel-Alexa-
488 (9 pg/ml, Molecular Probes D12371, Eugene, OR), to
reveal G-actin. Coverslips were air-dried, mounted with
Vectashield (Vector Laboratories) and imaged on an
Olympus IX81 inverted confocal microscope using FV10-
ASW software (Olympus, Tokyo, Japan). Z-sections were
captured using a 60 x oil immersion lens. Images represent
flattened projections of the z-section stacks. For colocaliza-
tion analysis, we employed the object-based algorithm in the
JACop plug-in of FIJI (Image]) software (Bolte and
Cordelieres, 2006).

Western Blots

Cell and tissue lysates were prepared in RIPA buffer
containing protease and phosphatase inhibitors. Protein
content was determined via Bradford assay, and equivalent
amounts of protein loaded onto NuPAGE Novex Bis-Tris
protein gels (Life Technologies; Grand Island, NY), and
electroblotted onto PVDF membranes using iBlot dry-
blotting system (Life Technologies). Membranes were
blocked in TBS-T supplemented with 2% Amersham ECL
Prime Blocking Reagent (GE Healthcare; Pittsburgh, PA), or
5% BSA. Membranes were incubated overnight at 4°C in
primary antibody: phospho-STAT3 (Rabbit mAb Tyr705;
Cell Signaling 9145; tissue 1:10 000; cell 1:1000), phospho-
JAK2 (Rabbit pAb Tyr1007/1008;Milipore 07-606; tissue
1:5000; cell 1:2000), Arc (Mouse mAb; Santa Cruz
Biotechnology sc-17839; tissue 1:10000; cell 1:2000),
GAPDH (Rabbit mAb; Cell Signaling 2118; tissue 1:20 000;
cell 1:15000). Membranes were incubated in HRP-
conjugated secondary antibodies for 1h at 23°C, and
exposed to Prime ECL detection reagent. Images were
captured using the G:BOX-XT4 Chemi system (Syngene;
Frederick, MD). Subsequently, membranes were stripped
with Restore Plus (Fisher Scientific) and re-probed with
antibodies against STAT3 (mouse mAb; Santa Cruz sc-8019;
tissue 1:5000; cells 1:1500), JAK2 (Rabbit mAb; Cell
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Signaling 3230; tissue 1: 10 000; cells 1 : 5000). Single samples
were run from each rat or independent cell culture, and every
assay in an experiment included samples from all experi-
mental groups. Data were calculated as percent baseline, and
normalized to the corresponding total protein or to a
housekeeping protein.

Statistical Analysis

Data were analyzed by ANOVA, with repeated measures
where appropriate. Pairwise comparisons were performed
using Newman-Keuls test, or Dunnett’s test when compar-
ing multiple time points to a single baseline. Normalized
evoked potentials were analyzed non-parametrically by
Kruskal-Wallis test, followed by Dunn’s test. Significance
was determined at p<0.05.

RESULTS

Ketamine Corrects the CIC Stress-Induced Deficit in
Reversal Learning

We first tested whether a single injection of ketamine
corrected the stress-induced reversal learning deficit. Rats
subjected to CIC stress performed similarly to controls in the
simple and compound discrimination tasks, and ketamine
did not influence performance on these tasks (main effect for
stress: Fq 57 =1.12, p=0.29; Drug; F(,7=0.001, p=0.97;
data not shown), indicating no stress- or drug-induced
differences in general learning capability prior to the reversal
task. On the reversal task, there were significant main effects
of stress (F(.7=21.38, p<0.001), drug (F,;=17.55,
p<0.01) and a stressxdrug interaction (F( .7 =18.96,
p<0.01). Consistent with previous results (Lapiz-Bluhm
and Morilak, 2010), CIC-stressed animals performed worse
than non-stressed controls on the reversal learning task, and
this deficit was corrected by acute ketamine injection 24 h
before testing (Figure 1b). Ketamine did not affect
reversal learning in non-stressed controls. Results were
similar when ketamine was injected directly into the
OFC (stress: F(;15=17.42, p<0.001, drug: F( s5)=10.57,
p<0.01; stress x drug interaction: F(;;s5)=18.99, p<0.001,
Figure 1c).

Ketamine Activates the JAK2/STAT3 Pathway in OFC

We then determined whether ketamine administration
activated the JAK2/STAT3 pathway in the OFC. Systemic
injection of ketamine induced phosphorylation of both JAK2
(F(S,Sl) =4.34, p< 001, Figure ld) and STAT3 (F(5,57) =6.31,
p<0.001; Figure le). JAK2 phosphorylation increased
relative to baseline at 2h post ketamine (p<0.05;
Figure 1d). STAT3 phosphorylation was elevated 2-6 h post
ketamine (p < 0.05; Figure 1d). In a separate experiment, the
effects of ketamine on JAK2/STAT3 phosphorylation in the
OFC after CIC stress were then measured 2 h post ketamine.
As above, ketamine increased JAK2 phosphorylation
(F1,16)=18.60, p<0.001). There was no main effect of stress
(Fa,16)=2.22, p=0.16) nor an interaction (F( 6 =1.87,
p=0.19), although pairwise comparisons showed a signifi-
cant reduction in JAK2 phosphorylation after CIC (p <0.05)
that was reversed by ketamine (p<0.01, Figure 1f). By
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contrast, CIC stress alone had no effect on STAT3
phosphorylation (Figure 1g). Replicating the result above,
there was a significant effect of drug (F(;,;7)=6.28, p<0.05),
and an interaction (F(,6=4.81, p<0.05), as ketamine
increased pSTAT3 in controls (p<0.05), but had no effect
in CIC-stressed rats. A marginal main effect of Stress
(Fa,17y=3.57, p=0.08) was attributable entirely to this
response to ketamine in non-stressed animals.

Pharmacological Inhibition of JAK2/STAT3 Activity in
the OFC Abolishes the Beneficial Effect of Ketamine on
Reversal Learning

We tested whether JAK2 inhibition by AG490 during
ketamine administration prevented its beneficial effect on
stress-induced cognitive dysfunction. As in the previous
experiment, there were no effects of any manipulation on the
simple or compound discrimination tasks preceding reversal
learning (data not shown). On the reversal task, ANOVA
revealed significant main effects of Stress (F(;30)=40.37,
p<0.001) and AG490 (F(;30)=4.08, p=0.05), a stressx
ketamine interaction (F(; 30y =5.08, p <0.05), stress x AG490
interaction (F(; 30)=10.56, p<0.01) and ketamine x AG490
interaction (F(;30)=9.09, p<0.01). CIC-stressed animals
exhibited a deficit in reversal learning compared
with non-stressed vehicle-treated animals (p<0.05) that
was corrected by ketamine (p<0.01), and this effect was
prevented by inhibition of JAK2 at the time of
ketamine administration (p<0.001; Figure 2a). We next
determined whether JAK2 inhibition specifically in the
OFC similarly prevented the beneficial effect of ketamine
on reversal learning. Local injection of AG490 had no
effect in non-stressed rats compared with vehicle.
Cold-stressed rats exhibited the reversal learning deficit
(p<0.001), that was again corrected by ketamine (p <0.001).
JAK2 inhibition in the OFC with AG490 prevented the
beneficial effect of ketamine in cold-stressed animals
(p<0.001; Figure 2b).

Ketamine-Induced Increases in Levels of the Synaptic
Plasticity-Related Protein Arc in the OFC are Prevented
by JAK2 Inhibition

Previous work has shown that ketamine increases expression
of the synaptic protein Arc in the mPFC, which may underlie
its effects on synaptic plasticity. Here we determined whether
ketamine administration similarly increased expression of
Arc in the OFC, and if inhibition of JAK2 with AG490
prevented ketamine-induced Arc expression. Ketamine
increased Arc in the OFC (F;534=3.61, p<0.05;
Figure 2c), which was significant relative to baseline at 2h
post ketamine (p<0.01). Systemic administration of AG490
prevented Arc induction by ketamine (p < 0.05; Figure 2d).
In a separate experiment, Arc levels showed a modest non-
significant reduction in CIC-stressed rats. Ketamine in-
creased Arc levels in the OFC of both CIC-stressed (p<0.01)
and control rats (p<0.05, Figure 1h).
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Figure 2 Pharmacological inhibition of the JAK2/STAT3 pathway in the OFC prevents the beneficial effects of ketamine on reversal learning and induction
of the plasticity-related protein Arc. (a) Systemic administration of the JAK2 inhibitor AG490 (10 mg/kg, i.p.) at the time of ketamine administration blocked the
beneficial effect of ketamine on reversal leaming in CIC-stressed rats, tested 24 h after injection (*p <0.05 compared with non-stressed-vehicle; #p<0.01
compared with CIC vehicle; +p <0.001 compared with CIC-ketamine; n= 5/group). (b) Local microinjection of AG490 (1.47 ng/0.5 UI) in the OFC similarly
prevented the beneficial effect of ketamine in CIC-stressed animals (*p<0.001 compared with non-stressed vehicle/vehicle; #p<0.001 compared with CIC
vehicle/vehicle; +p<0.001 compared with CIC-ketamine-vehicle; n=4-5/group). (c) Ketamine increased the expression of the synaptic plasticity-related
protein Arc in the OFC 2 h after administration (*p <0.05 compared with baseline; n="5-8/group). (d) Pre-treatment with AG490 prevented ketamine-
mediated induction of Arc protein in the OFC at 2 h (*p <0.05 compared with baseline; *p <0.05 compared with Ket-2h; n=5/group). Values represent

mean + SEM.

Ketamine Administration Induces Functional
Plasticity in the OFC that is Dependent on JAK2 Kinase
Activity

We next tested the functional effects of ketamine adminis-
tration on afferent-evoked local field potential (LFP)
responses in OFC, and if JAK2 inhibition in OFC prevented
these effects. Animals pre-treated with a local microinjection
of ACSF (0.05 pl/min, 0.5 pl total injection volume) followed
by systemic injection of saline exhibited a stable LFP
response for the 210min duration of the experiment
(mean=101.7 +5.8%; Figure 3a). In rats pre-treated with
ACSF in OFC, systemic injection of ketamine induced a
depression of the evoked LFP (H ;) =12.94, p <0.05) that was
first evident 30-60 min after injection (mean=80.8+8.5%,
p<0.05 compared with baseline), and remained stable for
the duration of recording, 60-210min post injection

(mean=69.5+7.3%; p<0.01 compared with baseline;
Figure 3b). Pre-treatment with a microinjection of the
JAK2 inhibitor AG490 into OFC, followed by systemic
vehicle injection had no effect on evoked LFPs at any time
after injection (H;)=1.92, p=0.64; Figure 3c). By contrast,
microinjection of AG490 into OFC prevented the ketamine-
induced depression of the evoked response (mean=100.4
+9.1% at 30-60 min and 104.7 +14.1% at 60-210 min;
H(3,=0.58, p=0.90; Figure 3d).

Inhibition of JAK2 but not STAT3 Blocks Induction of
the Synaptic Plasticity-Related Protein Arc in Primary
Cortical Neurons

We next used an in vitro system to elucidate the roles of
JAK2 and/or STAT3 in ketamine-induced Arc expression.
Treatment of primary cortical neurons in culture with
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Figure 3  Systemic ketamine administration depresses evoked field potentials in the OFC, and this is prevented by inhibiting JAK2 activity in the OFC. In rats
receiving a microinjection of ACSF vehicle (0.5 pl) into OFC, a subsequent systemic saline injection had no effect on evoked LFP responses in the OFC (a),
whereas systemic ketamine administration (10 mg/kg, i.p.) induced a depression of the evoked LFP response that emerged 30—60 min after injection and lasted
for the duration of recording (b). Local microinjection of the JAK2 inhibitor AG490 into OFC prior to a systemic injection of saline had no effect on the
evoked LFP alone (c), but prevented the ketamine-induced depression of the evoked LFP (d). Insets show representative traces recorded at the time points

indicated. Data represent mean percent of baseline + SEM (n=5/group).

ketamine (0.5pM) induced phosphorylation of both JAK2
(Fa,25 =6.94, p<0.01; Figure 4a) and STAT3 (F(4.,0)=3.24,
p<0.05; Figure 4b). Peak phosphorylation of both proteins
occurred 30 min after drug application, and the elevated
phosphorylation of JAK2 persisted for at least 60 min.
Ketamine also increased expression of the synaptic protein
Arc (F35 =542, p<0.01; Figure 4c), with peak elevation
60 min after administration. We next investigated whether
the increase in Arc protein expression was attributable to
STAT3 transcriptional activity or to non-transcriptional
JAK2 kinase activity. Baseline Arc expression was reduced
in JAK2-silenced cells relative to vehicle-treated controls
(p<0.01), but was unaffected in STAT3-silenced cells.
Ketamine increased Arc expression in primary neurons
treated with control RNA (p<0.05), and this was prevented
by JAK2 knockdown (p<0.001; Figure 4d).

Phosphorylated JAK2 Colocalizes with Arc after
Ketamine Treatment

We next investigated whether pJAK2 was present in active
dendritic spines, where synaptic Arc expression is thought to
be involved with AMPAR cycling. In both vehicle- and
ketamine-treated primary cortical neurons, phosphorylated
JAK2 was colocalized with Arc protein (Figure 5a and b).
Quantitative analysis showed that upon ketamine treatment,
the percent of pJAK2 colocalized with Arc significantly
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increased, whereas the percent of Arc colocalized with
pJAK2 decreased (Figure 5c). Further, colocalization of
pJAK2 and Arc was observed in a subset of punctate
structures that were also positive for monomeric G-actin
(Figure 5d), which is enriched in active dendritic spines (Lei
et al, 2016).

DISCUSSION

In this study, a single injection of ketamine corrected the
reversal learning deficit induced by CIC stress 24h after
injection. Microinjection of ketamine directly into the OFC
was also effective, indicating that the beneficial effects of
ketamine on reversal learning are at least in part owing to
actions in the OFC. We previously showed that ketamine
corrects a cognitive set-shifting deficit caused by chronic
unpredictable stress, another form of cognitive flexibility
dependent on the medial PEC (Jett et al, 2015). Collectively,
these results demonstrate that ketamine impacts multiple
cortical circuits involved in cognitive flexibility and
implicated in stress-induced cognitive dysfunction.
Recently we showed that activating the JAK/STAT path-
way in the OFC similarly corrected the CIC stress-induced
reversal learning deficit (Donegan et al, 2014). Therefore, we
tested whether ketamine administration activates the JAK2/
STAT3 pathway as a mechanism in its beneficial effects on
reversal learning. Ketamine induced JAK2 and STAT3
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Figure 4 Ketamine administration induces phosphorylation of JAK2 and STAT3 in rat primary cortical neurons in culture, and blocking JAK2 but not STAT3
prevents ketamine-induced Arc expression. Ketamine administration (0.5 M) induced phosphorylation of both JAK2 (a) and STAT3 (b) within 30 min of drug
application (*p<0.01 compared with baseline). (c) Ketamine administration (0.5 UM) increased expression of the synaptic plasticity-related protein Arc 60 min
after administration (*p <0.01 compared with baseline). (d) siRNA knockdown of JAK2, but not STAT3, reduced basal Arc expression and prevented the
ketamine-induced increase in Arc expression (¥p <001 compared with baseline; *p<0.001 compared with scrambled-ketamine). Values represent

mean + SEM (n=4-7 independent cultures per time point).

phosphorylation in the OFC of unstressed rats, and restored
levels of pJAK2 reduced by CIC stress. Blocking this pathway
during ketamine administration abolished the beneficial
effect on reversal learning, whether the JAK2 inhibitor
AG490 was injected systemically or directly into OFC. This
suggests that, in addition to the well-documented activation
of mTOR and BDNF/TrkB (Autry et al, 2011; Li et al, 2010),
activation of JAK2/STATS3 represents another mechanism by
which ketamine exerts its therapeutic effects, at least on
processes mediated in the OFC.

Neuroimaging studies have revealed dysfunction in limbic-
thalamo-cortical circuits in depressed patients (Drevets,
2001), and preclinical studies have shown dendritic destabi-
lization in the hippocampal-prefrontal-cortical circuit in

rodent models of depression (Duman and Aghajanian,
2012a). Ketamine corrected both stress-induced dendritic
atrophy and depressive-like behaviors (Li et al, 2011). In the
present study, ketamine depressed afferent-evoked field
potentials in the OFC, which contrasts with potentiated
responses reported in the mPFC (Li et al, 2011), indicating
that ketamine may differentially affect plasticity in these two
regions. These seemingly contradictory observations can
perhaps be reconciled by another study showing that chronic
stress-induced retraction of dendrites in the mPFC, but
increased dendritic arborization in the OFC (Liston et al,
2006). Thus, it is possible that ketamine exerts different
effects on synaptic function that has been differentially
compromised by stress in these two regions.
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Figure 5 Phosphorylated JAK2 colocalizes with Arc. E18 rat cortical neurons (DIV 18) were stimulated with 0.5 UM ketamine or saline vehicle for 30 min
prior to fixation and processing for immunofluorescence. Phosphorylated JAK2 (pJAK2) was colocalized with Arc in a subset of punctate structures in both
vehicle- (a) and ketamine-treated (b) neurons. Arrowheads indicate puncta where the two proteins are colocalized. Full arrows indicate non-colocalized Arc
or pJAK2. Bar=20 pm. (c) Quantification of colocalization of pJAK2 and Arc in vehicle- and ketamine-treated neurons. After ketamine stimulation, the
percentage of pJAK2 signal colocalized with Arc increased (*p<0.01), whereas the percentage of total Arc signal colocalized with pJAK2 decreased
(*p<0.001); unpaired Student’s t-test; =9 fields analyzed from three independent cultures. (d) G-actin (visualized with DNAsel stain, green) is also present
at sites where pJAK2 (red) and Arc (blue) colocalize. Arrowheads indicate triple-labeled puncta. Bar=20 pm.

Pre-treatment with the JAK2 inhibitor, AG490, prevented
the depression of evoked LFPs in the OFC by ketamine,
consistent with recent evidence that the JAK/STAT3 pathway
is required for the induction and maintenance of LTD
(Nicolas et al, 2012). The fact that ketamine depressed
evoked responses in the OFC and corrected the reversal
learning deficit agrees with previous work demonstrating the
importance of LTD in reversal learning (Duffy et al, 2008).
Associative conditioning and persistence of memories for
learned contingencies has been attributed to long-term
potentiation (Luscher et al, 2000). Thus, it is possible that
ketamine, by reducing afferent-evoked responses in the OFC,
establishes a functional state conducive to cognitive flex-
ibility, the ability to modify previously learned contingencies.
Future experiments will determine whether ketamine-
mediated depression of evoked responses persists for 24 h,
ie, the time of behavioral testing, and if CIC stress alters
afferent-evoked responses in the OFC.

Ketamine has been shown to induce the synaptic
plasticity-related protein Arc (Li et al, 2010), which is
involved in AMPA receptor internalization associated with
LTD (Shepherd and Bear, 2011; Bramham et al, 2008). Arc
localizes to active synapses and interacts with endocytotic
machinery to promote internalization of GluAl and GluA2
receptors (Chowdhury et al, 2006), giving rise to different
forms of LTD (Park et al, 2008; Plath et al, 2006). Given the
role of JAK/STAT in LTD (Nicolas et al, 2012), we postulated
that Arc may be a target of JAK/STAT signaling. We showed
that ketamine increased expression of Arc in the OFC of
both non-stressed and CIC-stressed rats, and pre-treatment
with the JAK2 inhibitor AG490 prevented this increase.
Pharmacological inhibition of JAK2 affects both JAK and
STAT activity, so we used siRNA in primary cortical neurons
to determine whether JAK2/STAT3 regulation of Arc
expression was due to JAK2 kinase activity or transcriptional
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activity of STAT3. Ketamine increased JAK2 and STAT3
phosphorylation in primary cortical neurons. Although JAK2
phosphorylation remained elevated for at least 1h after
ketamine administration, STAT3 phosphorylation returned
to baseline more quickly, perhaps owing to negative feedback
proteins such as the suppressor of cytokine signaling protein
3 (Heinrich et al, 2003; Heinrich et al, 1998). Arc expression
also increased, consistent with previous reports (Li et al,
2010). Silencing JAK2, but not STAT3 reduced basal levels of
Arc, and prevented the increase in Arc expression by
ketamine. These results suggest that JAK2-STAT3 signaling
is involved in ketamine-induced increases in Arc expression,
but that this involves mechanisms other than STAT3-
dependent transcriptional effects, perhaps implicating JAK2
kinase activity. This was further supported by the observa-
tion that CIC stress differentially affected JAK2 and STAT3
phosphorylation in the OFC, and Arc expression more
closely mirrored changes in pJAK2.

Arc turnover is rapid, with regulation of both transcrip-
tion/translation (Waltereit et al, 2001) and proteosomal
degradation (Mabb et al, 2014). JAK2 has been shown to
activate de-ubiquitinating enzymes (Jaster et al, 1997) that
could inhibit ubiquitin-mediated degradation of Arc. Other
studies have shown that factors involved in protein
translation as well as ubiquitination localize to dendritic
spines (Mabb et al, 2014; Steward et al, 1998), consistent with
the possibility that pJAK2 may regulate the expression of Arc
in spines. In support of this, we found that ketamine-
activated JAK2 colocalized with Arc in punctate structures
we assume to be spines on the dendrites of cultured cortical
neurons. These structures were characterized by the presence
of monomeric G-actin, which has been shown to localize to
the heads of dendritic spines undergoing activity-dependent
remodeling (Lei et al, 2016). After ketamine, the proportion
of pJAK2 colocalized with Arc was increased, suggesting that



acutely activated JAK2 may have a role in stimulating Arc
activity. By contrast, the proportion of total Arc protein
colocalized with pJAK2 decreased after ketamine, which may
reflect the fact that newly synthesized Arc may distribute
widely throughout the cell.

The mechanism by which ketamine activates JAK2/STAT3
remains to be understood. Ketamine increases intracellular
calcium by activating voltage-dependent calcium channels,
which mediates both BDNF release and the antidepressant
effects of ketamine on the forced swim test (Lepack et al,
2015). Increases in intracellular calcium have also been
shown to induce JAK2 phosphorylation (Frank et al, 2002),
suggesting that ketamine may activate JAK2/STAT3 through
calcium influx.

In summary, these data show that ketamine activates
JAK2/STAT3 in the OFC, producing a depression of
afferent-evoked responses. This contributes to the beneficial
effects of ketamine in restoring cognitive flexibility that has
been compromised by chronic stress. Ketamine has garnered
considerable interest as a rapidly acting antidepressant, with
efficacy in treatment resistant patients (DiazGranados et al,
2010). However, ketamine has many significant drawbacks
that limit its potential therapeutic utility (Lodge and Mercier,
2015). Identifying mechanisms underlying its beneficial
effects may suggest new strategies for the treatment of
depression. The present results suggest that the JAK2/STAT3
signaling pathway is a viable candidate for further investiga-
tion as a potential therapeutic target.
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