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Abstract

Rationale Acute low-dose administration of the N-methyl-D-
aspartate (NMDA) receptor antagonist, ketamine, produces
rapid and sustained antidepressant-like effects in humans
and rodents. Recently, we found that the long-lasting effect
of ketamine on the forced swim test requires ventral hippo-
campal (vVHipp) activity at the time of drug administration.
The medial prefrontal cortex (mPFC), a target of the vHipp
dysregulated in depression, is important for cognitive flexibil-
ity and response strategy selection. Deficits in cognitive flex-
ibility, the ability to modify thoughts and behaviors in re-
sponse to changes in the environment, are associated with
depression. We have shown that chronic stress impairs cogni-
tive flexibility on the attentional set-shifting test (AST) and
induces a shift from active to passive response strategies on
the shock-probe defensive burying test (SPDB).

Objective In this study, we tested the effects of ketamine on
chronic stress-induced changes in cognitive flexibility and
coping behavior on the AST and SPDB, respectively. Subse-
quently, we investigated vHipp-mPFC plasticity as a potential
mechanism of ketamine’s therapeutic action.

Results Ketamine reversed deficits in cognitive flexibility and
restored active coping behavior in chronically stressed rats.
Further, high frequency stimulation in the vHipp replicated
ketamine’s antidepressant-like effects on the forced swim test
and AST, but not on the SPDB.
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Conclusion These results show that ketamine restores cognitive
flexibility and coping response strategy compromised by stress.
Activity in the vHipp-mPFC pathway may represent a neural
substrate for some of the antidepressant-like behavioral effects
of ketamine, including cognitive flexibility, but other circuits
may mediate the effects of ketamine on coping response strategy.
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Introduction

Major depression is a common and recurrent neuropsychiatric
disorder associated with diminished quality of life, productivity,
and longevity (Malhi et al. 2000; Kessler et al. 2003; Kessler
et al. 2007). Although it affects millions worldwide, the pathol-
ogy of depression remains unclear, and current antidepressants
have poor therapeutic efficacy. Only 60 % of depressed patients
show improvement in symptom severity, and more than half of
patients that respond to traditional antidepressants exhibit resid-
ual symptoms after treatment (Nierenberg and Amsterdam
1990; Richards 2011). This outcome is particularly alarming
in that partial remission is highly correlated with chronic recur-
rent depression (Paykel et al. 1995; Nierenberg and Wright
1999). Thus, understanding the mechanisms that underlie both
the etiology of depression and effective therapeutic response
may improve treatment efficacy.

Chronic stress is a major risk factor for depression (Kendler
etal. 1999; Harris 2001; Heim and Nemeroff 2001; Caspi et al.
2003). In patients with depression, impairments in cognitive
function are associated with hypoactivity and reduced volume
in the medial prefrontal cortex (mPFC) and hippocampus, two
regions impacted by stress (Siegle et al. 2007; Fales et al. 2009;
Disner et al. 2011; MacQueen and Frodl 2011). Rodents
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exposed to chronic stress also exhibit changes in mPFC and
hippocampal structure, depression-like behaviors, and deficits
in cognitive flexibility (Magarinos and McEwen 1995; Liston
etal. 2006; Bondi et al. 2008; Li et al. 2011; Grimm et al. 2012).
Cognitive flexibility, the ability to use feedback from the envi-
ronment to modify established thoughts and behaviors, depends
on the function of the mPFC (Austin et al. 2001; Disner et al.
2011). Deficits in cognitive flexibility are associated with the
acquisition of negative emotional biases that may contribute to
the onset and maintenance of depression (Disner et al. 2011).
We have shown previously that chronic unpredictable stress
(CUS) impaired mPFC-mediated cognitive flexibility in rats,
measured as a deficit in extradimensional (ED) set-shifting on
the attentional set-shifting test (AST) (Bondi et al. 2008; Jett
and Morilak 2013). CUS also altered rats’ selection of response
strategy on the shock-probe defensive burying (SPDB) test,
inducing a shift from an active coping strategy (burying) to a
more passive strategy (immobility) (Bondi et al. 2007). The
selection of response strategy, and specifically behavior on the
SPDB test, may also be subject to top-down modulation by the
mPFC (Shah et al. 2004a, b). Thus, both clinical and preclinical
data suggest that the mPFC and hippocampus are vulnerable to
chronic stress, and functional changes in these regions may
contribute to cognitive and behavioral components of
depression.

Imaging and postmortem studies suggest that patients with
depression exhibit abnormal glutamate neurotransmission in
the mPFC and hippocampus (Hasler et al. 2007; Grimm et al.
2012; de Diego-Adelino et al. 2013). Further, acute low-dose
administration of the N-methyl-D-aspartate (NMDA) receptor
antagonist, ketamine, induces rapid antidepressant-like effects
in treatment-resistant patients and rodent models (Machado-
Vieira et al. 2009; Li et al. 2011; Carlson et al. 2013; Nosyreva
et al. 2013). It has been proposed that the therapeutic effects of
ketamine result in part from enhanced glutamate neurotransmis-
sion and activation of the principal neurons in the mPFC and
hippocampus (Moghaddam et al. 1997; Li et al. 2010). A single
dose of ketamine augments glutamate levels in the mPFC while
the drug is onboard and restores stress-induced deficits in glu-
tamate receptor expression, spine density, and excitatory post-
synaptic potentials long after the drug is metabolized (i.e., 1—
7 days post-administration) (Moghaddam et al. 1997; Maeng
and Zarate 2007; Maeng et al. 2008; Li et al. 2010). We, and
others, have shown that a single injection of ketamine reduces
immobility on the forced swim test, a measure of
antidepressant-like efficacy, up to 7 days after administration
(Lietal. 2010; Lodge et al. 2012; Nosyreva et al. 2013). Our lab
found recently that either inactivating the ventral hippocampus
(vHipp) with lidocaine, or blocking the brain derived neuro-
trophic factor receptor, TrkB, in the vHipp during ketamine
administration prevented the drug’s long-lasting antidepres-
sant-like effect (Lodge et al. 2012). This suggests that plasticity
in a circuit involving the vHipp underlies ketamine’s
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antidepressant effects. The vHipp is a major glutamatergic af-
ferent to the mPFC (Godsil et al. 2013). Therefore, we hypoth-
esized that ketamine may have long-lasting antidepressant-like
effects on cognitive function and that such effects may result
from functional plasticity in a pathway from vHipp to mPFC.
In the present study, we assessed the effects of a single sub-
anesthetic administration of ketamine on the CUS-induced
deficit in cognitive set-shifting. We then examined the gener-
alizability of ketamine’s potential therapeutic effects to anoth-
er dimension of depressive-like behavior, coping strategy on
the SPDB test. Lastly, we investigated whether inducing plas-
ticity in the vHipp-mPFC pathway recapitulated the behavior-
al effects of ketamine. Portions of this work have been pre-
sented in abstract form (Lodge et al. 2012; Jett et al. 2013).

Materials and methods
Animals

A total of 186 male Sprague-Dawley rats (Harlan, USA)
weighing 220-300 g upon arrival were used for these studies.
Rats were initially group-housed (3 rats/cage) in 25%45x
15 cm cages and maintained on a 12:12 h light/dark cycle
(lights on at 07:00) then singly-housed prior to experimental
procedures. Experiments were conducted during the light
phase. Food and water were given ad libitum except when rats
were food restricted for the attention set-shifting test. For the
social defeat portion of chronic unpredictable stress, 12 Long-
Evans retired male breeders were pair-housed with ovariecto-
mized females (Charles River, USA) in large cages (63 x 63 x
40 cm) in a separate room. All procedures were in accordance
with National Institute of Health guidelines and approved by
the University of Texas Health Science Center at San
Antonio’s Institutional Animal Care and Use Committee.

Chronic unpredictable stress

CUS was conducted as previously described (Bondi et al.
2008), unless rats were chronically implanted with electrodes,
in which case swim stress was removed (Jett and Morilak
2013). A different acute stressor was administered daily, at
various times of day, for 2 weeks (see Table 1). Following each
session, rats recovered for 1 h in an isolated room then were
transferred to clean cages and returned to housing. Unstressed
controls were handled 1-2 min/day. One week before testing,
rats were food restricted to 14 g/day for AST procedures.

Attentional set-shifting test (AST)
The ED task of the AST is a behavioral readout of

mPFC function. We have consistently shown that CUS
induces a deficit on ED set-shifting (Bondi et al. 2008;
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Table 1 CUS, ketamine, HFS,
and AST treatment schedule

Day 1
Day 2
Day 3
Day 4
Day 5
Day 6
Day 7
Day 8
Day 9
Day 10
Day 11
Day 12
Day 13
Day 14
Day 15
Day 16
Day 17
Day 18

Restraint (30 min)

Shaking/crowding (1 h; 6 rays/box; 220 back and forth movements/min)
Social defeat (45 min continued protected exposure post-defeat)
Warm swim (15 min)

Wet bedding (24 h)

Cold swim (10 min)

Shaking/crowding

Footshock (15 min; 1.5 mA, 5 s on/ 5 s off for 30 s, every 3 min)
Social defeat

Warm swim (begin food restriction for AST)

Footshock

Tail pinch (10 min)

Cold swim

Footshock

AST habituation

AST training

Drug injection or high frequency stimulation (HFS)

AST testing (24 h after drug injection or HFS)

Bondi et al. 2010; Jett and Morilak 2013). Thus, we
investigated if acute ketamine administration can reverse
CUS-induced ED impairments.

Following the last stress treatment, rats completed AST
procedures as previously described (Lapiz-Bluhm et al.
2008). The test arena was a white wooden box (75x44x
30 cm). The proximal third was a start gate, and a Plexiglas
wall divided the distal third. A terracotta pot (diameter 7 cm,
depth 6 cm) was placed on each side of the Plexiglas divider.
The pots were defined by cues along two stimulus dimen-
sions: the digging medium filling the pot and an odor applied
to the rim of the pot. The reward, a one fourth piece of Honey
Nut Cheerio (General Mills Cereals, Minneapolis, MN, USA),
was buried in the digging medium of the “positive” pot. Prior
to the beginning of each task, Cheerio powder was sprinkled
on the medium of the pots to prevent location of the reward by
smell. Trials were initiated by lifting the start gate. Rats had
10 min to make a choice. If they chose correctly, they were
allowed to retrieve and eat the reward before being returned to
the start gate. The test was conducted over 4 days:

Day 15: habituation
Rats were taught to dig for reward in unscented pots filled
with sawdust.
Day 16: training
Rats learned to make simple discriminations in the arena.
The reward was first paired with an odor (i.e., lemon
vs. rosewood), then with a medium (i.e., felt vs.
paper).
Day 17: drug treatment
To prevent ketamine from interfering with learning that
occurred during training, vehicle (saline 1 mL/kg,

i.p.) or ketamine (10 mg/kg) injections were given
the day after training, 24 h before testing. Investiga-
tors were blind to drug treatment.
Day 18: testing

Testing commenced 24 h after drug administration. The
first task was a simple discrimination (SD), with on-
ly one stimulus dimension (odor or medium) present
(see Table 2). Half of the rats in each treatment
started with odor as the salient dimension, while the
other half started with medium. The second task was
a compound discrimination (CD), in which the same
discrimination was required and the second irrele
vant dimension was introduced as a distractor. The
third task was a reversal (R1). For this task, the same
media/odors were present, but the previously nega-
tive stimulus became positive, and vice versa. For
the intradimensional shift (ID), all new media and
odors were introduced, and the same stimulus di-
mension remained relevant. The fifth task was a sec
ond reversal (R2). Similar to R1, the positive and
negative cues were reversed. In the sixth task, ED,
the previously irrelevant dimension (e.g., medium)
became relevant, and the previously salient dimen-
sion (e.g., odor) became irrelevant. The dependent
measure was the number of trials needed to meet
criterion of six consecutive correct trials on each task.

Shock-probe defensive burying test

Two days after the last stress session (Day 16), rats were
administered saline (1 ml/kg, i.p.) or ketamine (10 mg/kg).
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Table 2 Representative example of stimulus pairings on the AST*

Discrimination stage Dimensions Example combinations
Relevant Irrelevant ) =)
Sample (SD) Odor Clove Nutmeg
Compound (SD) Odor Medium Clove/Raffia Nutmeg/Yarn
Clove/Yarn Nutmeg/Raffia
Reversal 1 (R1) Odor Medium Nutmeg/Raffia Clove/Yam
Nutmeg/Yam Clove/Raffia
Intradimensional set-shift (1D) Odor Medium Rosemary/Wood balls Cinnamon/Plastic beads
Rosemary/Plastic beads Cinnamon/Wood balls
Reversal 2 (Rev 2) Odor Medium Cinnamon/Plastic beads Rosemary/Wood balls
Cinnamon/Wood balls Rosemary/Plastic beads
Extradimensional set-shift (ED) Medium Odor Velvet/Citronella Crepe/Thyme
Velvet/Thyme Crepe/Citronella

# Half the rats began with odor as the initial discriminating factor and shifted to medium, while the other half started with medium and shifted to odor. In
this example, odor was the initial discriminating factor. For each task, the positive stimulus is in bold. Once a rat met the criterion of six consecutive

correct trials on a task, they proceeded to the next stage of the test

Rats were then tested on SPDB 24 h after drug administration.
SPDB procedures were as previously described (Bondi
et al. 2007). Rats were placed in a cage containing 5 cm of
clean bedding, with a shock probe protruding 6 cm into one
end of the cage. The probe delivered a shock (2 mA) when
touched by the rat, after which the current was shut off. Be-
havior was recorded with a camera mounted above the cage.
The amounts of time spent immobile and actively burying the
probe was measured. Immobility was defined as a lack of
movement other than that required for breathing (slight scan-
ning movements of the head were permitted). Burying was
defined as digging, plowing, pushing, or flicking the bedding
toward the probe. The dependent measures were the amount
of time the rat exhibited each behavior in the 15-min period
following contact with the probe. Investigators were blind to
treatment conditions when scoring videos offline.

Forced swim test

For this experiment, only unstressed rats were used. Rats were
allowed 1 h to acclimate to the testing room and then placed
into a Plexiglas cylinder (21 x46 cm) filled with water (25 °C).
Behavior was recorded for 10 min by a video camera mounted
above the tank and scored offline. The occurrence of immo-
bility (i.e., floating in the tank) was scored for each 5-s bin
during the first 5 min of the test. The dependent measure was
the number of 5-s bins in which immobility was exhibited.
Investigators were blind to drug treatment conditions when
scoring videos offline.

Electrophysiology

Rats were exposed to 2 weeks of CUS or non-stressed control
procedures. On Day 17, rats were anesthetized with chloral
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hydrate (400 mg/kg, i.p.) and placed in a stereotaxic frame. A
bipolar, stainless steel, stimulating electrode was lowered into
the right vHipp (from bregma: DV: 7.5, AP: —=5.3, ML +
5.0 mm), and a glass recording electrode lowered into the right
mPFC (DV: —4.5, AP: 3.0, ML: +0.6 mm) (Paxinos and Wat-
son 1998). Following a 30-min equilibration period, local
field potentials were filtered (low cutoff=0.3Hz: high
cutoff=100Hz) and digitized (power lab: ADInstruments). A
current-response curve was established (100-800 pA in
100 pA steps, 260 ps), with 30 pulses delivered at a rate of
0.1 Hz. Baseline responses were collected for 30 min (260 ps,
0.1Hz), at a current that induced ~50 % maximal response
from the current-response curve. High frequency stimulation
(3 trains of 100 monophasic pulses, 1 mA, 260 s, at 50 Hz,
inter-train interval 20 s) was then applied in the vHipp to
induce long-term potentiation. After high frequency stimula-
tion, parameters were returned to baseline conditions and re-
cording continued for 1 h.

High frequency stimulation and behavior

Recently, we found that vHipp activity at the time of ketamine
administration was required for the drug’s long-lasting antide-
pressant-like effect (Lodge et al. 2012). The vHipp is a major
glutamatergic afferent to the mPFC (Godsil et al. 2013). Thus,
we applied high frequency stimulation (HFS) to the vHipp of
conscious non-stressed rats to see if inducing long-term po-
tentiation (LTP) in the vHipp-mPFC pathway recapitulates the
antidepressant-like effects of ketamine on the forced swim
test, AST, and SPDB test. For these experiments, rats were
pretreated with atropine (0.1 mg/kg i.p.) then anesthetized
with sodium pentobarbital (60 mg/kg i.p.) and placed in a
stereotaxic frame. Bipolar, stainless steel, twisted pair stimu-
lating electrodes (MS303/1-B, Plastics One) were implanted
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bilaterally in the vHipp (from bregma: DV: 7.5 mm, AP:
—5.3, ML +5.2 mm (Paxinos and Watson 1998). The elec-
trode pedestal was anchored to the skull with jeweler screws
and dental cement. Rats then recovered for 1-week post-sur-
gery. For the forced swim test, rats were treated with vehicle
(1 ml/kg, i.p.), ketamine (10 mg/kg) or high frequency stim-
ulation bilaterally in the vHipp (10 trains of 50 monophasic
pulses, 700 pA, 200 ps, at 250 Hz, inter-train interval 10 s)
then tested on forced swim 7 days later. For AST, rats
underwent 2 weeks of CUS following recovery from surgery.
They started food restriction on Day 10 of CUS (see Table 1).
After the completion of stress procedures, rats were habituat-
ed and trained for AST on Day 15 and 16, respectfully (see
Table 2). On Day 17, a time course comparable to ketamine
treatment, rats were randomly assigned to two treatment con-
ditions, CUS-sham or CUS-high frequency stimulation in the
vHipp. For the sham condition, rats were connected to the
stimulation cables but no current applied. Rats were then
returned to housing and completed AST testing on Day 18,
24 h after sham or high frequency stimulation treatment. For
the SPDB test, rats underwent 2 weeks of non-stressed con-
trol or CUS procedures following 1 week of recovery post-
surgery. On Day 16, 2 days after the last stress session, non-
stressed controls and CUS rats were randomly assigned to
sham or high frequency stimulation treatments. Similar to
AST, sham controls were connected to stimulating cables,
but no stimulation was applied. Rats were then returned to
housing and tested on SPDB 24-h post-treatment (Day 17).
For all behavioral paradigms, investigators were blind to
stimulation treatment conditions.

Statistics and histology

Where applicable, electrode placements were confirmed his-
tologically following experimental procedures. Rats with
stimulating or recording electrodes outside of the vHipp and

a
*
307 T [ VEH
H W KET
= +
S 24 T
Py
(3]
]
[}
2 107
S
=
CNTL cus
ED Task

Fig. 1 Acute ketamine administration after CUS restores mPFC function
on the ED task. a CUS rats treated with vehicle required significantly
more trials to reach criterion on the ED task than non-stressed controls
(CNTL, *p<0.025). Ketamine treatment, 24 h prior to testing, reversed
this CUS-induced deficit (+p<0.02), making CUS-KET rats comparable
to controls. b Analysis of the tasks preceding the ED set-shift task

Trials to criterion

mPFC were removed from analysis. Furthermore, rats that
failed to complete the AST, either by not digging for six
consecutive trials, or failing to reach criterion within 50
trials on any task, were excluded from analysis. Our a
priori hypothesis for the AST experiments was that keta-
mine treatment and high frequency stimulation in the
vHipp would reverse CUS-induced deficits on the ED
task. Thus, for CUS and ketamine effects, we analyzed
the number of trials to criterion on the ED task with a
two-way ANOVA (StressxDrug), while a two-tailed ¢ test
was used to measure effects of high frequency stimulation
on the ED task. Subsequently, performance on the tasks
preceding ED (i.e., SD-R2) was assessed in both experi-
ments using an omnibus ANOVA, with repeated measures
for Task. For the experiments with shock-probe defensive
burying, a two-way ANOVA was used to assess immobil-
ity. Because the bury time data did not meet criteria for
parametric analyses, data were first converted to ranks and
then analyzed by two-way ANOVA (Conover and Iman
1981). A one-way ANOVA was used to analyze immobil-
ity on the forced swim test. Lastly, a two-way ANOVA,
with repeated measures for Time, was used to analyze
LTP following high frequency stimulation. Where signifi-
cant main effects or interactions were indicated (p<0.05),
post hoc comparisons were made with the Newman Keuls
test.

Results
Ketamine and AST

Figure 1a shows the effects of CUS and ketamine treatment on
the ED set-shifting task. Two-way ANOVA indicated a main
effect of Drug (/) 4,=4.438, p<0.042) and a StressxDrug
interaction (F; 41=5.334, p<0.027; n=9-13/group). As we
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304 1 Il CUS-VEH
Il CUSKET
20
104
04
SD CD R1 ID R2
Task

revealed a significant Stressx Task interaction, in which CUS rats,
regardless of drug treatment, had higher TTC than controls on the first
reversal (R1, *p<0.005). Although ketamine appeared to reverse CUS-
induced deficits on R1, this difference was not significant. All data are
presented as mean+SEM, n=9—13/group
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have shown previously, CUS significantly increased tri-
als to criterion (TTC) on the ED task compared to non-
stressed vehicle controls (p<0.025). Acute ketamine
treatment 24 h prior to testing reversed the detrimental
effects of CUS (p<0.02), restoring the performance of
CUS rats. Ketamine had no effect on ED performance
in unstressed controls (p=0.8).

Analysis of the tasks preceding ED revealed, as expected, a
main effect of Task (Fy 164=72.232, p<0.001), but no effect of
Stress (£7.41=2.769, p>0.1) or Drug (F 41=0.999, p=0.3;
Fig. 1b). There was a Stress x Task interaction (4 164=4.332,
<0.003), in which CUS, independent of drug treatment, sig-
nificantly increased trials to criterion on the first reversal (R1)
task compared to non-stressed controls (p<0.01). Further, al-
though ketamine treatment appeared to restore performance
on R1, there was no StressxDrugx Task interaction (£ 164=
0.689, p=0.6). Twelve rats did not complete AST and were
excluded from analysis: 4 failed during habituation (3 control,
1 CUS), 6 during training (3 controls, 3 CUS), and 2 failed to
complete testing (1 control-vehicle, 1 CUS-ketamine).

Ketamine and the SPDB test

Figure 2 shows the effects of CUS and ketamine treatment on
the SPDB test. For immobility, two-way ANOVA indicated a
significant main effect of Stress () 3,=34.05, p<0.001),
Drug (F, 3,=8.40, p<0.007), and a StressxDrug interaction
(F131=11.21, p<0.003; n=7-8/group). CUS significantly in-
creased immobility compared to controls (p<0.001), and ke-
tamine reversed this effect (p<0.001, Fig. 2a). For burying
time, there was no main effect of Stress (/' 3;=1.104,
p=0.3) or Drug (F,3,=0.047, p>0.7), but there was a
Stress x Drug interaction (£ 3;=6.99, p<0.02). Post hoc anal-
yses indicated a trend for CUS to reduce burying time com-
pared to unstressed vehicle controls (p=0.06; Fig. 2b).

Ketamine treatment restored burying behavior in CUS rats,
which was not different than that observed in controls.

High frequency stimulation and the forced swim test

The purpose of this experiment was to test if high frequency
stimulation in the vHipp alone could replicate the long-lasting
behavioral effects of ketamine on the forced swim test. Fig-
ure 3 shows the behavioral effects of high frequency stimula-
tion and ketamine in non-stressed rats on the forced swim
(F217=7.013, p<0.007, n=6-7/group). As we have previous-
ly shown, ketamine administered 1 week prior to testing sig-
nificantly reduced immobility (compared to vehicle,
p<0.009). High frequency stimulation of the vHipp alone
produced a similar reduction in immobility 1 week following
stimulation (p<0.006). Histological analysis confirmed that
all stimulating electrodes were located in the vHipp.

LTP following CUS

The present study investigated the effects of CUS on the abil-
ity to induce LTP following high frequency stimulation in the
vHipp. As shown in Fig. 4a, two-way ANOVA indicated a
main effect of Time (F7,13,=13.19, p<0.001), but no effect of
Stress (F;,11=2.46, p=0.145) nor an interaction
(F17187=1.56, p=0.08). These data suggest that CUS does
not compromise the ability to induce LTP in the vHipp-
mPFC pathway, allowing us to test the effects of HFS on
cognitive set-shifting and behavior on the SPDB test after
CUS in subsequent experiments. Fig. 4b, ¢ shows stimulating
electrode placement in the vHipp and recording electrode
placement in the mPFC. Any rat with electrodes clearly locat-
ed outside of the shaded regions was excluded from analysis.
Three animals were excluded due to electrode misplacement
in the vHipp. Electrode placement in four animals could not

a Immobility b Bury
[ VEH
800+ * B KET 300-
5 6901 _
o § 200-
o 400 + -~
£ []
F £ 100
! - '
200 0.06
0 [ I.i r 0 1
CNTL cus T T

Fig.2 Acute ketamine administration restores active coping strategies in
CUS rats on the SPDB test. CUS significantly increased time spent
immobile compared to controls (CNTL, *p<0.001), indicating a shift to
a passive coping response to the shock probe. Ketamine, administered
24 h prior to testing, reversed this CUS-induced increase in passive
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coping (+p<0.001). There was also a trend for CUS to reduce bury
time compared to VEH-CNTL (p=0.06), which ketamine also reversed,
again indicating a restoration of active coping. All data are presented as
mean+SEM, n=7-8/group
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Fig. 3 High frequency stimulation (HFS) in the vHipp of unstressed
rats recapitulates the antidepressant-like effects of ketamine on the
forced swim test when assessed 1 week post-treatment. As we have
shown previously, ketamine treatment significantly attenuated
immobility on the forced swim test compared to saline controls
(*p<0.009). Moreover, HFS in the vHipp induced a similar
reduction in immobility on the forced swim test compared to vehicle
controls (+p<0.006). Thus, HFS had an antidepressant-like effect on
the forced swim test that was similar to that of ketamine. All data are
presented as mean+SEM, n=6-7/group

be determined due to tissue damage during removal or pro-
cessing. Data from these animals were not excluded.

High frequency stimulation and AST

Similar to our findings on the forced swim test, HFS in the
vHipp recapitulated ketamine’s therapeutic effects on the ED
task, a form of cognitive flexibility specific to mPFC function,
after CUS. Figure 5 shows that CUS rats treated with high
frequency stimulation, 24-h prior to testing, had a significant
reduction in trials to criterion on the ED task compared to their
CUS sham treated counterparts (p<0.02). Additionally, anal-
ysis of the tasks preceding ED (i.e., SD-R2) showed a main
effect of Task (F456=5.415, p<0.001) but no effect of Treat-
ment (£,4=0.829, p=0.378) or a Taskx Treatment interac-
tion (F4s56=1.538, p=0.203, n=8/group). No rats were
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Fig. 4 a CUS exposure does not compromise the induction of long-term
potentiation (LTP) in the vHipp-mPFC pathway by high frequency
stimulation (HFS) in the vHipp. There was a main effect of Time
(»<0.001), in which the responses following HFS were significantly
higher than baseline responses, indicating an induction of LTP in the

removed from this analysis due to electrode misplacement or
a failure to perform on the AST.

High frequency stimulation and the SPDB test

There was a main effect of Stress on immobility in the SPDB
(F124=30.05, p<0.001). However, there was no effect of
Treatment (F; 24=0.35, p=0.55) nor a Stressx Treatment in-
teraction (F; 4=0.035, p=0.85, n="7/group; Fig. 6). Two-way
ANOVA for ranks on burying behavior revealed no effects of
Stress (£ 24=0.002, p=0.96) or Treatment (F', 2,=0.684, p=
0.41), and no Stressx Treatment interaction (F; 24=1.9, p=
0.18). No rats were removed from this analysis due to mis-
placement of stimulating electrodes.

Discussion

In the present study, we found that a single sub-anesthetic dose
of ketamine, administered 24 h prior to testing, reversed CUS-
induced cognitive deficits on the ED set-shifting task. Addi-
tionally, ketamine reduced immobility and increased burying
behavior in chronically stressed rats on the SPDB test, sug-
gesting a restoration of active coping strategy. We recently
found that inactivating the vHipp during ketamine administra-
tion prevented the drug’s long-lasting antidepressant-like ef-
fects on the forced swim test (Lodge et al. 2012). Thus, in our
current studies, we used transient high frequency stimulation
to investigate if enhanced plasticity in the vHipp alone could
recapitulate the long-lasting antidepressant-like effects of ke-
tamine. To test this, we first administered ketamine (i.p.) or
high frequency stimulation in the vHipp of non-stressed ani-
mals then tested them on the forced swim test 7 days later.
Similar to ketamine, we found that high frequency stimulation
in the vHipp significantly reduced immobility on the forced
swim test. The vHipp is a primary glutamatergic afferent to the
mPFC; therefore, our subsequent study verified that high

Bregma 3.00 mm Interaural 3.84 mm Bregma -5.16 mm

vHipp-mPFC pathway. All data are presented as mean+SEM, n=>5-8/
group. b Schematic diagrams showing placement of recording
electrodes in the mPFC and ¢ stimulating electrodes in the vHipp. Any
rats with placement outside of these regions were excluded from analysis
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30+

TTC
TTC

101

T
Sham

ED Task

Fig. 5 HFS in the vHipp replicated ketamine’s therapeutic effects on the
ED task of the AST. a CUS rats treated with HFS, 24-h prior to testing,
had a significant reduction in trials to criterion on ED compared to shams

frequency stimulation in the vHipp induced LTP in the mPFC.
Furthermore, we determined that CUS exposure does not
compromise the ability of HFS to induce LTP in the vHipp-
mPFC pathway. We then assessed the effects of high frequen-
cy stimulation in the vHipp on a task specific to mPFC func-
tion (i.e., ED set-shifting). Results indicated that high frequen-
cy stimulation in the vHipp 24 h prior to testing significantly
attenuated the number of trials to meet criterion in CUS-
treated rats on the ED task. In contrast, high frequency stim-
ulation after CUS exposure did not restore active coping be-
havior on the SPDB test. Taken together, these findings indi-
cate that enhanced plasticity in the vHipp-mPFC pathway re-
capitulates some but not all of ketamine’s antidepressant-like
effects on specific behavioral dimensions associated with de-
pression (e.g., cognitive impairment).

Acute ketamine (e.g., 10 or 20 mg/kg) has been shown to
disrupt ED set-shifting in rodents when administered 14 h,
but not 24 h, prior to testing (Nikiforuk et al. 2010; Kos et al.
2011; Gastambide et al. 2013). Similarly, we found that keta-
mine administered 24 h prior to AST had no effect on ED
performance of non-stressed control rats. Previous studies also
indicate that repeated ketamine administration during chronic

1 Sham
l B HFS

SD CD R1% ID R2

Task

(*p<0.02). b For the tasks proceeding ED (i.e., SD-R2), there was only a
main effect of Task on R1 (*»<0.001). All data are presented as mean+
SEM, n=8/group

stress exposure can prevent stress-induced cognitive deficits
on the AST (Nikiforuk and Popik 2014). In contrast, the pres-
ent study demonstrated that a single acute administration of
ketamine is sufficient to restore ED set-shifting in rats com-
promised by 2 weeks of CUS (Fig. 1). Ketamine is rapidly
metabolized (total metabolism in 3—4 h in rats) (White et al.
1975; Gastambide et al. 2013). Thus, the detrimental effects of
ketamine on cognitive function may represent a direct effect of
the drug while it is present, whereas the long-lasting beneficial
effects represent changes that are initiated by the drug and
persist beyond its elimination. Preclinical evidence suggests
that ketamine enhances glutamate neurotransmission in corti-
cal and limbic regions by blocking NMDA receptors on fast-
spiking interneurons, thereby disinhibiting glutamatergic sig-
naling and increasing AMPA receptor activation
(Moghaddam et al. 1997; Li et al. 2010; Nosyreva et al.
2013). In healthy humans and rodent models, this ketamine-
induced hyper-glutamatergic state has been associated with
psychotic-like behaviors and cognitive impairments character-
istic of schizophrenia (Krystal et al. 1994; Moghaddam and
Javitt 2012; Meltzer et al. 2013; Schobel et al. 2013). Further-
more, ketamine exacerbates psychotic symptoms and

a Immobility b Bury
800+ * [ Sham 250+
W HFS
600 2004
(3} [5]
) & 1507
o 4004 =
§ § 100-
- -
2004 |__L| 50
0 i T 0 T T
CNTL cus CNTL cus

Fig. 6 HFS in the vHipp does not recapitulate the antidepressant-like
effects of ketamine on the SPDB test in CUS rats. As in Fig. 2, CUS
significantly increased immobility in response to the shock probe
(*p<0.001). However, in contrast to the effect of ketamine in reversing
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this effect (Fig. 2), the passive coping response induced by CUS was not
reversed by HFS in the vHipp 24 h prior to testing. In this experiment,
there was no significant effect of either stress or HFS on bury time. All
data are presented as mean+SEM, n=7-8/group
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cognitive deficits in schizophrenic patients (Malhotra et al.
1997). Interestingly, the same mechanisms associated with
ketamine’s psychotomimetic effects also appear essential to
its antidepressant effects long after the drug has been metab-
olized. Preclinical studies indicate that enhanced non-NMDA
receptor-mediated glutamate signaling during ketamine ad-
ministration elevates synaptic AMPA receptor expression,
spine density, and markers of synaptic plasticity for days fol-
lowing acute drug administration (Moghaddam et al. 1997; Li
et al. 2010; Nosyreva et al. 2013). Depressed patients exhibit
hypoactivity and reduced glutamate levels in the prefrontal
cortex (Hasler et al. 2007; Siegle et al. 2007; Fales et al.
2009). Additionally, expression of glutamate receptors and
markers of synaptic plasticity are decreased in the prefrontal
cortex of both depressed patients and chronically stressed rats
(Feyissa et al. 2009; Lee and Goto 2011; Lietal. 2011). Thus,
ketamine’s long-lasting therapeutic effects in CUS-treated rats
and in depressed patients may result from a restoration of
glutamate transmission and plasticity in the mPFC to a level
that is optimal for cognitive function (Li et al. 2011; Cornwell
et al. 2012). Conversely, ketamine may induce cognitive im-
pairments while the drug is on board by over stimulating glu-
tamate signaling in this region (Moghaddam and Javitt 2012;
Schobel et al. 2013).

Coping behavior on the SPDB test may also be subject to
modulation by the mPFC. Lesioning or pharmacologically
reducing activity in the mPFC of rodents decreased burying
behavior on the SPDB test (Shah et al. 20044, b; Siegle et al.
2007). Our lab and others have shown that active coping, i.c.,
burying the probe following shock, reduced hypothalamic-
pituitary adrenal axis activation (Bondi et al. 2007). By con-
trast, the passive immobility response was associated with
elevated stress hormone levels and thus represents a less adap-
tive coping response (Bondi et al. 2007). Clinical evidence has
also shown in humans that active coping, as opposed to
avoidant coping, is associated with attenuated HPA activity,
greater ability to overcome challenge, and improved long-
term mental and physical health outcomes (LeDoux and
Gorman 2001; Charney 2004; OIff et al. 2005). In the present
study, ketamine decreased immobility and increased burying
behavior after CUS, suggesting that ketamine restores coping
strategies that have been compromised by chronic stress
(Fig. 2). Given the evidence discussed above, a ketamine-
induced restoration of active coping after CUS may also result
from enhanced activity in the mPFC. It is possible that keta-
mine may have had a mild anxiolytic effect in control animals,
as burying was reduced, albeit non-significantly, with no
change in immobility. However, further investigation using
validated measures of anxiety would be required to address
this definitively.

Rodent models suggest that ketamine’s antidepressant-like
effects are associated with an increase in spine densities and
excitatory postsynaptic currents in the mPFC (Li et al. 2010;

Li et al. 2011; Nosyreva et al. 2013). However, we recently
found that inactivating the vHipp with lidocaine during keta-
mine administration prevented the drug’s long-lasting antide-
pressant-like effects on the forced swim test (Lodge et al.
2012). Our lab and others have obtained similar results by
targeting mechanisms that modulate brain derived neurotroph-
ic factor signaling in the vHipp while ketamine was onboard
(Autry et al. 2011; Lodge et al. 2012; Nosyreva et al. 2013).
Furthermore, our present study found that high frequency
stimulation in the vHipp of non-stressed rats was sufficient
to recapitulate ketamine’s antidepressant-like effects on the
forced swim test (Fig. 3). Enhanced plasticity in the
hippocampal-prefrontal cortical circuitry is commonly associ-
ated with antidepressant efficacy (Ohashi et al. 2002; Li et al.
2011; Cornwell et al. 2012; Carlson et al. 2013; Nosyreva
et al. 2013). Additionally, imaging studies in humans and
rodents suggest that ketamine enhances connectivity in hippo-
campal and cortical regions (Cornwell et al. 2012; Carlson
et al. 2013; Gass et al. 2014). Given that ketamine restored
mPFC-mediated cognitive function on the AST in CUS-
treated rats (Fig. 1a), enhanced plasticity in the vHipp-mPFC
pathway could be a mechanism modulating ketamine’s thera-
peutic effects.

To assess the effects of CUS on plasticity in the vHipp-
mPFC pathway, we measured mPFC response to high fre-
quency stimulation in the vHipp, at a time point that was
comparable to our behavioral studies (Day 17). Our findings
verified that CUS does not compromise the ability to induce
LTP in the vHipp-mPFC pathway (Fig. 4). It appears that the
response may have declined more rapidly in CUS compared to
control animals, perhaps indicating a potential change in
mechanisms underlying late vs. early LTP, although this was
not a significant difference, and further investigation is re-
quired to address this possibility. To then determine if en-
hanced plasticity in the vHipp-mPFC pathway facilitates be-
havior specific to mPFC function, we applied high frequency
stimulation to the vHipp after CUS and tested rats on the AST
24 h later. Similar to the effects of ketamine, high frequency
stimulation in the vHipp significantly decreased trials to crite-
rion on the ED set-shifting task in CUS-treated rats, indicating
enhanced cognitive flexibility associated with mPFC function
(Fig. 5). To determine if the therapeutic response to high fre-
quency stimulation in the vHipp could be generalized across
behavioral dimensions, we then tested its effects on the SPDB
test. In contrast to the forced swim test and AST, high frequen-
cy stimulation in the vHipp did not affect immobility or bury-
ing behavior on the SPDB test after CUS (Fig. 6). The inabil-
ity of high frequency stimulation to recapitulate ketamine’s’
therapeutic effects on the SPDB test suggests that enhanced
plasticity in the vHipp-mPFC pathway is not the only mech-
anism underlying ketamine’s therapeutic effects, and that
vHipp-related circuits may not directly impact coping strategy
on the SPDB test.
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In summary, our findings indicate that the antidepressant-
like effects of ketamine are evident across several higher-order
behavioral dimensions associated with mPFC function, such
as cognitive flexibility and active coping responses. Further,
high frequency stimulation in the vHipp alone was sufficient
to recapitulate the effects of ketamine on the forced swim test
and ED task of the AST. However, it is clear that plasticity in
the vHipp-mPFC pathway is not the sole mechanism under-
lying the behavioral response to ketamine, as high frequency
stimulation in the vHipp did not recapitulate the drug’s effect
on the SPDB test. Further, additional studies are needed to
delineate the circuitry associated with ketamine’s
antidepressant-like effects in other behavioral dimensions,
such as anhedonia. Elucidating ketamine’s therapeutic effects
at the circuit level will enhance our understanding of the pa-
thology underlying depression, as well as potentially provide
novel strategies for enhancing antidepressant efficacy.
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