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Abstract

Central infusion of the Na+/K+-ATPase inhibitor, ouabain in rats serves as an animal model of
mania because it leads to hyperactivity, as well as reproduces ion dysregulation and reduced
BDNF levels similar to that observed in bipolar disorder. Bipolar disorder is also associated with
cognitive inflexibility and working memory deficits. It is unknown whether ouabain treatment in
rats leads to similar cognitive flexibility and working memory deficits. The present study
examined the effects of an intracerebral ventricular infusion of ouabain in rats on spontaneous
alternation, probabilistic reversal learning and BDNF expression levels in the frontal cortex.
Ouabain treatment significantly increased locomotor activity, but did not affect alternation
performance in a Y-maze. Ouabain treatment selectively impaired reversal learning in a spatial
discrimination task using an 80/20 probabilistic reinforcement procedure. The reversal learning
deficit in ouabain-treated rats resulted from an impaired ability to maintain a new choice pattern
(increased regressive errors). Ouabain treatment also decreased sensitivity to negative feedback
during the initial phase of reversal learning. Expression of BDNF mRNA and protein levels was
downregulated in the frontal cortex which also negatively correlated with regressive errors. These
findings suggest that the ouabain model of mania may be useful in understanding the
neuropathophysiology that contributes to cognitive flexibility deficits and test potential treatments
to alleviate cognitive deficits in bipolar disorder.
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Introduction

Bipolar disorder is a severe mood disorder that is accompanied by significant cognitive
impairments that can include deficits in working memory and cognitive flexibility (Dickstein
et al., 2010; Hill et al., 2015; McKirdy et al., 2009; Vrabie et al., 2015). These cognitive
deficits are observed in individuals with either type I or type 11 bipolar disorder (Sole et al,
2011). The cognitive deficits in bipolar disorder are associated with poor work adjustment
and reduced daily functioning (Bonnin et al., 2014; Wingo et al., 2009a). Moreover,
euthymic bipolar disorder individuals can still exhibit cognitive deficits (Martinez-Aran et
al., 2004; Torrent et al., 2012) and treatments effective in stabilizing mood can have very
limited effects in reducing cognitive deficits or may even, in certain cases, exacerbate
existing impairments (Kozicky et al., 2012; Wingo et al., 2009b). At present, there are no
approved treatments to alleviate cognitive deficits in bipolar disorder.

Animal models offer an opportunity to better understand the neuropathophysiology
associated with cognitive deficits and test novel treatments to alleviate cognitive deficits in
bipolar disorder. The ouabain model of mania is increasingly employed to further understand
the neuropathophysiology of bipolar disorder (Decker et al., 2000; Herman et al., 2007; Kim
et al., 2008,2013; Souza et al., 2014; Sui et al., 2013; Tonin et al., 2014;Valvassori et al.,
2015a; Yu et al., 2010, 2011) and examine treatments that may alleviate defining symptoms
in the disorder (Brocardo et al., 2011; Bruning et al., 2012; Gao et al., 2011; Jornada et al.,
2011; Souza et al., 2014; Wang et al., 2013; Valvassori et al., 2015b). Ouabain principally
acts as a Na+/K+ ATPase inhibitor and is meant to model reduced Na+/K+ ATPase activity
observed in bipolar disorder individuals (Banerjee et al., 2012; Goldstein et al., 2009; Huff
et al., 2010). Consistent with ouabain treatment serving as a model of mania, an
intracerebroventricular (ICV) injection of ouabain increases locomotor activity in rats
(Brocardo et al., 2010; Decker et al., 2000; Herman et al., 2007; Souza et al., 2014; Varela et
al., 2015). However, few studies have examined whether the ouabain model of mania leads
to cognitive deficits (Wang et al., 2013, 2014) and even less is known about whether ICV
ouabain treatment leads to impairments in working memory and cognitive flexibility.

An examination of working memory and cognitive flexibility in the ouabain model of mania
is of further interest to understand how ouabain-induced changes in brain trophic factors
may relate to changes in cognitive function. More specifically, there is accumulating
evidence that decreased brain-derived neurotrophic factor (BDNF) is related to bipolar
disorder (Cunha et al., 2006; Fernandes et al., 2015; Nassan et al., 2015; Palomino et al.,
2006; Pandey et al., 2008). In a comparable fashion, recent studies with ICV treatment of
ouabain in rats found reduced BDNF levels in the frontal cortex (Valvassori et al., 2015b;
Varela et al., 2015). In addition, other experiments in rodents report that BDNF in the frontal
cortex is important for both reversal learning (Graybeal et al., 2011; Kanowski et al., 2007;
Xue et al., 2013) and working memory (Li et al., 2010; Xing et al., 2012). However, a
relationship between BDNF with reversal learning or working memory has not been
established in a rodent model of mania.

To determine whether ouabain treatment affects spatial working memory, rats were tested a
spontaneous alternation test in a Y-maze. To understand whether ouabain treatment affects
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discrimination learning and/or cognitive flexibility, rats were also tested in a two-choice
spatial discrimination using 80/20 probabilistic reinforcement. A probabilistic learning and
reversal learning test was used because past studies demonstrated that individuals with
bipolar disorder or other psychiatric disorders exhibit probabilistic reversal learning deficits
(D'Cruz et al., 2013; Dickstein et al., 2010; Waltz & Gold, 2007; Weiler et al., 2009). This
study further determined whether ouabain treatment affected BDNF expression in the frontal
cortex and was related to behavioral performance.

Materials and Methods

Subjects

Adult male Long Evans rats weighing 320-380 g served as the subjects for this study. The
rats were individually housed in plastic cages (26.5 x 50 x 20cm) in a temperature
controlled room at 21-23° C and humidity 30%. Rats were on a 12 h light/dark cycle. The
animals were food restricted to 85-90% of their body weight during the experiment. A total
of 24 rats were used in this experiment. Animal care and use was in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals, and was
approved by the Institutional Laboratory Animal Care and Use Committee at the University
of lllinois at Chicago.

The specific timeline for the procedures described below are illustrated in Figure 1.

Surgical Procedure

Stereotaxic surgery was conducted during the light phase of the light/dark cycle. All rats
were anesthetized with xylazine (10mg/kg) and ketamine (100mg/kg). Each rat received
unilateral implantation of a guide cannula (22 gauge, Plastics One) aimed at the left lateral
ventricle. The stereotaxic coordinates were as follows: anterior-posterior = — 0.4 mm from
bregma; medial-lateral = —=1.5 mm from the midline and ventral = 4.0 mm from skull. The
coordinates were based on the stereotaxic atlas by Paxinos and Watson (1998). Four jeweler
screws were positioned in the skull surrounding the cannula and secured with dental acrylic.
A stylet was placed into the guide cannula to prevent clogging. After surgery, rats received a
1 mg/kg injection of meloxicam to reduce any pain from the surgery. Rats were allowed to
recover for 14 d after surgery. For 5 d after surgery, rats were fed ad libitum and left
undisturbed. After recovery rats were food restricted as described above and handled 10
min/d.

Microinfusion procedure

Two weeks following surgery each rat received an ICV injection of ouabain (1mM)
dissolved in saline or saline alone in a 5 ul volume. The dose was based on past studies
using the same concentration of ouabain (Gao et al., 2011; Varela et al., 2015; Wang et al.,
2014). To execute the microinfusion procedure the stylet was first removed from the guide
cannula while a rat was restrained. Subsequently, an injection cannula (28 gauge) was
inserted into the guide cannula that extended 1 mm below the guide cannula. The injection
cannula was connected by polyethylene tubing to a 10 ul syringe (Hamilton Company). Each
treatment was infused at a rate 1 pl/1.5 min by a microinfusion pump (74900Series; Cole
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Palmer). A rat was allowed to freely roam in its home cage as the infusion was occurring.
The injection cannula was left in place for 1 min after injection to allow for diffusion.

For the spontaneous alternation test, rats were tested a Y-shaped maze. Each maze arm
contained a base (10 x 55 cm), two side walls (15 x 55 cm), and a back wall (8 x 15 cm). A
triangular center connected all three arms together. The maze was elevated 72 cm above the
floor in a room with various extra maze cues. For the spatial discrimination test, training and
testing occurred in a four-arm maze made from black acrylic. The maze was located in a
different room than the Y-maze. The maze had a center square base (10 x 10 cm) that
connected all four arms. Each maze arm contained a base (10 x 55 cm), two side walls (15 x
55 ¢cm) and a back wall (8 x 15 cm). There was a circular food well (3.2 cm in diameter and
1.6 cm deep) that was placed 3 cm away from the back wall. The maze was placed on table
that had a height of 72 cm. The maze was located in a room that had various extramaze cues
that could be used to spatially navigate in the maze.

g

As in past studies (Brown et al., 2010, 2012), rats received training prior to spatial
discrimination testing. One week after surgery and one week prior to the ouabain injection,
each rat was exposed to the cross-maze and trained to obtain a half piece of Froot Loops
cereal (Kellogg, Battle Creek, MI, USA) from each food well. During training, a rat was also
picked up after consuming a cereal piece and placed into a different maze arm. This
acclimated a rat to being picked up in the maze as would occur in the test phase. After a rat
consumed all four cereal pieces from each food well, it was placed in a holding chamber
near the maze. The food wells were rebaited and a new trial was started. This phase of
training continued until a rat completed at least 6 trials in 15 minutes for two consecutive
days. The time range for training lasted 4-6 sessions. Four days after the ICV injection, each
rat received a training session as described above. Five days after the ICV injection, a final
day of training occurred in which a black plastic block (9 cm wide x 13 cm high x 1 cm
thick) was placed at the entrance of one arm, giving the maze a T-shape. A rat was placed in
the stem arm and allowed to enter either choice arm to obtain a cereal piece. After the initial
choice, a rat was placed back in the stem arm. If a rat chose the same arm as the initial
choice, it was returned to the stem arm until it chose the other arm. Once a rat had selected
both arms it was placed on top of its home cage while the two choice-arms were rebaited.
The session ended after a rat had completed seven of these trials. Testing occurred in the
following session.

Spontaneous Alternation Test

Six days after the ICV injection, rats were tested for spontaneous alternation performance. A
similar procedure was used as in past studies (Ragozzino et al., 1995; Walker et al., 1991).
For the test, a rat was placed in one arm and allowed to traverse the maze freely for 15 min.
The number and sequence of entries were recorded; an alternation was defined as the
consecutive entry into all three arms on overlapping triplet sets. Three consecutive arm
choices within the total set of arm choices made up a triplet set. With this procedure,
possible alternation sequences are equal to the number of arm entries minus 2, and the
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percentage of alternation behavior is equal to: (actual alternations/possible alternations) x
100. The number of arm entries was used as a measure of locomotor activity.

Spatial Discrimination Testing with Probabilistic Reinforcement

Approximately 10 minutes after the completion of the spontaneous alternation test, each rat
was tested on acquisition of a spatial discrimination. On the subsequent day, rats were tested
on reversal learning of the spatial discrimination. A probabilistic learning procedure was
used in both test sessions (Brown et al., 2012). In the acquisition phase, one choice arm was
designated as the ‘correct” arm and contained a half piece of cereal on 80% of the trials. On
the other 20% of trials, the ‘incorrect’ arm was baited with a half piece of cereal. The first
two trials of the test always contained a reinforcement in the ‘correct’ arm. Acquisition
criterion was achieved when a rat entered the ‘correct’ arm in 9 out of 10 consecutive trials.
Thus, a rat learned to enter the same maze arm based on spatial location for 9 out of 10
consecutive trials. On the second day of testing (reversal learning), the ‘correct’ and
‘incorrect’ arms were reversed from those on acquisition such that a rat was required to enter
the arm opposite to that on acquisition. Thus, the new ‘correct’ arm was reinforced on 80%
of the trials and the new ‘incorrect’ arm was reinforced on 20% of the trials. The first two
trials of the test always contained a reinforcement in the ‘correct” arm. The criterion for
reversal learning was entering the new ‘correct” arm in 9 out of 10 consecutive trials.

An analysis of errors in the reversal learning session was conducted to determine whether
ouabain treatment affected the initial inhibition of a learned choice pattern as measured by
perseverative errors and/or the maintenance of a new choice after being initially selected as
measured by regressive errors (Brown et al., 2012; Amodeo et al., 2014). To determine the
number of perseverative errors, trials were separated into consecutive blocks of four trials.
Perseveration was defined as initially selecting the arm that was ‘correct’ during acquisition
in three or four trials in a block. Thus, if a rat chose the previously ‘correct” arm on the
majority of trials in a block it was considered to be perseverating. Once a rat made two or
more choices in the new, ‘correct” arm in a block, perseveration was no longer considered to
occur. All subsequent entries into the previously ‘correct’ arm were defined as regressive
errors. Perseveration is considered a measure of the inability to /nitially inhibit a previously
learned choice pattern. Regressive errors determine the ability to maintain a new choice
pattern after being initially selected.

An analysis was also performed to determine whether ouabain treatment altered the
sensitivity to reinforcement or no reinforcement on “correct’ trials (Amodeo et al., 2012;
Bari et al., 2010). A rat's choices in the test were analyzed based on the outcome
(reinforcement or no reinforcement) of each preceding trial and expressed as a ratio. For
‘correct’ trials, a win—stay ratio was determined by the number of times a rat received a
reinforcement in the ‘correct’ arm and then chose the same ’correct” arm on the subsequent
trial, divided by the total number of reinforced trials for the ‘correct’ trials only. The lose—
shift ratio was determined by the number of times a rat changed its choice after not receiving
reinforcement in the ‘correct’ arm on the previous trial, divided by the total number of non-
reinforced trials for only “correct’ trials.
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Tissue Preparation and Histology

One day after completion of behavioral testing, each rat received an overdose of sodium
pentobarbital (250 mg/kg, i.p.) and was decapitated. The brain was removed and divided into
two halves along the anterior-posterior plane at approximately 0.6 mm anterior to bregma
(Paxinos & Watson, 1998). The posterior half of the brain was placed in 4% formaldehyde
solution and subsequently sectioned to determine the cannula placement. To determine the
location of the cannula placements, brains were frozen and cut into 50 micron coronal
sections on a cryostat. Sections were placed on slides and examined under a microscope to
determine whether the cannula was located in the lateral ventricle.

The anterior half of the brain was transferred to —80°C for storage to be used later for the
BDNF assays of the frontal cortex (described below). Prior to the BDNF assays, tissue was
removed from storage and the anterior parts of the frontal lobes were dissected in
accordance with Paxinos and Watson coordinates (1998), after removal of their basal parts at
the level of the rhinal fissures.

Real-Time PCR

BDNF mRNA was determined in the frontal cortex. Total RNA was isolated using TRIzol®
reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) according to manufacturer's
directions and treated with DNAase 1. The RNA yield was determined by absorbance at 260
nm and the purity of RNA was determined by measuring the optical density with an
absorbance ratio of 260/280 using NanoDrop®ND-1000 (NanoDrop Technologies,
Montchanin, DE, USA). Only RNA with >1.8 purity was used. The quality of RNA was also
assessed using an Agilent Bioanalyzer 2100 and only samples with an RNA integrity
number >7 were used.

BDNF mRNA was determined by Real-Time PCR using TagMan® primers and probes. The
PCR reaction was carried out in a final volume of 20 pl, containing 5 pl of cDNA diluted
1:10, 1x of TagMan primer/probe mix (20x), and 1xTagMan® Universal PCR Master Mix.
For each primer/probe tested, the PCR reaction also included a non-reverse transcription
negative control to confirm the absence of genomic DNA, a non-template negative control to
check for primer-dimer. All experiments were performed in duplicate as described in
TagMan gene expression protocol. BDNF gene transcript was quantified and normalization
with GAPDH as a stable reference transcript (Clancy et al., 2013). The amounts of BDNF
genes expressed in a sample were normalized to GAPDH. Fold changes between subject
groups were measured using the 2722Ct method, where AACt = (Ct target -

Cr normalizer)sample - (CT target ~ Cr endogenous gene)control-

Western blotting

Frontal cortex was homogenized in a buffer containing 100 mM Tris (pH 7.4), 150 mM
NaCl, 1% Triton X-100, 1% sodium decanoate, 0.1% SDS, 5 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, 5 pg/ml aprotinin, leupeptin, pepstatin, and 10 pg/ml of 100
mM sodium orthovanadate. The homogenate was centrifuged at 15,000 g for 10 min at 4°C.
The supernatant was used to determine the levels of BDNF. Protein levels were determined
by Bradford assay.
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Immunolabeling of BDNF was determined by Western blot as described earlier in detail
(Dwivedi et al., 2003). Equal volumes of tissue lysates (20 ul containing 30 ug protein) were
loaded onto sodium dodecy! sulfate (SDS)-polyacrylamide gel. The gels were run and
transferred electrophoretically to an enhanced chemiluminescence (ECL) nitrocellulose
membrane. The membranes were washed with TBST buffer (10 mM Tris-base, 0.15 M
NaCl, and 0.05% [v/v] Tween 20) for 10 min. The blots were blocked by incubating with
5% (w/v) powdered nonfat milk in TBST, 0.02 % nonidet P-40, and 0.02% (w/v) SDS (pH
8.0). Then the blots were incubated overnight at 4°C with polyclonal anti-BDNF antibody
(Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) at a dilution of 1:1000. The
membranes were washed with TBST buffer and incubated with horseradish-peroxidase-
linked secondary antibody (anti-rabbit immunoglobulin G); 1:2000) for 5 hr at room
temperature. The membranes were washed with TBST buffer and exposed to ECL
autoradiography film. The same nitrocellulose membrane was stripped and re-probed with
B-actin antibody (Sigma Chemical Co., St. Louis, Missouri). The bands on the
autoradiogram were quantified using the Loats Image Analysis System (Westminister, MD,
USA), and the optical density of each sample was corrected by the optical density of the
corresponding B-actin band. The values are represented as a percent of control.

Statistical Analysis

Results

Histology

A Ftest determined whether there was a significant ouabain effect on trials to criterion. A
separate #test was conducted for the acquisition phase and reversal learning phase. In
addition, #tests were conducted to examine differences between the groups on both
perseverative and regressive errors, as well as a treatment effect on win—stay and lose—shift
performance. An additional analysis was conducted for win-stay and lose-shift probabilities
to determine whether there was a group difference for each measure in the first half of trials
and/or second half of trials. This was carried out using a two-way analysis of variance with
repeated measures. To determine whether ouabain treatment affected frontal cortex BDNF
mMRNA or protein expression levels, a +test was employed to determine differences between
the groups for each measurement. To determine whether there was a relationship between
the activity measure and cognitive performance, Pearson correlations were conducted on
number of arm choices with spontaneous alternation performance and reversal learning
performance. To determine whether there was a relationship between changes in frontal
cortex BDNF expression levels and behavioral performance, Pearson correlations were also
conducted on BDNF measures with number of arm choices, reversal learning, regressive
errors and lose-shift probability scores. An alpha level of 0.05 was set for significance in all
of the statistical analyses unless otherwise noted.

Histological examination of the cannula placements indicated that the majority of rats (19 of
24) had cannula placements in the lateral ventricle at the level of the fimbria/fornix. Two rats
that received saline treatment were excluded from the analyses because of placements

outside of the lateral ventricle. One rat had a cannula placement located in the fimbria/fornix
and the other had a placement located in the corpus callosum. Two rats that received ouabain
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treatment were also excluded from the analyses because of cannula misplacements. One rat
had a cannula located in the thalamus and the other had a cannula placement in the
dorsomedial striatum. An additional rat that received ouabain treatment was excluded from
the analyses because the rat stopped performing during acquisition of the spatial
discrimination. Thus, a total of 19 rats (10 saline-treated rats and 9 ouabain-treated rats)
were included in the behavioral and biochemical analyses.

Spontaneous Alternation Performance

Figure 2 shows the results from spontaneous alternation testing. Both saline- and ouabain-
treated rats had alternation scores around 50% (see Figure 2A). The difference in alternation
scores between the groups was not significant, 7 = 0.75, £=0.46. Although both groups
exhibited similar alternation scores, ouabain-treated rats displayed a greater number of arm
choices compared to that of saline-treated rats (see Figure 2B). The difference in arm
choices between the groups was significant, #7 = 2.46, £=0.025. Thus, ouabain treatment
increased locomotor activity during spontaneous alternation performance.

Spatial discrimination test: Acquisition and Reversal Learning

Figure 3 illustrates the results during acquisition and reversal learning of the spatial
discrimination. Both groups obtained acquisition criterion in approximately 50 trials (Figure
3A). The difference in trials to criterion during acquisition was not significant, 47 = 0.42, P
= 0.68. Both groups also displayed similar retention performance of the acquired spatial
discrimination administered requiring 8-9 trials to achieve criterion (data not shown). The
difference in retention test performance between the groups was not significant, 47 = 0.72, P
= 0.48. In reversal learning, both groups required more trials to achieve criterion than in
acquisition, but saline-treated rats required approximately 70 trials to achieve criterion while
ouabain-treated rats required approximately 100 trials. The difference in reversal learning
performance between the groups was significant, 7 = 2.59, £#=0.019.

Perseverative and Regressive Errors during Reversal Learning

In reversal learning, most rats committed perseverative errors in the first two blocks of trials.
Subsequently, rats began to choose the new correct spatial location (see Figure 3B). There
was no significant difference in the number of perseverative errors between the groups, 47 =
0.54, P=0.60. There was a significant difference in the number of regressive errors between
the groups with ouabain treatment leading to a significantly greater number of regressive
errors than that of saline treatment, £7 = 2.58, = 0.02.

Win-Stay and Lose-Shift Performance during Reversal Learning

Figure 4 illustrates the win-stay and lose-shift probabilities during reversal learning. An
analysis of win-stay performance indicated that both groups had a win-stay probability of
approximately 50%. There was not a significant difference in overall win-stay probabilities
among the groups, &7 = 0.27, P=0.79. For lose-shift performance, there was a non-
significant trend for saline-treated rats to exhibit a greater probability of lose-shift choices
than ouabain-treated rats, 7 = 1.49, P=0.15.
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The difference in lose-shift probabilities between the groups was explored in a subsequent
analysis. This was to determine whether ouabain-treated rats exhibited a lower lose-shift
probability in the first half of the reversal learning test compared to that of saline-treated
rats. We hypothesized that the trend for an overall lower lose-shift probability in ouabain-
treated rats was due to ouabain treatment decreasing sensitivity to negative feedback on a
‘correct’ trial during the initial trials of reversal learning. This is because all rats eventually
achieved reversal learning criterion and thus both groups are likely performing more similar
in the second half of trials. To test this hypothesis, we separated the reversal learning trials
for each rat in half and calculated the lose-shift probability for the 15t half and 29 half of
reversal learning trials. As shown in Figure 4B, both groups exhibited higher lose-shift
probabilities during the initial reversal learning phase than the second half of trials.
However, ouabain-treated rats showed a significantly lower lose-shift probability than saline-
treated rats when making a ‘correct’ choice, but not receiving a food reward. As both groups
learned the new contingency in the 2" half of reversal learning trials there was a similarly
low probability of lose-shift behavior. A two-way analysis of variance with repeated
measures revealed that there was not a significant effect for treatment, £ 17 = 3.44, P=0.11.
However, there was a significant effect for time (15 half vs. 2"d half), F117=35.74, P<
0.0001 and a significant treatment x time interaction, £y 17 = 4.72, P=0.031. Follow-up
analyses of the significant interaction revealed that ouabain-treated rats compared to that of
saline-treated rats had a significantly lower lose-shift probability in the first half of trials (p <
0.05), but not in the second half of trials (p> 0.05).

Correlation of Locomotor Activity with Spontaneous Alternation and Reversal Learning

A series of Pearson correlations were conducted to determine whether there was a
relationship between locomotor activity with spontaneous alternation or reversal learning. In
addition, a Pearson correlation was conducted between spontaneous alternation and reversal
learning performance. Correlations on these measures were conducted for each individual
group, as well as for the data collapsed across groups. The correlation between the number
of arm choices and spontaneous alternation scores for vehicle-treated was /(9) = 0.09, P=
0.80. The same correlation in the ouabain-treated rats was /(8) = 0.32, P=0.40. A Fisher r to
z transformation was applied to determine whether there was a significant difference
between the two correlations. The z-score was equal to —0.43, A= 0.67, indicating that there
was not a significant difference between the two correlation coefficients. When combining
the two groups the correlation between the number of arm choices and spontaneous
alternation scores was /(17) = 0.10, A= 0.67. Thus, there was not a significant correlation
between locomotor activity and spontaneous alternation performance.

In saline-treated rats, the correlation in the number of arm choices and reversal learning
trials was 7(9) = 0.18, A= 0.61. A similar positive correlation occurred in ouabain-treated
rats, r(8) = 0.15, £=0.64. A Fisher z transformation led to a z-score of 0.06, A= 0.95
revealing there was not a significant difference in the two correlation coefficients. In
addition, when combining the groups there was not a significant correlation between the
number of arm choices and reversal learning trials to criterion, /(17) = 0.38, =0.11.
Therefore, there was not a significant correlation between locomotor activity and reversal
learning performance.
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Analysis of the relationship between spontaneous alternation and reversal learning
performance indicated that in saline-treated rats the correlation between these two measures
was 7(9) = 0.20, £=0.58. In the ouabain-treated rats, the correlation between spontaneous
alternation and reversal learning was /(8) = 0.38, A= 0.30. Conducting a Fisher r to z
transformation indicated that there was not a significant difference in the two correlation
coefficients, z = —0.35, P=0.73. In combining data from the two groups the correlation
between spontaneous alternation performance and reversal learning was /(17) = 0.14, P=
0.55. Thus, there was not a significant correlation between spontaneous alternation and
reversal learning performance.

BDNF mRNA and protein expression in the Frontal Cortex

The mRNA level of BDNF was determined in frontal cortex of saline and ouabain-treated
rats by gRT-PCR. GAPDH mRNA was determined in this brain area as a housekeeping
gene. The findings from frontal cortex BDNF measures are shown in Figure 5. An analysis
of frontal cortex BDNF mRNA expression between saline and ouabain treatment revealed
that ouabain treatment significantly reduced BDNF mRNA expression, £7 = 3.15, P=0.006
(Figure 5A). Representative Western blot showing immunolabeling of BDNF protein in
frontal cortex is shown in Figure 5B. As shown, the molecular weight of BDNF is 14 kDa.
B-Actin protein resolved at 46 kDa. Similar to BDNF mRNA, ouabain treatment
significantly reduced BDNF protein levels in the frontal cortex compared to that of saline
treatment, 47 = 4.10, P=0.0007 (Figure 5B).

Correlation between BDNF mRNA and Behavioral Measures

To determine whether there was a relationship between frontal cortex BDNF mRNA and the
behavioral measures in which there was a significant difference between the treatment
groups, Pearson correlations were conducted between BDNF mRNA expression levels and
the following measures: 1) reversal learning trials to criterion; 2) regressive errors; 3)
spontaneous alternation arm choices and 4) lose-shift probability in 15t half of reversal
learning trials (see Figure 6). Because multiple correlations were conducted a Bonferroni
correction was applied such that the significant alpha value was set at 0.0125. The only
significant correlation was between BDNF mRNA and regressive errors, /(17) = -0.59, P=
0.008. Thus, lower BDNF mRNA levels were associated with high levels of regressive
errors. In contrast, there was not a significant correlation between BDNF mRNA and
reversal learning trials to criterion, /(17) = -0.45, £=0.06. In addition, there was not a
significant correlation between BDNF mRNA and the number of arm choices in
spontaneous alternation, /(17) = - 0.44, P=0.06 or lose-shift probability scores in the first
half of reversal learning, /(17) = 0.54, P=0.02. A similar pattern of results were observed
when protein levels of BDNF were correlated with these behavioral measures (data not
shown).

Discussion

The present experiment investigated the effects of an ICV infusion of the Na+/K+ ATPase
inhibitor, ouabain in a working memory and reversal learning test, as well as on frontal
cortex BDNF expression levels. Comparable to past studies demonstrating an increase in
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locomotor activity following ouabain treatment (Brocardo et al., 2010; Decker et al., 2000;
Herman et al., 2007; Souza et al., 2014; Varela et al., 2015), a significant increase in the
number of arm choices was observed in the spontaneous alternation test. This increase in
activity occurred despite ouabain treatment not affecting alternation performance.
Furthermore, there was not a relationship between locomotor activity with spontaneous
alternation or reversal learning performance. Spontaneous alternation testing in the Y-maze
was a single exposure and thus the increase in arm choices with ouabain treatment can be
viewed as an augmented exploration to a novel environment. This is similar to that observed
in genetic models of mania (Roybal et al., 2007; Young et al., 2010) and also reported in
bipolar patients during mania (Minassian et al., 2011; Young et al., 1995).

To explore learning and cognitive flexibility in the ouabain model of mania, rats were tested
on acquisition and reversal learning of a spatial discrimination. A central ouabain injection
did not affect acquisition of the spatial discrimination. This differs from results reported by
Wang and colleagues (2013, 2014) who found that ICV ouabain treatment impaired
acquisition in a water maze test. There are various possibilities that may explain the different
results. The present study used an appetitive test in which a rat learned to use visuospatial
information to locate a food reward. The Morris water maze task also involves the use of
visuospatial information, but has an aversive component in which a rat seeks to minimize or
avoid swimming in the water (D'Hooge & De Deyn, 2001; Morris, 1984; Sandi et al., 1997).
One possibility is that ouabain treatment has differential effects on learning when a task
involves appetitive as opposed to aversive motivation as observed with other drug treatments
(Cahill & McGaugh, 1990; Salamone, 1994). Another possibility for the different pattern of
results is due to a difference in the level of difficulty. Specifically, the spatial discrimination
used in the present study has discrete and salient choices. In contrast, the water maze does
not have the same type of discrete choices which may make the task more difficult leading to
an acquisition deficit. Related, rats were trained and handled in the maze environment for
the current study prior to testing, but not in the water maze test. A more extensive use of
learning paradigms in the ouabain model of mania can aid in clarifying how ouabain
treatment may affect learning.

The present study also examined the effect of ouabain treatment on reversal learning. This
was of particular interest because a manic episode can lead to impairments in cognitive
flexibility (Daglas et al., 2015; Morice, 1990). A probabilistic learning paradigm was used
as past studies showed that individuals with various psychiatric disorders, including bipolar
disorder, exhibit deficits in probabilistic reversal learning (D'Cruz et al., 2013; Dickstein et
al., 2010; Gorrindo et al., 2005; Waltz & Gold, 2007; Weiler et al., 2009). Similar to that
found in studies with bipolar disorder, ouabain treatment did not affect learning of the initial
spatial discrimination, but selectively impaired reversal learning. Because rats were tested on
spontaneous alternation in a Y-maze, this may have affected reversal learning performance in
ouabain-treated rats during reversal learning. However, past studies have shown that a rat
which has prior exposure to a working memory test or a different maze environment does
not affect pharmacological or brain manipulations on behavioral flexibility tests compared to
rats who have not had exposure to a working memory test or a different maze environment
(DeCoteau & Kesner, 2000; Gilbert et al., 2001; Ragozzino et al., 1998, 1999, 2002).
Similarly, acquisition performance in rats from the current study was comparable to that of
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rats that had not been previously exposed to a spontaneous alternation test (Brown et al.,
2012; Syed et al., 2016). Thus, it is unlikely that exploring a maze in a different context
influences subsequent spatial discrimination testing. Moreover, because ouabain-treated rats
performed in a comparable manner as controls on acquisition, the pattern of results suggest
that ouabain treatment did not affect motivation or have a more general impairing effect on
learning when outcomes are uncertain. Instead the findings suggest that when outcomes are
uncertain, ouabain treatment impaired the ability to adapt choice patterns with a change in
contingencies.

To better understand what behavioral or cognitive processes ouabain may affect which may
contribute to the reversal learning deficit, an examination of perseverative and regressive
errors was conducted. As in past studies (Amodeo et al., 2014; Ragozzino et al., 2012),
perseverative errors measured the ability to initially inhibit a previously learned choice
pattern and/or generate a new choice pattern. Regressive errors only occurred after a rat
made a correct choice in reversal learning and measured the ability to maintain the new,
correct choice pattern. Ouabain treatment impaired reversal learning by selectively
increasing regressive errors. The pattern of findings indicate that an ICV infusion of ouabain
did not affect initial inhibition and switch away from a learned choice pattern in reversal
learning, but affected the ability to maintain a new choice pattern after being initially
selected. Several studies in individuals with bipolar disorder have reported perseverative
errors using set-shifting tests, e.g. the Wisconsin Card Sort Task (Bora et al., 2009;
Krabbendam et al., 2005). However, these studies have not commonly made a distinction
between perseverative and regressive errors as in the present study. A recent study did use a
similar perseverative and regressive error analysis to study bipolar individuals in a set-
shifting test and found that bipolar subjects did not perseverate when required to shift sets,
but exhibited an increase in regressive errors compared to that of healthy controls (Hill et al.,
2015). Thus, the reversal learning findings with ouabain treatment match the results
observed with bipolar patients in two ways. First, both ouabain treatment in rats and bipolar
patients exhibit a probabilistic reversal learning deficit. Second, both ouabain treatment in
rats and bipolar patients display an increase in regressive errors during cognitive flexibility
tests.

The results from probabilistic reversal learning also revealed that ouabain treatment overall
did not affect the ability to continue with a correct response immediately following a correct
trial in which a food reward was received (win-stay behavior). There was a trend for an
overall lower lose-shift probability in the ouabain treatment group. Further analyses revealed
that ouabain-treated rats did have a significantly lower lose-shift probability in the first half
of trials compared to that of saline-treated rats. In particular, ouabain treatment reduced the
probability of switching a response immediately following a correct trial in which no food
reward was received in the first half of trials (lose-shift behavior). As rodents are initially
exposed to the reversal learning contingency there is a strong tendency to shift back to the
original choice when the new correct response does not yield a reward. Ouabain treatment
reduced this bias. These findings suggest that ouabain treatment reduced the sensitivity to
negative reinforcement early in reversal learning. This result is comparable to findings
during a manic episode in which reduced sensitivity to negative feedback occurs (Lembke &
Tetter, 2002; Linke et al., 2011).
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In contrast to probabilistic reversal learning, an ICV injection of ouabain had no effect on
spontaneous alternation performance. The spontaneous alternation test in a Y-maze was used
as a short-term or working memory test as in past studies (Mohler et al., 2012; Ragozzino et
al., 1995; 2012; Walker et al., 1991). One possibility is that ouabain treatment does not
affect working memory in rats. If this is the case, then this would represent a limitation of
the ouabain model of mania. Another possibility is that ouabain-treated rats under different
test conditions may have exhibited a working memory deficit. For example, past studies
have shown that when a delay is inserted between choices in the spontaneous alternation test
there can be pharmacological effects on memory (Mohler et al., 2012; Ragozzino et al.,
2012). Still other studies report with greater interference, i.e. increased similarity in stimuli
to be remembered, working memory deficits can emerge (Gilbert et al., 2001; Ragozzino et
al., 1998). Future studies that employ working memory tests that systematically alter delays
can address this issue.

Beyond the behavioral measures, the present investigation examined whether ouabain
treatment affected frontal cortex BDNF expression levels. As observed in other studies
investigating brain BDNF following central ouabain administration using an ELISA method
(Varela et al., 2015; Valvassori et al., 2015a), the present experiment found a reduction in
frontal cortex BDNF. We measured BDNF by Western blot and gPCR. The findings suggest
that BDNF expression is decreased both at the transcriptional (JPCR) and translational
(Western blot) levels. With Western blot, we were able to identify the specificity of the
antibody and made sure that protein expression is examined for mature BDNF. Some
antibodies recognize both pro and mature BDNF and also show bands at higher molecular
weight, which can not be tested with ELISA. Because the present results show that BDNF is
decreased at the transcriptional level, it suggests that ouabain can have direct or indirect
effects on the transcriptional machinery or possibly acting on specific BDNF exon(s), which
may be driving the expression of mature BDNF. Future experiments can clarify this issue.

In the present study, rats received ouabain treatment first, which was then followed by
multiple behavioral tests. Because rats received multiple behavioral tests following ouabain
treatment and the brain tissue was subsequently processed for BDNF levels, maze exposure
may have affected the expression of frontal cortex BDNF levels. Findings from past studies,
however, do not support this idea (Vedovelli et al., 2011; Xin et al., 2014; Zoladz et al.,
2012). Specifically, previous experiments have examined frontal cortex BDNF expression in
rodents who have been tested for learning, memory and/or extinction and compared to
rodents who have not had those behavioral experiences. The results from those experiments
indicate that the behavioral experiences alone do not change frontal BDNF levels compared
to controls who were not trained and tested on various learning and memory tests (Vedovelli
etal., 2011; Xin et al., 2014; Zoladz et al., 2012). Based on these findings, the most
parsimonious explanation for the frontal cortex BDNF changes observed in the current study
was that frontal cortex BDNF levels were reduced due to ouabain treatment.

The BDNF findings observed in the current study suggest that altered BDNF signaling in the
frontal cortex contributes to the behavioral phenotype in ouabain-treated rats. There was a
significant correlation between frontal cortex BDNF mRNA levels and regressive errors
committed in probabilistic reversal learning. While this finding demonstrates a relationship
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between BDNF mRNA expression levels and regressive errors, unknown is whether
decreasing BDNF signaling in the frontal cortex with ouabain treatment is sufficient to
produce a reversal learning deficit by increasing regressive errors. Previous experiments in
rats have demonstrated that frontal cortex BDNF expression is important for reversal
learning (Graybeal et al., 2011; Kanowski et al., 2007; Xue et al., 2013). Related, other
studies indicate that the prefrontal cortex supports the maintenance of a new choice pattern
during reversal learning (Baker et al., 20014a,b), including under conditions in which
outcomes are uncertain (Kim & Ragozzino, 2005). Taken together, the behavioral and
biochemical findings raise the possibility that central ouabain administration altered BDNF
signaling in the frontal cortex that impaired the ability to maintain a new choice pattern
during reversal learning.

In this experiment BDNF signaling was measured from the entire frontal cortex. This was
carried out because past studies have suggested that multiple areas of the frontal cortex
support probabilistic reversal learning (Dalton et al., 2016; Hampton & O'doherty, 2007;
Hornak et al., 2004; Morris et al., 2016). However, past studies have also shown that
different prefrontal cortex subregions may support distinct processes to enable behavioral
flexibility (Hamilton & Brigman, 2015; Ragozzino, 2007). This raises the possibility that
ouabain treatment affects BDNF signaling in distinct prefrontal cortex subregions to affect
probabilistic reversal learning. Future studies can determine whether ouabain treatment
affects BDNF expression in specific frontal cortex subregions.

Although central ouabain administration reduced frontal cortex BDNF and impaired
probabilistic reversal learning by increasing regressive errors, BDNF and/or other
biochemical mechanisms may have been altered in other brain regions by ouabain treatment.
Past investigations have demonstrated that the dorsomedial striatum and ventromedial
striatum are brain regions that support behavioral flexibility by selectively facilitating a
maintenance of a new choice pattern (Haluk & Floresco, 2009; Palencia & Ragozzino, 2006;
Ragozzino & Choi, 2004). Thus, ouabain treatment may also alter BDNF signaling in the
striatum to affect reversal learning. In support of this idea, an examination of post-mortem
tissue in bipolar disorder revealed a reduction in striatal TrkB mRNA (Reinhart et al., 2015).
The TrkB receptor shows the highest affinity for BDNF. Therefore, treatments that modulate
corticostriatal circuitry involved in cognitive flexibility may be most effective in alleviating
reversal learning deficits manifested in bipolar disorder.

The reduced frontal cortex BDNF levels are comparable to clinical studies indicating altered
BDNF levels in bipolar disorder (Cunha et al., 2006; Fernandes et al., 2015; Nassan et al.,
2015; Palomino et al., 2006; Pandey et al., 2008). Ouabain-induced decreases in frontal
cortex BDNF mRNA and protein levels observed in the present study is consistent with past
studies showing ouabain reduced BDNF expression in the frontal cortex (Valvassori et al.,
2015a; Varela et al., 2015). Previous experiments have also demonstrated that treatment with
mood stabilizers, i.e. lithium or valproate or with BDNF itself correct the reduction in
frontal cortex BDNF induced by ICV ouabain treatment (Valvassori et al., 2015a; Varela et
al., 2015). Mood stabilizers not only corrected the reduction in frontal cortex BDNF levels,
but attenuated the elevated locomotor activity (Varela et al., 2015). Less clear is whether
mood stabilizers may be effective in alleviating the type of cognitive deficits observed in the
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present study. One study examined whether the mood stabilizers, lithium and carbamazepine
attenuate spatial learning deficits in the ouabain model of mania (Wang et al., 2013). The
findings were mixed with lithium having modest effects in alleviating a spatial learning
deficit, while carbamazepine was not effective. Because BDNF is associated with cognitive
flexibility (Graybeal et al., 2011; Kanowski et al., 2007; Xue et al., 2013), treatment with
this trophic factor may be effective in alleviating a cognitive flexibility deficit. In the
ouabain model, a central injection of BDNF attenuates alterations in oxidative stress, but
does not affect the hyperactivity induced by ouabain (Valvassori et al., 2015a). Although the
present study did not investigate BDNF treatment related to cognitive measures, findings
from studies on the serotonin 2A (5HT24) receptor may suggest modulating BDNF
signaling would be effective in treating cognitive flexibility deficits. This is in part due to
results indicating that BDNF downregulates SHT receptor expression (Trajkovska et al.,
2009) and conversely that treatment with a 5HT, receptor antagonist increases BDNF
levels (Pilar-Cuellar et al., 2012). Furthermore, treatment with a 5SHT receptor antagonist
enhances set-shifting in rats by selectively reducing regressive errors (Baker et al., 2011).
While another study found in a mouse model of autism that 5SHT receptor blockade
attenuates a probabilistic reversal learning deficit by selectively reducing regressive errors
(Amodeo et al., 2014). Taken together, the results raise the possibility that treatment with a
5HT, A receptor antagonist may be effective in treating cognitive flexibility deficits in
bipolar disorder, in part, by enhancing BDNF levels.

In summary, the present study demonstrated that central ouabain treatment in rats impaired
probabilistic reversal learning in a spatial discrimination test. The reversal learning deficit
was due to an impairment in maintaining a new choice pattern after being initially selected.
The findings parallel a probabilistic reversal learning deficit reported in bipolar disorder
(Dickstein et al., 2010) and an increase in regressive errors during a cognitive flexibility test
in bipolar disorder (Hill et al., 2015). The experiment also found a reduction in frontal cortex
BDNF expression levels following ouabain treatment and that BDNF expression levels
negatively correlated with regressive errors in reversal learning. Thus, the ouabain model of
mania may facilitate our understanding of the neuropathophysiology that underlies cognitive
flexibility deficits in bipolar disorder, as well as be useful in testing potential treatments to
alleviate the cognitive deficits to improve daily living.
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Highlights
Ouabain treatment impairs probabilistic reversal learning
Ouabain treatment increases regressive errors during reversal learning
Ouabain treatment reduces BDNF expression levels in the frontal cortex

There is a negative correlation with regressive errors and frontal cortex BDNF levels
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Experimental Methods Timeline

Day O} Surgery

7
14
18
19
20
21
22

>23

Maze Training (4-6 daily sessions)

ICV Ouabain Injection

Maze Training

Maze Training

Spontaneous Alternation and Spatial Acquisition
Spatial Reversal Learning

Rat Sacrificed and Brain Removed

Histology and BDNF Assays

Figure 1.
Illustration of the timeline for the experimental methods.
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Figure 2.

ICV ouabain injection did not affect spontaneous alternation performance, but increased the
number of arm choices in a Y-maze. A) Mean (£SEM) percent alternation during 15 min
test. Saline and ouabain treatment led to comparable levels of spontaneous alternation
performance. B) Mean (£SEM) number of arm choices during 15 min test. Ouabain-treated
rats made significantly more arm choices than saline-treated rats. *£< 0.05 vs. saline
treatment.
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Figure 3.
ICV ouabain injection impaired probabilistic reversal learning by selectively regressive

errors in a spatial discrimination test. A) Mean (£SEM) trials to criterion on acquisition and
reversal learning. Saline- and ouabain-treated rats required similar trials to achieve criterion
in acquisition, but ouabain-treated rats required significantly more reversal learning trials
compared with that of saline-treated rats. *£< 0.05 vs. saline treatment. B) Mean (+SEM)
perseverative and regressive errors committed during reversal learning. Ouabain treatment
did not significantly affect perseverative errors, but significantly increased regressive errors
compared to that of saline treatment. *~ < 0.05 vs. saline treatment.
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Figure 4.
Win-stay and lose-shift performance during reversal learning. A) Mean (xSEM) probability

for win-stay and lose-shift choices. Both groups exhibited comparable win-stay
performance. There was a trend for ouabain treatment to produce lower lose-shift
probabilities than saline treatment. B) Mean (xSEM) lose-shift probabilities committed
during the first half and second half of reversal learning trials. Ouabain-treated rats had a
significantly lower probability of making a lose-shift choice in the first half of trials
compared to saline-treated rats. * p < 0.05.
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Ouabain treatment reduces frontal cortex BDNF mRNA expression and protein levels. A)
Mean (£SEM) percent level of frontal cortex BDNF mRNA expression. An ICV injection of
ouabain significantly reduced expression of frontal cortex BDNF mRNA expression
compared to that of a saline injection. B) Mean (+SEM) percent expression of frontal cortex
BDNF protein levels. An ICV injection of ouabain significantly reduced expression of
frontal cortex BDNF proteins expression compared to that of a saline injection. * £< 0.05.
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Figure 6.
Correlation between BDNF mRNA levels and various behavioral measures for all rats
included in the behavioral analyses. A) There was not a significant correlation between
> BDNF mRNA and number of arm choices in spontaneous alternation. B) There was not a
% significant correlation between BDNF mRNA and reversal learning trials to criterion. C)
) There was a significant correlation between BDNF mRNA and regressive errors committed
< during reversal learning. D) There was not a significant correlation between BDNF mRNA
% and lose-shift probabilities during the 15t half of reversal learning trials. * £< 0.0125.
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