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Abstract

Prenatal cocaine exposure remains a major public health
concern because of its adverse impact on cognitive function
in children and adults. We report that prenatal cocaine expo-
sure produces significant deficits in reversal learning, a key
component of cognitive flexibility, in a mouse model. We
used an olfactory reversal learning paradigm and found that
the prenatally cocaine-exposed mice showed a marked fail-
ure to learn the reversed paradigm. Because brain-derived
neurotrophic factor (BDNF) is a key regulator of cognitive
functions, and because prenatal cocaine exposure increases
the expression of BDNF and the phosphorylated form of its
receptor, tyrosine kinase B (TrkB), we examined whether
BDNF-TrkB signaling is involved in mediating the reversal
learning deficit in prenatally cocaine-exposed mice. System-
ic administration of a selective TrkB receptor antagonist re-
stored normal reversal learning in prenatally cocaine-ex-

posed mice, suggesting that increased BDNF-TrkB signaling
may be an underlying mechanism of reversal learning defi-
cits. Our findings provide novel mechanisticinsights into the
reversal learning phenomenon and may have significant
translational implications because impaired cognitive flexi-
bility is a key symptom in psychiatric conditions of develop-
mental onset. ©2016 S. Karger AG, Basel

Introduction

Reversal learning is a measure of behavioral or cogni-
tive flexibility in human subjects and animal models [1-
3]. Cognitive flexibility is the ability to switch from one
learned response choice to another under changing re-
ward contingencies. It is a key component of a group of
higher order cognitive functions known as executive
functions, which are critically important for success in
intellectual, social, interpersonal, and professional activi-
ties [4]. Human cognitive flexibility is the mental ability
to seamlessly switch between different concepts or simul-
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taneously tackle multiple mental tasks, and it requires co-
ordination of cognitive processes including previously
learned responses, working memory, and attention [4, 5].
Cognitive flexibility is acquired in infancy and continues
to be critical for cognitive functions throughout life.
While the precise etiology of impaired cognitive flexibil-
ity, i.e., cognitive inflexibility, is not known, it can occur
with aging and also as a result of drug abuse and addiction
[6-8]. Additionally, cognitive inflexibility is a key symp-
tom of neuropsychiatric conditions of developmental or-
igin including schizophrenia, autism spectrum disorder,
attention deficit hyperactivity disorder, and obsessive
compulsive disorder [3, 4, 9-11]. Advances in neurosci-
ence suggest that cognitive inflexibility is the result of im-
pairment in neural networks of the frontal lobes of the
brain [1, 3, 12]. However, the precise molecular mecha-
nisms underlying cognitive inflexibility are not well un-
derstood.

Cocaine abuse by pregnant women continues to be a
major public health concern throughout the world. A
2009 study estimated that approximately 7.5 million chil-
dren were exposed to cocaine prenatally in the United
States alone [13]. Prenatal cocaine exposure produces sig-
nificant deficits in cognitive function, some of which can
last a lifetime [14-19]. Although a link has been reported
between cocaine exposure and cognitive inflexibility [20-
22], the molecular mechanisms underlying such associa-
tion have not been established.

We used a mouse model of prenatal cocaine exposure
[23-28] to examine its impact on reversal learning, a key
component of cognitive flexibility. We found that prena-
tal cocaine exposure produced significant deficits in re-
versal learning. Earlier work has demonstrated that pre-
natal cocaine exposure impairs brain-derived neuro-
trophic factor (BDNF) signaling in the embryonic and
adult mouse brain [27, see 29 for a review]. Specifically,
we have shown that prenatally cocaine-exposed adult
mice show increased expression of BDNF and the phos-
phorylated form of its receptor tyrosine kinase B (TrkB)
in the frontal cortex [30]. Given the critical role of BDNF
in a variety of cognitive functions [31-33], we examined
whether excessive BDNF-TrkB signaling is associated
with impaired reversal learning in a prenatal cocaine ex-
posure mouse model. Our results demonstrate that sys-
temic administration of a selective TrkB antagonist re-
stored the reversal learning phenotype and decreased
TrkB phosphorylation in the frontal cortex, highlighting
BDNEF-TrkB signaling as a potential mechanism underly-
ing the reversal learning deficits produced by prenatal co-
caine exposure.

Reversal Learning, BDNF, and Prenatal
Cocaine Exposure

Materials and Methods

Animals

All experimental procedures were in full compliance with insti-
tutional guidelines at Florida State University and the NIH Guide
for the Care and Use of Laboratory Animals. Timed-pregnant Swiss
Webster mice were used. The day of vaginal plug detection was
considered embryonic day 0 (E0) and the day of birth postnatal day
0 (P0). Pregnant dams of comparable body weight were assigned to
prenatal saline or cocaine exposure groups on the 6th day of preg-
nancy. Singly housed dams received twice daily (7 a.m. and 7 p.m.)
subcutaneous injections of cocaine (20 mg/kg/injection: total daily
dose = 40 mg/kg/day) or saline (same volume and time of admin-
istration as the cocaine injection) from the 8th day of pregnancy
until the day of birth. The dose of cocaine used here (20 mg/kg,
subcutaneous) results in a fetal plasma cocaine concentration of 2.3
uM (30 min after injection) and 0.6 puM (120 min after injection),
which is comparable to the 1.1 uM concentration reported in hu-
mans following 0.6 mg/kg intravenous cocaine administration [34].
All offspring were cross-fostered to drug-naive dams within 2 days
of birth to eliminate potential effects of the experimental interven-
tions on mother-infant interactions. Offspring were weaned on
P21. For the behavioral tests, 2 mice were chosen from 5 litters for
each prenatal treatment group. Male mice were used for olfactom-
etry around P90, after which brain tissue samples were collected for
protein biochemistry. Only male mice were used because our previ-
ous data showed that prenatal cocaine exposure produced changes
in BDNF-TrkB signaling in male but not female mice [30].

Olfactometry

Mice were trained in a “go no-go” operant conditioning para-
digm to recognize an odorant using a computerized, 8-channel
liquid dilution olfactometer (Knosys LD-8, Tampa, FL, USA) as
previously described [30, 31]. Briefly, the automated olfactometer
permitted precise odorant discrimination and odor-reversal para-
digms by achieving reliable control over timing of onset and offset
of stimulus presentation and precise control over monitoring of
behavior. During olfactometry, mice were water deprived by re-
stricting water intake to 1-1.5 ml per day and maintained at 85%
of their predeprivation body weight. Positively entrained odors
(referred as S+) were paired with a water reward, whereas nega-
tively entrained odors (S-) received no reward and a 10-s punish-
ment period while the mice waited to initiate a new trial. Ethyl
acetate (5%, EA) or acetophenone (1%, AP) were used as odors and
water was used as the diluent.

Acclimation and Operant-Conditioning Training (Fig. 1a)

Following acclimation to the test equipment, operant training
was performed using a step-wise battery of tasks that began with
reward reinforcement for learning to lick a spout to receive 2 ul wa-
ter on a random-interval schedule averaging 15 s, whereby mice
could insert their snouts into the odor sampling port. All mice com-
pleted this stage and advanced to the next stage after 30 reinforce-
ments. During the second stage, mice were reinforced for lick deci-
sions paired with EA that was used as the initial positively entrained
odor (S+). Here, trials were initiated by the mouse inserting its snout
in the odor-sampling port and was followed by a 2-s delivery of
training odor. The odor presentation was binned in ten 0.2-s periods
whereby a criterion response for the mouse to receive water rein-
forcement was defined as a lick detected in at least 6 of the 0.2 s seg-
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Fig. 1. Schematic illustration of the acclimation and operant train-
ing phases (a), and the performance of prenatally saline- or co-
caine-exposed adult mice during operant training (b, c). a Mice
insert their snouts into an odor-sampling port to detect a posi-
tively entrained odor cue (S+, ethyl acetate [EA]) or a negatively
entrained odor cue (S- diluent [water]). Right arrow, snout inser-
tion and water reinforcement; left arrow, snout withdrawal. b The
number of trials performed prior to reaching operant behavior

ments. A criterion response was scored as a “hit”, produced rein-
forcement, and initiated a 5-s interval. Mice were offered a total of
119 trials/session for a total of at least 4 sessions before being trained
for operant conditioning. During the “go no-go” operant training,
mice inserted their snout into the odor-sampling port to initiate a
trial and waited until the odor stimulus was presented. The mouse
sampled the stimulus and then responded (i.e., licked) or did not
respond, depending on the type of stimulus presented. S+ and S-
individual stimuli were presented in random order with the restric-
tion that there be an equal number of each in each session of 20 tri-
als, which was defined as a block. Mice were given the opportunity
to complete 10 blocks of 20 trials, or a maximum of 200 trials per
daily session. The mice were water reinforced for correct decisions.
The percentage of correct responses per trial was determined by the
formula: % correct responses = [(hits + correct rejections)/20] x100,
where a hit is defined as a criterion response in the presence of S+,
and a correct rejection is a failure to make a criterion response in the
presence of S—. A miss was defined as a failure to make a criterion
response in the presence of S+, and a false alarm was a criterion re-
sponse in the presence of S- [35, 36].
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training criteria. Student’s £ test, p > 0.05, saline (n = 10) mice, co-
caine (n = 9) mice. ¢ Performance (mean + SEM % correct hits) of
prenatally saline- versus cocaine-exposed mice over 20 blocks of
trials. One block = 20 random trials of 10 S+ and 10 S- cues. Two-
way ANOVA, n = 10 saline-exposed mice and 9 cocaine-exposed
mice. * p < 0.0001. Dashed line, 80% criteria; Saline, prenatally
saline-exposed mice; Cocaine, prenatally cocaine-exposed mice.

Odor Discrimination Training (Fig. 2a)

After mice achieved 80% correct decisions (defined criteria),
the S— was switched from diluent to a second odorant, AP, to ex-
amine ability to discriminate between 2 odors: EA (S+) versus AP

(S-).

Odor-Reversal Learning (Fig. 3a)

Once mice achieved performance criterion on the odor versus
odor discrimination paradigm for 2 days, we tested the ability to
relearn a reinforcement task if the S+ stimulus was switched to the
S- stimulus [37].

Administration of ANA-12 (Fig. 4a)

In a separate set of studies, upon successful completion of
the training phase and odor discrimination phase, mice from
the prenatal cocaine exposure group were administered
N-[2-[[(Hexahydro-2-oxo-1H-Azepin-3-yl) Amino] Carbonyl]
Phenyl]-Benzo[b]thiophene-2-Carboxamide (ANA-12; SML0209;
Sigma Aldrich, St. Louis, MO, USA) dissolved in 1% DMSO twice
daily (0.5 mg/kg x 2, intraperitoneal) for 13 consecutive days [38,
39]. On days 8-10 of the ANA-12 administration, the mice were
water deprived (to 85% of predeprivation weight). On the 11th day,
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Fig. 2. Schematic illustration of the odor a
versus odor discrimination task (a) and
performance of prenatally saline- or co-
caine-exposed mice in this task (b). a Mice
are initially trained using ethyl acetate (EA)
as the positive odor cue (S+ EA) and water
as the negative odor cue (S- diluent). On
the 5th block, the S+ stimulus remains as
EA, but a second odor AP (acetophenone)
is substituted as the negative odor cue to
achieve an odor versus odor discrimination
paradigm. b Line graph of the performance
(mean + SEM % correct hits) of prenatally
saline- versus prenatally cocaine-exposed
mice over 20 blocks. Dashed horizontal
line, criterion of 80% correct hits; dashed
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(n=9). Two-way ANOVA, p > 0.05.

the mice were retested for their ability to discriminate between the
S+ and S- odors. On days 12-13, the S+ stimulus was switched to
the S- stimulus to monitor the animals’ ability to reversal learn
over a 2-day interval.

Western Blotting

Mice were administered an overdose of isoflurane to harvest
brain tissues. Frontal cortex or striatum were microdissected from
each hemisphere based on anatomical landmarks [40-42]. Sam-
ples from the 2 hemispheres were pooled. Whole-tissue extracts
were used for Western blot [43, 44]. The following antibodies were
used: anti-BDNF diluted 1:700 (ARP41970_P050; Aviva Systems
Biology, San Diego, CA, USA), anti-TrkB diluted 1:600 (NB100-
92063; Novus Biologicals, Littleton, CO, USA), anti-pTrkB-Y515
1:1,000 (Ab109684; Abcam, Cambridge, MA, USA), and anti-
GAPDH diluted 1:1,000 (MAB374; Abcam). Integrated density
values were calculated for each sample by dividing the optical den-
sity values of the bands for the protein of interest by the density
values for the loading control (GAPDH). Integrated density values
were measured only from those membranes with distinct bands at
the appropriate molecular weight.

Statistical Analyses

The main effects of prenatal treatment and trial block number
were analyzed using an ordinary two-way analysis of variance
(two-way ANOVA). Post hoc tests for multiple comparisons were
performed using a Bonferroni correction. A two-tailed Student’s
t test was used when differences between only 2 groups were ana-
lyzed.

Reversal Learning, BDNF, and Prenatal
Cocaine Exposure

Results

Operant Training

Mice successfully learned operant behaviors regard-
less of prenatal treatment. The mean number of trials re-
quired to reach operant behaviors was not significantly
different between prenatally saline- and cocaine-exposed
mice (Fig. 1b; Student ¢ test: saline: 1,500 + 143 (n = 10),
cocaine: 1,378 + 225 (n=9), t = 0.4679, df = 17, p > 0.05).
The odor (EA) versus diluent (water) discrimination task
(Fig. 1c) revealed a significant main effect of prenatal
treatment (two-way ANOVA; F 19 309) =4.382,p <0.0001),
and a significant main effect of time (i.e., block num-
ber; two-way ANOVA; F(y 309) = 12.94, p <0.001) without
any prenatal treatment x block number interaction
(F(19, 300) = 0.8996, p > 0.05).

Odor versus Odor Discrimination

Once mice had achieved steady-state operant-condi-
tioning (S+ EA, S- diluent) for 2 days, challenging them
with a 2-choice odorant discrimination (S+ EA, S— AP) re-
vealed no significant main effect of prenatal treatment (2-
way ANOVA; Fy, 202 = 0.3129, p > 0.05) or number of
blocks (2-way ANOVA; F14 22 =0.3729, p>0.05) (Fig. 2b).
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Fig. 3. Schematic illustration of the olfac-
tory reversal paradigm (a) and the perfor-
mance of prenatally saline- or cocaine-
exposed mice in this paradigm (b). a Fol-
lowing odor versus odor discrimination
training, mice are presented with EA as S+
and AP as S- (blocks 1-3) prior to revers-
ing the S+ cue to the S- cue (i.e., previous-
ly unrewarded odor; blocks 4-20: gray ar-
row in b). Because mice can only be chal-
lenged with 10 blocks, or 200 trials per day,
the reversal learning paradigm requires a
training period of 2 consecutive days. Day
1, blocks 1-10; Day 2, blocks 11-20.
b Performance (mean + SEM % correct
hits) of prenatally saline- and cocaine-ex-
posed mice over 20 blocks on days 1 and 2
of reversal. Two-way ANOVA revealed
significant main effects of the prenatal
treatment on day 1 (* p < 0.001) and day 2 20 o
(**p <0.0001). Filled gray circles, mice per-
forming neither nose insertions nor with-
drawals (not included in analysis); Saline,
prenatally saline-exposed mice (n = 10);
Cocaine, prenatally cocaine-exposed mice
(n=9).
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Reversal Learning

All mice routinely performed at or above criterion
(=80% correct hits) in the odor versus odor discrimina-
tion task following 2 days of training. We then tested their
ability to reversal learn over a 2-day interval. On day 1,
mice were presented with the familiar S+ EA, S- AP, odor
versus odor paradigm for the first 3 blocks (Fig. 3b), but
then on block 4 (Fig. 3b, gray arrow), the reward contin-
gency was reversed such that the S+ stimulus (EA-reward-
ed) was switched to the S- stimulus (AP-unrewarded),
and the mice were now required to switch their responses
to the S+ and S- odors that they had displayed in the ear-
lier blocks (blocks 1, 2, and 3; Fig. 3b). On block 4, mice
from both prenatal treatment groups fell to a poor level of
discrimination (0% correct hits). They were allowed to
continue working for a total of 7 blocks (blocks 4-10) on
day 1 and 10 blocks (blocks 11-20) on day 2 (Fig. 3b). On
day 1, prenatally saline-exposed mice gradually learned
the reversed paradigm (i.e., exhibited the correct respons-
es to the reversed paradigm), and their performance im-
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proved significantly starting on block 6 (block 4 vs. block
6and 7, p <0.05and p < 0.001, respectively) (Fig. 3b). Un-
like the prenatally saline-exposed group, the prenatally
cocaine-exposed group continued the incorrect responses
through blocks 5, 6, and 7 (block 4 vs. block 5, 6, and 7, all
p > 0.05) (Fig. 3b) and failed to reversal learning. Further-
more, the prenatally cocaine-exposed mice failed to show
any response at all during blocks 8-10 (stopped nose ex-
ploration) (Fig. 3b, gray-filled circles). Since the prena-
tally cocaine-exposed mice did not at all perform the
task on blocks 8-10, assignment of a value of zero to such
performance would not have been appropriate for statisti-
cal analysis (neither correct nor incorrect hits were per-
formed by the mice). Therefore, blocks 8-10 were not in-
cluded in the analysis (closed circles). A two-way ANOVA
revealed the main effect of prenatal treatment (F 59 =
11.13, p <0.001), but no main effect of block number (two-
way ANOVA; F;359) = 2.152, p > 0.05), or prenatal treat-
ment x block number interaction (two-way ANOVA;
F(329) = 2.181, p > 0.05). Bonferroni post hoc pair-wise

McCarthy/Bell/Cannon/Mueller/
Huizenga/Sadri-Vakili/Fadool/Bhide



Before ANA-12 injections

L

Twice daily ANA-12 i.p. injections

(1 mg/kg/day)

L

Odor
discrimination

Operant conditioning
training

Days 12-13:
odor reversal

Day 14: tissue collection for
Western blot analysis

a

100 4 e [ Cocaine M Cocaine + ANA-12

ANA-12 treatment
80 - .

10 ] S i 1_ ........... - Al
Rs = . T
£8 60 - / 25 %97
= < w
I + o [v2)
g § 40 - S :f:' 40 4 .
5& | %5

20 - ! -0 Cocaine 5 £ 204

& - Cocaine + ANA-12
0 L . . S . . . L 0 -
123456780910 11121314151617181920 SIEEL B PITKELYoLS

b Number of blocks, 20 trials/block c PR f—p—

Fig. 4. a Schematic illustration of ANA-12 administration during
the olfactory reversal learning paradigm. Following acclimation,
operant training, and odor versus odor discrimination phases, the
mice from the prenatal cocaine exposure group were administered
ANA-12 (1 mg/kg/day) for 13 consecutive days. On the 11th day,
the mice were retested for their ability to discriminate between the
S+ and S- odors (odor versus odor discrimination). On day 12 the
reward contingency to which the mice were accustomed until then
was reversed on block 4 (gray arrow in b). b Performance (mean
+ SEM % correct hits) of prenatally cocaine-exposed mice with or
without ANA-12 over 20 blocks in the reversal learning paradigm
on day 1 (blocks 1-10) and day 2 (blocks 11-20). Two-way ANO-

comparisons did not indicate a significant effect of prena-
tal treatment within any given block (all p > 0.05). On day
2, both cocaine- and saline-exposed mice improved per-
formance over number of blocks (two-way ANOVA;
F(o80) = 12.10, p < 0.0001); however, the performance of
the prenatally cocaine-exposed mice was significantly
lower than that of saline-exposed mice (two-way ANO-
VA; F(1.50) - 18.69, p < 0.0001).

Effects of TrkB Antagonism on Reversal Learning

Next we examined whether administration of ANA-
12, a selective antagonist of the TrkB receptor, influenced
reversal learning in the prenatally cocaine-exposed mice.
Upon successful completion of the acclimation and odor
discrimination phases, the mice were administered ANA-

Reversal Learning, BDNF, and Prenatal
Cocaine Exposure

VA revealed significant main effects of prenatal drug treatment on
day 1 of reversal (* p < 0.0001). Cocaine, prenatally cocaine-ex-
posed mice (n = 9); Cocaine + ANA-12, prenatally cocaine-ex-
posed mice receiving ANA-12 (n = 7). ¢ Bar graph of the integrat-
ed density values (IDV) for TrkB and pTrkB-Y515 expression
(mean + SEM) for prenatally cocaine-exposed mice without ANA-
12 administration (Cocaine) and with ANA-12 administration
(Cocaine + ANA-12). Data were normalized to loading control
GAPDH. Representative Western blots are shown for TrkB/
pTrkB-Y515 (MW =91 kDa) and GAPDH (MW = 37 kDa). n =4
for each of the 2 treatments, * p < 0.05 (two-way ANOVA followed
by Bonferroni post hoc test).

12 for 13 consecutive days (Fig. 4a). On day 12 of the
ANA-12 administration paradigm, prenatally cocaine-
exposed mice receiving ANA-12 injections performed at
or above criterion (>80% correct hits) in the odor versus
odor discrimination task (Fig. 4b, blocks 1-3). However,
in striking contrast to the prenatally cocaine-exposed
mice that were not injected with ANA-12 (circles), the
ANA-12-administered prenatally cocaine-exposed mice
demonstrated a significant improvement in performance
on the first day of the odor-reversal paradigm (Fig. 4b,
blocks 4-10). Here, the reversal learning performance of
the ANA-12-administered, prenatally cocaine-exposed
mice (squares) was significantly different than that of pre-
natally cocaine-exposed mice without ANA-12 adminis-
tration (circles) (two-way ANOVA; F( ) = 191.0, p <
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0.0001). Bonferroni post hoc pair-wise comparisons
showed a significant increase in the percentage of correct
hits on block 7 in cocaine-exposed ANA-12-adminis-
tered mice when compared to cocaine-exposed mice that
did not receive ANA-12 (¢t =19.44, df = 22, p < 0.001).
Similar to that of saline-exposed mice (Fig. 3b), mice ad-
ministered ANA-12 exhibited improvement over that of
mice without ANA-12 starting at blocks 6-7 (Bonferroni
post hoc test block 4 versus block 6 and 7, p < 0.01 and
p < 0.0001, respectively). By the second day of reversal
learning, the performance of the 2 groups of prenatally
cocaine-exposed mice was not significantly different
(two-way ANOVA; ANA-12 treatment [F( 74) = 3.004,
p > 0.05], block number treatment [Fy 74 = 1.718, p >
0.05] and ANA-12 treatment x block number interaction
[F(9,74) = 0.1271,p > 005])

Effect of ANA-12 Administration on TrkB Expression

Total TrkB and pTrkB-Y515 expression was examined
in the frontal cortex of the prenatally cocaine-exposed
mice and prenatally cocaine-exposed mice injected with
ANA-12 (Fig. 4c). Two-way ANOVA showed significant
effects of drug treatment (F(; ;) = 6.448, p < 0.05), protein
expression (F(; 10y = 23.05, p < 0.001), and interaction
between drug treatment x protein expression (F 19 =
5.046, p < 0.05). Bonferroni post hoc multiple compari-
son test indicated a significant decrease in pTrkB-Y515
expression in prenatally cocaine-exposed mice treated
with ANA-12 compared to the prenatally cocaine-ex-
posed mice (t=3.655,df =10, p < 0.01), and no significant
difference between the 2 groups in total TrkB expression
(t=0.1938, df = 10, p > 0.05) (Fig. 4c).

BDNF and TrkB Expression in the Striatum

The dorsal striatum is another brain region (apart from
the frontal cortex) associated with regulation of reversal
learning [6, 45-49]. We analyzed BDNF and total and
phosphorylated TrkB-Y515 expression in this region to
determine if prenatal cocaine exposure produced an effect
on BDNF-TrkB signaling. Two-way ANOVA showed no
significant main effect of prenatal treatment on BDNF,
total TrkB, or phosphorylated TrkB-Y515 expression in
the dorsal striatum (two-way ANOVA, p > 0.05).

Discussion
Our findings demonstrate that prenatal cocaine expo-

sure produces significant reversal learning deficits in an
olfactory learning paradigm, and that the selective TrkB
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receptor antagonist ANA-12 restores the reversal learn-
ing to control levels. Because it is well known that reversal
learning, an indicator of cognitive flexibility in rodents, is
governed by the frontal cortex, the decrease in BDNF-
TrkB signaling measured in this region in response to
ANA-12 administration is likely the driver of this behav-
ioral phenotype. Thus, reversal learning deficit mediated
by increased BDNF-TrkB signaling emerges as a signifi-
cant consequence of prenatal cocaine exposure.

We chose an olfactory reversal learning paradigm be-
cause mice perform better in an olfactory learning para-
digm than in paradigms reliant on visual or spatial stim-
uli. In fact, visuospatial learning is not optimal for evalu-
ating albino mice [50], such as the Swiss-Webster strain
of mice used here. The fact that both the prenatally saline-
and cocaine-exposed mice performed equivalently in the
number of trials to reach operant behavior (Fig. 1b) sug-
gests that in adult mice there were no behavioral changes
in cognition for the ability to pair an odor with a water
reinforcement or reward. It is interesting that the prena-
tally cocaine-exposed mice appeared to distinguish be-
tween an odor and water cue faster than the prenatally
saline-exposed mice (Fig. 1c). However, the 2 groups of
mice did not show significant differences in their ability
to discriminate between 2 odors. C57BL6/] mice are
known to achieve performance criteria within 6 blocks
[31] for initial odor versus water discrimination training,
not unlike the Swiss-Webster strain in the current study.
Because the odor versus water discrimination plateaus af-
ter these initial few blocks, the difference between the 2
prenatal treatment groups in this ability is unlikely to be
biologically relevant. This is supported by the fact that the
2 prenatal treatment groups do not show significant dif-
ferences in the more difficult odor versus odor discrimi-
nation task (Fig. 2b). We also note that the Swiss-Webster
strain requires 2 days to reach criteria during the odor
reversal paradigm, unlike the observed C57BL6/] strain
which requires only 1 day [31].

The pause in snout insertion immediately upon rever-
sal in the prenatally cocaine-exposed mice is a novel be-
havioral finding and has not been reported previously for
the prenatally cocaine-exposed mice. On the second
postreversal session (day 2), although the prenatally co-
caine-exposed mice performed the task, they achieved
fewer correct decisions in comparison to controls. The
pause in behavior observed following reversal and the
subsequent recovery on the second postreversal session is
indicative of a delayed learning response. Although pre-
natally cocaine-exposed rats required more sessions to
learn a reversed condition stimulus task and exhibited de-
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creased accuracy in the first 10 responses following rever-
sal, they did not display a complete halt in behavior re-
ported here [51].

We analyzed BDNF-TrkB signaling because of the
well-established involvement of this signaling mecha-
nism in cognitive function [27-29] and its impairment by
cocaine exposure (reviewed in [26]). We focused on
BDNEF-TrkB signaling in the frontal cortex because rever-
sallearning, even if assayed via olfactory (or other chemo-
sensory) stimuli, as in the present study, is a frontal cor-
tex-dependent cognitive function [30, 61-63]. Among
the other brain regions involved in the regulation of re-
versal learning, we can rule out involvement of the stria-
tum because neither BDNF nor TrkB (total or phosphor-
ylated TrkB-Y505) is significantly altered by the prenatal
cocaine exposure in the striatum. However, since we ad-
ministered ANA-12 systemically and since we did not
measure BDNF and TrkB expression in the orbitofrontal
cortex, nucleus accumbens, or hippocampus, the other
brain regions associated with reversal learning [39-44],
we cannot rule out the role of BDNF-TrkB signaling in
these other brain regions.

A single administration of ANA-12 at the same dose
used in this study produces anxiolytic and antidepressant
effects in mice [38]. However, whether repeated ANA-12
administration, such as that used here, impacts reversal
learning or other cognitive behaviors is yet unknown.
Isoflurane general anesthesia (1.5% isoflurane for 2 h) is
reported to reduce BDNF expression in the hippocam-
pus of aged (15-month-old) mice [52]. For euthanasia we
used a significantly shorter duration of isoflurane expo-
sure (approximately 1 min) in the present study. In ad-
dition, we found a significant increase (rather than a de-
crease) in BDNF expression in the frontal cortex in the
prenatally cocaine-exposed mice. Therefore, it is unlike-
ly that the acute isoflurane exposure in the present study
contributed to the increase in BDNF levels. However, we
cannot rule out the potential contribution of isoflurane
exposure to BDNF expression in the experimental and
control groups in the present study. Prenatal cocaine ex-
posure is reported to affect locomotor activity in rodent
models [53]. However, we did not find significant chang-
es in open field activity in our prenatal cocaine-exposure
mouse model (data not shown). Therefore, the reversal
learning deficits in the prenatally cocaine-exposed mice
reported here are unlikely to be influenced by alterations
in locomotor activity. Finally, there are well-character-
ized TrkB signaling pathways in the olfactory bulb [54-
56] that could have been affected by the systemic ANA-
12. For example, phosphorylation of a voltage-depen-

Reversal Learning, BDNF, and Prenatal
Cocaine Exposure

dent potassium channel (Kvl.3) by BDNF would be
predicted to enhance olfactory ability. However, the pre-
natally cocaine-exposed mice did not show enhanced or
deficient odor versus odor discrimination ability. More-
over, odor reversal learning is not governed by the olfac-
tory bulb.

Our data on BDNF expression and BDNF-TrkB sig-
naling are from samples pooled from the medial and dor-
sal prefrontal cortices. An earlier report on the effects of
prenatal cocaine exposure in mice [57] showed no change
in BDNF expression in the medial prefrontal cortex at
adulthood. It is possible that the increases in BDNF pro-
duced by prenatal cocaine exposure occur predominant-
ly in the dorsal prefrontal cortex. However, additional
studies would be required to resolve this issue.

Preclinical models of prenatal cocaine exposure have
focused predominantly on behaviors such as drug rein-
forcement, behavioral sensitization, or reward [58-64]. A
consistent observation from these studies is that the pre-
natal cocaine exposure decreases preference for cocaine,
suggesting prima facie that prenatal cocaine exposure
may not be “deleterious”. These observations are in con-
trast to the data from human studies, which suggest that
prenatal cocaine exposure produces deleterious conse-
quences [14-19]. Our present data demonstrate that re-
versal learning deficit is an “adverse” cognitive pheno-
type in the mouse model. Since reversal learning is a mea-
sure of cognitive flexibility, our findings could have
significant implications for understanding the molecular
mechanisms mediating human cognitive inflexibility. In
other words, increased BDNF-TrkB signaling reported
here may underlie cognitive inflexibility associated with
neuropsychiatric conditions.

The involvement of frontal cortical BDNF-TrkB sig-
naling in the reversal learning deficits in our mouse mod-
el is supported by at least 3 lines of evidence. First, the
prenatally cocaine-exposed mice show significant upreg-
ulation of BDNF expression and TrkB phosphorylation
in the frontal cortex [30]. Second, ANA-12,a TrkB recep-
tor antagonist, restores reversal learning to control levels.
Finally, ANA-12 administration downregulated phos-
phorylated TrkB expression in the frontal cortex of the
prenatally cocaine-exposed mice. Collectively, these data
demonstrate a link between increased frontal cortical
BDNF-TrkB signaling and reversal learning deficit fol-
lowing prenatal cocaine exposure. Although previous re-
ports had shown significant changes in behavioral phe-
notypes associated with BDNF signaling (e.g., fear ex-
tinction) as a result of prenatal cocaine exposure [57, 65,
66], a mechanistic link between the behavioral changes,
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prenatal cocaine exposure, and BDNF signaling had not
been established. The only study to our knowledge that
examined frontal cortical BDNF signaling and reversal
learning used a model of high-fat diet exposure in rats
and reported a link between decreased BDNF signaling
and auditory discrimination reversal learning deficit
[67]. Therefore, the present findings make a significant
novel contribution to the field by demonstrating a link
between prenatal cocaine exposure, BDNF, and reversal
learning.

BDNF induces dimerization and subsequent phos-
phorylation of TrkB receptors at 2 sites, each site associ-
ated with distinct intracellular signaling pathways: (1)
TrkB-Y705, the autophosphorylation activation site, and
(2) TrkB-Y515, the shc adaptor protein docking site,
which leads to MAPK/ERK activation [68-71]. Our pre-
vious study showed an increase in phosphorylation of
TrkB-Y515 and not TrkB-Y705 in the frontal cortex of the
prenatally cocaine-exposed mice [30]. Therefore, in the
present study we focused on TrkB-Y515.

In summary, our data demonstrate that prenatal co-
caine exposure produces reversal learning deficits that
are associated with increased BDNF-TrkB signaling in
the frontal cortex. These data may facilitate further in-
vestigations into the mechanistic bases of human cogni-
tive inflexibility, which are presently not fully under-
stood.
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