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The methylazoxymethanol acetate (MAM) rodent neurodevelopmental model of schizophrenia exhibits aber-
rant dopamine system activation attributed to hippocampal dysfunction. Context discrimination is a component
of numerous behavioral and cognitive functions and relies on intact hippocampal processing. The present study
explored context processing behaviors, along with dopamine system activation, during fear learning in the MAM
model.

Male offspring of dams treated with MAM (20 mg/kg, i.p.) or saline on gestational day 17 were used for electro-
physiological and behavioral experiments. Animals were tested on the immediate shock fear conditioning para-
digm, with either different pre-conditioning contexts or varying amounts of context pre-exposure (0-10
sessions). Amphetamine-induced locomotor activity and dopamine neural activity was measured 1-week after
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Dopamine fear conditioning.
Context disﬁrimiﬂation Saline, but not MAM animals, demonstrated enhanced fear responses following a single context pre-exposure in
Electrophysiology the conditioning context. One week following fear learning, saline rats with 2 or 7 min of context pre-exposure

prior to fear conditioning also demonstrated enhanced amphetamine-induced locomotor response relative to
MAM animals. Dopamine neuron recordings showed fear learning-induced reductions in spontaneous dopamine
neural activity in MAM rats that was further reduced by amphetamine. Apomorphine administration confirmed
that reductions in dopamine neuron activity in MAM animals resulted from over excitation, or depolarization
block.
These data show a behavioral insensitivity to contextual stimuli in MAM rats that coincide with a less dynamic
dopamine response after fear learning.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The hippocampus plays a pivotal role in context discrimination func-
tions, including those necessary for fear learning (Frankland et al., 1998;
McDonald et al., 2004) (Frohardt et al., 1999; Holt and Maren, 1999;
Quintero et al., 2011; Young et al., 1995). Schizophrenia is a complex
psychiatric disorder with known hippocampal dysfunction and context
discrimination deficits (Benes, 2015; Guillaume et al., 2015; MacDonald
et al., 2005; MacDonald et al., 2003; Schobel et al., 2013; Schobel et al.,
2009a; Schobel et al., 2009b; Servan-Schreiber et al., 1996; Siever et
al., 2002; Talamini and Meeter, 2009), such as inappropriate memory
generalization or an inability to ignore irrelevant stimuli (Gal et al.,
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2005; Ivleva et al., 2012; Jazbec et al., 2007; Racsmany et al., 2008;
Roiser et al., 2009; Shohamy et al., 2010; Warren and Haslam, 2007). Pa-
tients are also unable to modulate hippocampal activation during recog-
nition memory, especially in response to novel stimuli (Ivleva et al.,
2012; Schott et al., 2015). The hippocampus shows aberrant increases
in activity preceding transition to psychosis, and there is a proposed
link between hippocampal activation, morphological changes, and se-
verity of positive symptoms (e.g. hallucinations and delusions)
(Arnold et al., 2015; Jensen et al., 2008; Narr et al., 2004; Schobel et
al., 2009a; Talati et al., 2014; Zierhut et al., 2013).

Abnormal hippocampal activity in schizophrenia likely underlies the
pathological alteration of the dopamine system (Abi-Dargham et al.,
1998; Abi-Dargham et al., 2004; Abi-Dargham et al., 2009; Breier et al.,
1997; Howes et al., 2013; Laruelle and Abi-Dargham, 1999). The
methylazoxymethanol acetate (MAM) rodent neurodevelopmental
model of schizophrenia has demonstrated that increased dopamine ac-
tivity measured both electrophysiologically and behaviorally can be at-
tributed to disrupted GABA-mediated inhibition within the ventral
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hippocampus (Gill and Grace, 2014; Gill et al., 2011; Lodge et al., 2009;
Lodge and Grace, 2007). How this hyperactivity of the dopamine system
relates to potential context processing deficits is not clear, although
there is evidence from patients of an altered dopamine activation in re-
sponse to contextual novelty (Heinz and Schlagenhauf, 2010). In normal
rats, increased dopamine release in limbic brain regions is associated
with contextual fear learning (Martinez et al., 2008). Elevated dopamine
activation in MAM rats resulting from hippocampal overdrive could ob-
scure fear learning related changes in dopamine release.

We examined context processing deficits in MAM rats using the im-
mediate shock fear conditioning paradigm. This task requires the rapid
and accurate retrieval of contextual information acquired during a
pre-exposure session (Huff et al., 2006; Matus-Amat et al., 2007;
Robinson-Drummer and Stanton, 2015; Rudy et al., 2002). Accurate
fear learning in this paradigm requires the hippocampus, a region
with known perturbation in the MAM model (Lodge et al., 2009;
Lodge and Grace, 2007).

The ability to discriminate between two distinct contexts following
fear conditioning, as well as the impact of repeated presentation of con-
textual stimuli on performance, was assessed in the MAM model. It was
anticipated that MAM rats would require more extensive context pre-
exposure to produce a similar reduction of fear responses that is ob-
served in normal rats. In contrast, more extensive context exposure
may instead be necessary for increasing fear responses in MAM rats to
comparable levels accomplished with less context exposure in normal
rats due to a malfunctioning ventral hippocampus. Typically, repeated
presentation of a discrete stimulus prior to conditioning lessens its asso-
ciative strength in a process described as latent inhibition. Deficits in la-
tent inhibition in schizophrenia are inconsistent and appear dependent
on medication status or disease duration (Gal et al., 2009; Lubow et al.,
2000; Rascle et al., 2001; Swerdlow et al., 1996; Vaitl et al., 2002;
Williams et al.,, 1998). However, there is compelling evidence from ani-
mal models that latent inhibition results in both increased dopamine re-
lease in the nucleus accumbens and requires intact processing in the
ventral hippocampus, especially via the primary output of the ventral
subiculum (Gray et al., 1995; Peterschmitt et al., 2005). Electrophysio-
logical recordings from dopamine neurons in the ventral tegmental
area are an indirect measure of underlying hippocampal hyperactivity
in the MAM model (Lodge et al., 2009; Lodge and Grace, 2007) and
other constructs (stress (Valenti et al., 2012), pilocarpine model of tem-
poral lobe epilepsy (Cifelli and Grace, 2012), amphetamine (Lodge and
Grace, 2008)). Consequently, whether there was a persistent conse-
quence of contextual fear learning on the dopamine system of MAM an-
imals was measured via electrophysiological recordings from the
ventral tegmental area or the locomotor response to amphetamine 7-
10 days after fear conditioning.

2. Methods

Experiments were performed in accordance with the NIH Guide for
the Care and Use of Laboratory Animals and approved by the Institution-
al Animal Care and Use Committee at the University of Pittsburgh. Ani-
mals were housed in a temperature (22 °C) and humidity (47%)
controlled environment with a 12-hour light/dark cycle (lights on
7 a.m.) with ad libitum access to both food and water. For behavioral ex-
periments, animals were housed in a reverse light cycle room (lights on
7 p.m.) and tested during the lights-off cycle. Behavioral experiments
began 7 days after animals were placed in the reverse light cycle room.

2.1. Methylazoxymethanol treatment

Timed pregnant female Sprague Dawley rats (Envigo) were obtained
on gestational day (GD) 14. MAM (20 mg/kg, i.p.) or saline (1 ml/kg, i.p.)
was administered on GD 17, as described previously (Gill et al., 2011;
Lodge et al., 2009; Lodge and Grace, 2007; Moore et al., 2006). Male
pups were weaned (day 21) and pair-housed with littermates until

use in electrophysiological or behavioral experiments (approximately
3-4 months). Each MAM and Saline litter varied in the overall number
of male offspring produced (range:3-7). However, animals from indi-
vidual MAM and Saline litters were counterbalanced across the fear
conditioning treatment groups to avoid a potential litter effect. There-
fore within any given behavior or electrophysiological group (e.g. fear
conditioned MAM rats with 1 pre-exposure), rats from different litters
were represented. In addition, the control MAM and saline animals
used for behavioral and electrophysiological comparisons were off-
spring of MAM- and saline-treated dams that did not undergo any fear
conditioning but were exposed to the testing environment.

2.2. Exps. 1 and 5: context pre-exposure during fear conditioning

All animals were handled for a minimum of 2 days (2 min/day) prior
to context pre-exposure and training in the immediate shock fear con-
ditioning paradigm (Barrientos et al., 2002; Huff and Rudy, 2004;
Rudy et al., 2002). Experiments varied (details below) by the type of
context pre-exposure (Exp.1) or the number of context pre-exposures
(Exp.2). Animals were randomly assigned to the experimental condi-
tions and counterbalanced (Fig. 1).

2.2.1. Exp.1

Context A and Context B varied along several dimensions (Fig. 1C).
On Day 1, animals explored one of two conditioning contexts (Fig. 1A)
for 10 min. 24 h after pre-exposure, all animals were placed in Context
A for 2 min, terminating in a 2-s, 0.5 mA shock through the grid floor.
Animals were immediately returned to the home cage. 24-hours after
conditioning, animals were placed in Context A and freezing behavior
was measured (5 min). Subsequently, 24-hours after the Context A
test, animals were placed in Context B and freezing behavior was mea-
sured (5 min).

2.2.2. Exp.2: Amphetamine-induced locomotor activity post-fear
conditioning

7-10 days following fear conditioning (Exp.2), animals received
acute injections of Dp-Amphetamine hemisulfate salt (Sigma;
0.5 mg/kg, i.p.). This dose typically produces a greater locomotor re-
sponse in MAM animals relative to saline controls (Gill et al., 2014;
Gill et al,, 2011; Lodge et al., 2009). Baseline (30 min) and post-amphet-
amine (90 min) locomotor activity was measured by beam breaks in the
x-y plane of an open field arena (Coulbourn Instruments, TruScan soft-
ware, Allentown, PA). Total distance travelled (cm) was computed
(5 min epochs).

2.2.3. Exps. 3 and 4: DA neuron electrophysiological recordings post-fear
conditioning

7-10 days following fear conditioning (Exp.2), single-unit electro-
physiological recordings were conducted from the ventral tegmental
area (VTA) of animals anesthetized with chloral hydrate (See Supple-
mental methods).

Some animals received a dose of amphetamine (0.5 mg/kg, i.p.)
30 min prior to dopamine recordings. In another subset of animals,
the VTA was sampled in both right and left hemispheres pre- and
post-apomorphine (Sigma; 20 pg/kg, i.v.) administration, respectively.
Since D2 auto-receptors are more responsive to dopamine than the
post-synaptic receptors, low doses of apomorphine (range of doses ap-
plied 20-120 pg/kg, i.v.) can preferentially stimulate D2 autoreceptors
and inhibit dopamine neuron firing (Akaoka et al., 1992; Bunney and
Grace, 1978; Chiodo et al., 1984; Grace and Bunney, 1985; Valenti et
al,, 2011). The doses of apomorphine used in the present study are con-
sistent with the auto-receptor selectivity.

30 min after apomorphine administration, the contralateral VTA was
sampled in an identical manner. (See Supplement for histological
methods.)
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Experiment Timelines

A. Experiment 1: Context Pre-exposure Facilitation

Day 1 Day 2

Day 3

Day 4

Context pre-exposure:
Context A or B
10 min

Fear Conditioning:
Context A
2 min
Terminate in
0.5 mA, 2 sec shock

Context Test:
Context A
5 min

Context Test:
Context B
5 min

B. Experiments 2,3,4,5: Context Pre-exposure Facilitation vs Latent Inhibition

Days 1-10
(Variable)

24 Hrs

24 Hrs
Post- Pre-exposure Post-Conditioning

7 - 10 Days
Post-Conditioning

I subsets of animals I

AMPH-induced

Context pre-exposure:  Fear Conditioning: Context Test: . (Experiment 3)

Context A Context A Context A locomotion

10 min 2 min 5 min ?/rTA -
Number of pre-exposures Terminate in (Experiment 2) neuron .
vgries P 0.5 mA, 2 sec shock recording (Expariments 4:and 5)
(n=0,1,3,57,10
sessions)
C. Experiment 1: Conditioning Contexts
CONTEXTA CONTEXTB

Empty Transport Tub

1% glacial
acetic acid

1% ammonium

Transport Tub with Bedding

)

<:

8

7

hydroxide

Fig. 1. (A) Experimental timeline for context pre-exposure in Context A or B 24 h prior to fear conditioning. (B) Experimental timeline of context pre-exposure (0,1,3, 5,7, or 10 sessions
Context A only) prior to fear conditioning and amphetamine-induced locomotor tests or electrophysiological recording. (C) Exp.1, Contexts A or B varied along the dimensions of sound
(with or without 75-dB 3000 Hz tone), light cue (red vs green), spatial configuration of testing chamber (square or triangle), and odor (1%glacial acetic acid vs 1%ammonium hydroxide).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2.2.4. Exp.5

Animals received varying amounts of Context A pre-exposure (Fig.
1B; 0,1, 3, 5, 7, 10 10-min sessions; one session per day separated by
24 h), with conditioning and testing completed 24 and 48 h after the
last pre-exposure, respectively.

2.3. Statistics

Electrophysiological analysis was performed using PowerLab (AD
instruments) and Nex (NEX Technologies) software. Freezing behavior
was quantified using Any-Maze software (San Diego Instruments). Pa-
rameters for individual bouts of freezing, initiated by immobility >2 s,
were established in the software. Movements greater than that associat-
ed with respiration (e.g. rearing, head movements, locomotion) sig-
naled the end of a bout of freezing. Freezing was then expressed as
the total time spent freezing summed across all bouts of freezing. All
data are represented as the mean + SEM. Unless otherwise stated,
electrophysiological and behavioral data were assessed with 2-way
analysis of variance (ANOVA; SigmaPlot software). Post hoc

comparisons were done using Sidak's multiple comparisons test after
a significance of p < 0.05 for main effects was observed.

3. Results

3.1. Exp.1: MAM-treated offspring failed to demonstrate enhancement of
contextual fear responses following context pre-exposture

During the Context A Test (5 min), the amount of time spent freezing
was assessed for Saline (n = 18) and MAM-treated (n = 18) offspring
that were pre-exposed to either Context A (conditioning context) or
Context B (neutral context) 24 h prior to fear conditioning. There was
a significant interaction between type of context pre-exposure (A vs
B) and MAM treatment (Fig. 2A; F; 35 = 17.58, p < 0.05). Saline animals
displayed the expected benefit of pre-exposure to the conditioning con-
text such that animals in the Context A (conditioning context) group
froze significantly more than animals in the Context B group (neutral
context) (p = 0.0006). In contrast, there was no difference in the freez-
ing demonstrated by MAM animals between Context A or Context B

http://dx.doi.org/10.1016/j.schres.2017.08.064
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Differential impact of context pre-exposure in Saline- and MAM-treated Offspring

A. Context A test
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Fig. 2. (A) Pre-exposure to the conditioning context (Context A) enhanced freezing responses in Saline-treated offspring (n = 18) in comparison to pre-exposure to a neutral context
(context B). In contrast, MAM-treated offspring (n = 18) did not show enhanced fear responses as a result of pre-exposure to the conditioning context. (B). Both Saline and MAM-
treated offspring spent little time freezing when placed in the neutral context after fear conditioning. In addition, the time spent freezing did not differ as a factor of pre-exposure to

Context A or Context B. (* denotes p < 0.05).

groups (p = 0.43). This suggests MAM animals cannot utilize previously
acquired contextual information in a novel fear learning situation.

To assess whether freezing behavior was exclusive to the condi-
tioning context, all animals were placed in the neutral context
for the Context B test (5 min; Fig. 2B). There were comparable levels
of freezing in the neutral context demonstrated by all groups with
respect to pre-exposure type, MAM treatment, and interaction
(Fs132 = 0.01, 3.15, and 0.09, respectively; ps = 0.91, 0.09, 0.77, re-
spectively). Additional direct comparison of the amount of freezing
exhibited by MAM rats showed that despite demonstrating less
freezing than Saline rats, MAM animals froze more in Context A
than Context B (data not shown; F; 3, = 9.51, p <0.05), but their
freezing behavior did not vary as a function of Context pre-exposure
(F132 = 1.73, p = 0.19). This would imply that general fear learning
responses are intact in MAM animals, but that those responses are
impaired relative to the responses exhibited by normal rats and
they are not modulated by contextual information.

3.2. Exp.2: differential locomotor response to amphetamine occurs after fear
conditioning in MAM and saline animals

The previously fear-conditioned MAM (n = 24) and Saline rats
(n = 23), along with separate groups of naive MAM (n = 4) and
Saline rats (n = 4; see Fig. 1B for behavior timeline), were tested
for their acute response to amphetamine 7-10 days post-
conditioning.

There was a significant interaction between MAM treatment and
context pre-exposure prior to fear conditioning on the peak locomotor
response to amphetamine (two-way ANOVA; Fs4; = 4.88, p = 0.008;
main effect MAM F, 4; = 2.42, p = 0.13; main effect context pre-expo-
sure Fg 41 = 0.81, p = 0.57). Consistent with previous studies of the
MAM model, post hoc comparisons showed that naive MAM animals
had enhanced locomotor activity relative to naive Saline rats (p =
0.03). However, following fear conditioning, saline animals had en-
hanced amphetamine-induced locomotor activity relative to fear

Fear conditioning differentially activates the dopamine system in

MAM and Saline-treated offspring

Amphetamine-induced locomotor activity

following fear conditioning

FN o © =)
o o o =]
= L b i
I*
I

Distance Travelled (cm)_
N
[=3
o

<

Pre-exposures (#)

B Saline
B MAM

Fig. 3. Naive MAM animals (n = 4) demonstrated an enhanced locomotor response to amphetamine (0.5 mg/kg, i.p.) compared to naive saline rats (n = 4; dashed line, 0.5 mg/kg, i.p.). One
week after fear conditioning, Saline animals with small amounts of context experience (0 and 1 pre-exposure groups; n = 4 per exposure group) demonstrated a peak locomotor response
to amphetamine that was significantly greater than MAM fear conditioned animals. Fear conditioning in MAM rats also reduced the peak locomotor response to amphetamine across

context exposure groups. (* denotes p < 0.05).
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conditioned MAM animals in the 0 and 1 context pre-exposure groups
(Fig. 3; p = 0.005 and 0.04, respectively). Therefore, brief amounts of
context exposure in a fear learning situation caused a persistent in-
crease in the level of dopamine system activation in Saline, but not
MAM, animals. In contrast, fear conditioning reduced the amount of do-
pamine system activation in MAM animals. (See Supplemental Results
(A and B) for additional linear regression analysis of the fear responses
and dopamine system activation in addition to changes in novelty-in-
duced locomotor activity).

3.3. Exp.3: electrophysiological evidence for fear-induced reduction in do-
pamine system activation in MAM rats

Previous studies in the MAM model reported enhanced locomotor
response to amphetamine as well as increased spontaneous dopamine
neuron activity measured electrophysiologically (Du and Grace, 2013;
Gill et al.,, 2014; Gill et al., 2011; Lodge et al., 2009; Lodge and Grace,
2007; Valenti et al., 2011). Based on the groups showing the greatest
differences between MAM and Saline rats in Exp.3, electrophysiological
recordings were limited to fear conditioned Saline (n = 18) and MAM
(n = 19) animals that experienced a single context pre-exposure. In ad-
dition, the combined effect of fear learning (one week prior to electro-
physiology) and AMPH administration (30 min prior to
electrophysiological recording) was tested.

There were significant effects of fear learning (F; 30 = 3.68, p < 0.05)
as well as the interaction between MAM treatment, fear learning, and
amphetamine administration (F, 30 = 6.35, p <0.006) on the number
of spontaneously active dopamine neurons observed per track (Fig.
4A). Consistent with previous studies, control MAM rats exhibited a sig-
nificantly greater number of active dopamine neurons than control Sa-
line rats (p = 0.04). Fear conditioned MAM rats demonstrated
significantly fewer spontaneously active dopamine neurons than con-
trol MAM rats (p = 0.02). In addition, in comparison to naive MAM an-
imals, the combination of fear conditioning and amphetamine also
reduced the number of active dopamine neurons (p = 0.002). However,
fear conditioning and the combination of fear conditioning with am-
phetamine did not significantly alter the number of spontaneously ac-
tive dopamine neurons in Saline rats (p = 0.95 and 0.99,
respectively). This would suggest that the activity of dopamine neurons
in MAM animals was more sensitive to fear learning and amphetamine
manipulations.

There was a significant effect of fear learning on DA neuron firing
rate. Fear learning reduced the firing rate of dopamine neurons in
MAM rats (Fig. 4B; main effect fear learning, F 3,5 = 5.18, p < 0.007; in-
teraction, F 355 = 6.30, p < 0.003; post hoc p = 0.0002). This reduction
was not observed after amphetamine administration (p = 0.99). There
were no significant changes in firing rate of dopamine neurons in Saline
rats resulting from either fear learning or amphetamine administration
(p = 0.99 and 0.70, respectively)

When the % of spikes occurring in bursts was analyzed, there was a
significant main effect of fear learning (Fig. 4C; F, 3,5 = 4.62, p < 0.02),
but no other effects. Post hoc comparisons showed that fear learning
significantly reduced bursting activity in MAM (p = 0.007), but not Sa-
line (p = 0.99), rats, which was no longer significant when amphet-
amine administration was added (p = 0.46). Additional tests with
apomorphine during electrophysiological recordings in Exp.4 show
that it might not be as simple as reduced activation of the dopamine sys-
tem following fear learning in MAM animals

3.4. Exp4: fear-induced reductions in VTA dopamine activity in MAM rats
likely involves depolarization block

Depolarization block is a condition whereby over-activation of the
VTA results in a reduction in the number of spontaneously active dopa-
mine neurons encountered (Blaha and Lane, 1987; Grace and Bunney,
1986; Hausknecht et al., 2013; Hollerman et al., 1992), and can be

Fear conditioning reduces VTA dopamine
neuron activity in MAM rats

A. DA neurons per electrophysiological Track

3 *

—_— Hl Saline
B MAM
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AMPH AMPH

B. Firing Rate of Spontaneously Active Dopamine Neurons

6 *

Bl Saline
B VAM
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AMPH AMPH

C. Burst Activity of Spontaneously Active Dopamine Neurons
*
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Fig. 4. Fear conditioning selectively attenuates VTA activity in MAM rats (A) Control MAM
animals (n = 5; red bars) demonstrate significantly more spontaneous active dopamine
neurons than control Saline (n = 5; black bars) animals. One week after fear
conditioning, fear conditioned MAM (n = 10), but not Saline (n = 9), animals showed a
reduction in the number of spontaneously active dopamine neurons. Spontaneous VTA
activity was reduced further in fear conditioned MAM animals following the
administration of amphetamine (0.5 mg-kg, i.p; n = 4). (B) The firing rate of
spontaneously active dopamine neurons was reduced in fear conditioned MAM animals
(n = 82 neurons) relative to MAM controls (n = 69 neurons). (C) Fear conditioning (n
= 69 neurons) and the combination of fear conditioning and amphetamine (n = 15
neurons) reduced the burst activity of spontaneously active dopamine neurons in MAM
rats. (* denotes p < 0.05). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

reversed by administration of autoreceptor-selective doses of the dopa-
mine agonist apomorphine (Gill et al., 2011; Grace and Bunney, 1986;
Valenti et al., 2011).
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In a different group of MAM animals, following dopamine neuron re-
cordings from the right hemisphere VTA, the contralateral VTA was
sampled after administration of a low-dose of apomorphine (range
20-40 pg/kg). Effective doses of apomorphine were determined by
first encountering a spontaneously active dopamine neuron in the left
hemisphere and then incrementally administering apomorphine (5
pg/kg/increment) until there was an observable change in the baseline
firing rate or bursting activity. (See Supplemental Results (C) for repre-
sentative histology and electrophysiological trace from dopamine re-
cording before and after apomorphine administration) The changes in
the number of DA cells/track following apomorphine treatment varied
by fear conditioning (repeated measures ANOVA; main effect fear
learning, F; 15 = 7.17, p = 0.02; main effect pre vs. post-apomorphine,
F1 18 = 12.62, p = 0.002; interaction time by fear learning (F; 5 =
4938, p <0.001)).

Post hoc analysis showed that apomorphine reduces the number of
spontaneously active dopamine neurons in naive MAM animals ((n =
8); p<0.001). In contrast, following apomorphine administration, a ma-
jority of fear conditioned MAM animals (N = 12;75%) demonstrated an
increase in the number of dopamine neurons per track observed be-
tween the right and left hemispheres, indicative of removal of depolar-
ization block (Fig. 5; p = 0.02). (See Supplemental Results (D) for effect
of apomorphine treatment on DA activity in naive Saline rats)

3.5. Exp.5: MAM-treated offspring failed to demonstrate modulation of fear
learning induced by extended context pre-exposure

Typically, following repeated exposure to contextual stimuli there is
a transition towards a decrease in fear learning as a result of a proposed
latent inhibition process (Holt and Maren, 1999; Maren and Holt, 2000;
Rudy, 1994). The number of pre-exposure sessions was varied (0, 1, 3, 5,
7 or 10 10-min sessions) in Exp.2 for Saline- (n = 24 total; 4 per group)
and MAM-treated (n = 24 total; 4 per group) offspring. 24 h after con-
ditioning, freezing behavior was measured upon re-exposure to Context
A (5 min). In Saline animals, the amount of freezing exhibited after a
single context pre-exposure session was significantly greater than that
observed following 0, 3, 7 or 10 sessions (significant interaction be-
tween amount of pre-exposure and MAM treatment on time spent
freezing during the context test, F5 35 = 3.47, p < 0.05; p = 0.23; ps =
0.02, 0.01, 0.04, and 0.01 for 0, 3,7, and 10 sessions respectively; Fig.
6). In particular, the significant difference in freezing behavior between
Saline rats that experienced only 2-min exploration of the conditioning
context prior to shock on the conditioning day and rats that had an ad-
ditional single pre-exposure session suggests a threshold by which con-
text pre-exposure is beneficial in enhancing fear learning behaviors in
normal rats. In contrast, there were no differences between the different

Apomorphine reverses fear-induced
depolarization block of dopamine neurons in MAM rats

2.54

@@ MAM Control
@ MAM Fear Conditioned

2.04

1.54

1.01

0.5+

0.0-

Average # DA Neurons Per Track

Pre  Post Pre  Post
Apomorphine Treatment

Fig. 5. In MAM control animals (n = 8), injection of apomorphine reduces the number
of spontaneously active dopamine neurons. A majority of fear conditioned
MAM animals (n = 9/12) demonstrated an increase in cells per track
following apomorphine that is characteristic of reversal of depolarization block. (*
denotes p < 0.05).

exposure groups in the amount of freezing exhibited by MAM rats.
However, consistent with Exp.1, following a single pre-exposure ses-
sion, Saline animals froze significantly more than MAM animals (p =
0.01).

4. Discussion

During the immediate shock fear learning paradigm, the rapid and
accurate hippocampal-dependent processing of contextual information
is crucial (Huff et al., 2006; Huff and Rudy, 2004; Rudy et al., 2002; Rudy
and O'Reilly, 1999; Strekalova et al., 2003). During this task, subjects
must rely on previously acquired context representations to incorporate
new aversive experiences for subsequent generation of fear responses.
MAM animals were impaired in their use of previously acquired contex-
tual information to modulate future fear responses. In contrast, normal
rats displayed enhanced fear responses following a single context pre-
exposure that dissipated with additional context exposure, perhaps
due to latent inhibition.

Fear learning also caused a persistent change in the level of dopa-
mine-dependent behavioral activation in normal rats that was depen-
dent on the amount of context exposure. In contrast, MAM animals
displayed reduced dopamine system responsiveness in comparison to
naive MAM animals, measured both behaviorally and electrophysiolog-
ically, that was not modulated by the amount of context pre-exposure.
Subsequent testing with autoreceptor-selective doses of apomorphine
in MAM rats suggested that fear conditioning causes additional hyper-
activation of DA neurons, leading to depolarization block. Overall,
these data support a model whereby the baseline hyperactivity of the
dopamine system in MAM rats interfered with any potential dynamic
changes in dopamine system activation after fear learning and occurs
in tandem with an inability to effectively use context information.

4.1. Hippocampal dysfunction in schizophrenia underlies deficits in context
processing

There is accumulating evidence that hippocampal dysfunction oc-
curs early on in schizophrenia patients and contributes significantly to
the cognitive pathology (Schobel et al., 2013). While learning processes
in multiple paradigms are less efficient or impaired in schizophrenia pa-
tients, predominately deficits appear to involve altered memory gener-
alization resulting from disrupted context processing (Ivleva et al.,
2012; MacDonald et al., 2003; Martins Serra et al., 2001). Indeed, con-
text processing deficits overlap with reduced IQ and working memory
performance in schizophrenia patients (MacDonald et al., 2005).

Previous work with the MAM rodent model of schizophrenia has
shown behavior deficiencies consistent with impairments observed in
schizophrenia, including working memory, pre-attentive sensorimotor
gating, latent inhibition in response to discrete stimuli and extra-di-
mensional set shifting (Flagstad et al., 2004; Gomes et al., 2015;
Gourevitch et al., 2004; Lodge and Grace, 2007; Modinos et al., 2015;
Moore et al., 2006). However, contextual discrimination deficits in
MAM animals have not been addressed previously. Prior studies involv-
ing the immediate shock fear conditioning paradigm have shown that
context pre-exposure is necessary for conditioned freezing responses
to occur, and is specific to the particular context used during pre-expo-
sure (Frankland et al., 2004; Robinson-Drummer and Stanton, 2015;
Rudy et al., 2002). In addition, studies employing lesions of the hippo-
campus have demonstrated the necessity of this structure during the
consolidation of the contextual stimuli in this paradigm (Huff and
Rudy, 2004; Rudy et al., 2002).

Typically, repeated presentation of contextual stimuli should result
in a latent inhibition of subsequent fear learning (Yap and Richardson,
2005; Zhang et al., 2004). The ventral hippocampus, in particular the
ventral subiculum, can modulate latent inhibition-induced dopamine
release in the nucleus accumbens (Peterschmitt et al., 2005). There are
known perturbations of latent inhibition in schizophrenia patients.
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MAM animals do not modulate fear responses with extensive context pre-exposure
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Fig. 6. MAM and Saline rats did not differ in the amount of time spent freezing 24 h after conditioning when averaged across pre-exposure groups (0, 1, 3, 5, 7, or 10 10-min sessions, n = 4
per group). However, there was a significant treatment X context pre-exposure interaction. Saline animals exhibited significantly more freezing than MAM animals following 1 pre-
exposure. When comparing between pre-exposure groups, Saline but not MAM animals with 1 pre-exposure demonstrated significantly more freezing than the 0, 3, 7, and 10 pre-

exposure groups. (* denotes p < 0.05).

Animal models employing prenatal or early postnatal lesions of the ven-
tral hippocampus have demonstrated similar deficits in latent inhibition
to those observed in schizophrenia patients (Angst et al., 2007;
Grecksch et al., 1999; Meyer et al., 2009; Meyer and Louilot, 2011;
Naert et al., 2013; Ouhaz et al., 2014). However, it should be noted
that the low number of animals in each pre-exposure condition limits
the interpretation of the reliability of impairment in all MAM animals.
Saline rats in the present study demonstrated the expected reduc-
tion in fear responses following extensive context pre-exposure. In ini-
tially failing to show comparable levels of freezing in saline rats
following a single pre-exposure session, it was expected that additional
pre-exposure may be necessary in MAM rats to overcome a
malfunctioning hippocampus. Likewise, a latent inhibition of fear re-
sponses in MAM rats was also expected to have a rightward shift and
to occur after a greater number of context pre-exposure sessions than
saline rats. Instead, we show that the fear responses of MAM animals
are not modulated either by differences in contextual stimuli or amount
of context exposure, which is consistent with the known perturbations
in ventral hippocampal function exhibited by MAM animals, e.g. altered

oscillatory activity and decreased parvalbumin expression (Gill and
Grace, 2014; Lodge et al., 2009).

We are uncertain if this deficit in context-dependent processing is
due to disruptions in encoding or expression. A failure to consolidate
contextual information during encoding would have an indistinguish-
able behavioral effect as a context discrimination deficit during recall
upon re-exposure to the conditioning context.

4.2. Dopamine system modulation of contextual processing and depolariza-
tion block

Various stressors (e.g. inescapable shock, restraint) can have an acti-
vating effect on the dopamine system. Thus, although the aversive
shock stimuli employed in the present study was both brief in duration
and small in magnitude, it was sufficient to activate the dopamine sys-
tem in normal rats. However, it was not the shock alone that had the ac-
tivating effect on the dopamine system in normal rats, since only
animals that had received brief bouts of context exposure prior to the
shock experience demonstrated enhanced amphetamine-induced

Saline at baseline

Cells per track

Dopamine system activation in MAM following fear learning

MAM at baseline

MAM post-fear conditioning

MAM fear + AMPH

Fig. 7. The pattern of dopamine system activation in MAM rats following fear learning (e.g. lowered response to amphetamine, reduced dopamine cells/track, reduced firing rate and
bursting activity of dopamine neurons) suggests excitation-induced depolarization block that can be reversed by apomorphine. Dopamine system overdrive in MAM rats following
fear learning is exacerbated by further stimulation following amphetamine administration. This could result in reduced responsiveness of the dopamine system to behaviourally-

relevant salient stimuli.
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locomotor activity one week after conditioning. In addition, in normal
animals, amphetamine given acutely does not alter the spontaneous ac-
tivity of DA neurons when tested 1 h post-injection (Belujon et al.,
2016). These data are consistent with the behavioral sensitizing effect
of dopamine agonists combined with contextual novelty (Badiani et
al., 1998; Browman et al., 1998). Changes in dopamine release may be
important when a given context is paired with a salient or aversive ex-
perience. In normal rats, expression of fear learning is both context spe-
cific and associated with increased dopamine release in the nucleus
accumbens (Martinez et al., 2008). In addition, the simple repeated
pairing of two neutral stimuli also leads to increased dopamine release
in the nucleus accumbens (Young et al., 1998).

Dopamine hyperactivity in the MAM model has been directly attrib-
uted to the aberrant output from the ventral hippocampus (Lodge and
Grace, 2007). Based on the correlative data from the present study
showing persistent alterations in dopamine system activation in MAM
rats following fear learning, we propose that the fear-induced activation
of the DA system could combine with baseline DA hyperactivity driven
by the ventral hippocampus to initiate depolarization block. While the
recordings from dopamine neurons in the VTA of MAM animals after
fear conditioning initially suggested a “normalization” of dopamine ac-
tivity, subsequent tests with apomorphine confirmed instead a state of
depolarization block. Depolarization block will prevent further activa-
tion in response to external stimuli. The contribution of ventral hippo-
campus to fear-induced depolarization block of dopamine neurons in
MAM animals remains an important unresolved question for future
studies. Measuring changes in hippocampal activity directly following
fear learning could provide a crucial link between fear learning and in-
creased dopamine pathology in MAM animals. A naive MAM animal
typically demonstrates dopamine hyperactivity. However, following
fear learning, and depolarization block, there is an overdrive of the do-
pamine system such that there is a loss in responsivity, or reduction in
spontaneous activation (Fig. 7). A consequence of this persistent alter-
ation in the dopamine system could be a loss of adequate modulation
of dopamine activity in response to behaviorally salient events. This po-
tential model is supported by the observation that when the system is
challenged further by amphetamine administration, there is an addi-
tional reduction in spontaneous dopamine activity that can also be ob-
served behaviorally as a reduced locomotor response. As a
consequence, stimuli that would normally activate the dopamine sys-
tem in normal rats might instead induce an inactivation and interfer-
ence of dopamine function in the MAM rats.

5. Conclusion

Schizophrenia patients are hindered in their ability to flexibly use
contextual information. This can have grave consequences in situations
requiring fast and accurate behavioral responses based on contextual
information. In a more general sense, there is a diminished capacity
for contextual associative learning that contributes to the cognitive def-
icits that plague schizophrenia patients. The present study demon-
strates that the blunted contextual processing in the MAM model of
schizophrenia is associated with a less dynamic dopamine response
after fear learning.
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