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Abstract

Rationale Environmental factors influence the etiology of
many psychiatric disorders. Likewise, environmental factors
can alter processes central to motivation. Therefore, motiva-
tional deficits present in many disorders may be influenced by
early life environmental conditions.

Objective We examined whether housing animals in different
environmental conditions influenced the ability of sensory
stimuli to acquire incentive value and whether elevated mono-
amine activity altered responsing for these stimuli.

Methods Isolation-housed (IH), pair-housed (PH), and envi-
ronmentally enriched (EE) male C57BL/6N mice were exam-
ined in tests of responding for a conditioned reinforcer (CRf)
or an unconditioned sensory reinforcer (USRf). The CRf was
previously paired with saccharin delivery through Pavlovian
conditioning, while the USRf was not conditioned with a re-
ward. Following baseline tests of responding for the CRf or
USRS, the effects of elevated monoamine activity were
examined.

Results At baseline, PH and EE mice responded similarly
for the CRf or USRf IH mice responded more for the
CRf but exhibited slower acquisition of responding for the
USRf. Administration of citalopram, a serotonin
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transporter blocker, or atomoxetine, a norepinephrine trans-
porter blocker, decreased responding for the CRf and
USRS in all groups. The dopamine transporter blocker
GBR 12909 generally increased responding for the CRf
and USRS, but further analysis revealed enhanced
responding for both reinforcers only in EE mice.
Conclusions Baseline incentive motivation is strongly influ-
enced by the social component of housing conditions.
Furthermore, environmental enrichment increased the sensi-
tivity to elevated dopamine activity, while acute elevations in
serotonin and norepinephrine inhibit incentive motivation ir-
respective of housing condition.

Keywords Environmental enrichment - Social isolation -
Incentive motivation - Incentive salience - Conditioned
reinforcer - Sensory reinforcer - Monoamine - Serotonin -
Norepinephrine - Dopamine

Introduction

Motivational impairments are at the core of several psychiatric
disorders including depression, schizophrenia, and addiction,
and the risk of developing these disorders has been linked in
part to environmental conditions experienced early in life
(Felitti et al. 1998; Welte et al. 2004; Laviola et al. 2008;
Solinas et al. 2010; Akdeniz et al. 2014). Preclinical evidence
also suggests that environmental factors directly alter various
motivational processes including the valuation of primary re-
wards (e.g., food or abused drugs) or the attribution of moti-
vational value to sensory stimuli (Fone and Porkess 2008;
Simpson and Kelly 2011). These lines of evidence indicate
that environmental factors, including conditions in which in-
dividuals are raised, may influence psychological and behav-
ioral processes central to motivation.
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The impact of environmental factors on neurobiological
mechanisms of behavior can be examined experimentally
with animals housed in different laboratory conditions (see
Nithianantharajah and Hannan 2006 for a review). To deter-
mine the influence of positive factors, animals can be housed
with environmental enrichment (EE). EE generally involves
housing several animals in a large cage that contains a number
of enriching factors including a running wheel, multiple en-
closures, elevated platforms, and various objects or “toys” to
interact with. Conversely, the effects of a negative environ-
ment can be examined in socially isolated animals housed
with minimal or no enriching factors. Either of these groups
should then be compared to a control condition, often socially
housed animals living in a standard laboratory environment
(Simpson and Kelly 2011).

Incentive motivation, the process by which valuable stim-
uli elicit appetitive behaviors, is commonly measured by op-
erant responding for primary rewards such as food, sex, or
drugs of abuse. In many experimental situations, the availabil-
ity of primary rewards is signaled by specific sensory stimuli
such as lights or tones. Through Pavlovian conditioning, re-
peated stimulus-reward pairings attribute sensory stimuli with
motivational significance based on the stimuli’s ability to pre-
dict the reward. Additionally, the conditioning appears to at-
tribute a reward-associated stimulus with incentive properties
making it attractive and “wanted” in its own right. This is
most clearly demonstrated by the ability of a reward-
associated stimulus to support instrumental behavior as a con-
ditioned reinforcer (CRf; Robbins 1978). Interestingly, ani-
mals also respond for sensory stimuli even in the absence of
an associative relationship with a primary reward (Stewart
1960; Olsen and Winder 2009), which indicates that sensory
stimuli themselves can exhibit some incentive properties. A
stimulus with the ability to support responding which has not
been paired with a primary reward can be described as an
“unconditioned sensory reinforcer” (USRf) to emphasize a
lack of conditioned value.

A CRf and a USRf are presumably distinct reinforcers; a
CRf has learned value due to being paired with a primary
reward, while a USRf exhibits some intrinsic value. Notably,
if a sensory stimulus presented during Pavlovian conditioning
is not paired with primary reward delivery, the stimulus does
not support responding (e.g., Beninger and Ranaldi 1992;
Mead and Stephens 2003; Browne et al. 2014). These findings
underscore the importance of conditioning or habituation
in the development of motivational significance.
Therefore, whether a sensory stimulus serves as a CRf
or a USRS likely depends on separable mechanisms of
incentive value attribution. Responding for a CRf may
better represent the ability of reward-associated cues to
influence motivated behavior, while responding for a
USRf may better illustrate the incentive properties of
sensory stimuli themselves.
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Preclinical studies suggest that housing conditions can alter
the reinforcing efficacy of primary rewards and diminish the
incentive value of reward-associated stimuli. For example,
animals housed with EE respond less for food and self-
administer less amphetamine compared to isolated animals
(Smith et al. 1997; Bardo et al. 2001). Enriched animals also
exhibit diminished cue-induced relapse to sucrose- and drug-
seeking behaviors, as well as reduced Pavlovian conditioned
approach to a food-associated stimulus (Laviola et al. 2008;
Grimm et al. 2008; Solinas et al. 2008; Chauvet et al. 2009;
Beckmann and Bardo 2012). Conversely, animals housed in
isolation self-administer cocaine at lower doses (Howes et al.
2000), exhibit greater sucrose consumption (Hall et al. 1997),
and respond more for a food-associated CRf compared to
isolated and socially housed animals (Jones et al. 1990;
Smith et al. 1997). These studies suggest that social isolation
potentiates reward sensitivity and the attribution of incentive
value to stimuli, while enrichment attenuates these processes.
However, the effect of housing conditions on the attribution of
incentive value to sensory stimuli serving as a CRf or a USRf
has not been systematically examined across enriched, social-
ly housed, and isolated groups of animals.

The behavioral consequences of altered housing conditions
may be indicative of changes to underlying neurochemical
systems. Incentive motivation is influenced by the mono-
amine neurotransmitters serotonin (5-hydroxytryptamine; 5-
HT), norepinephrine (NE), and dopamine (DA). Elevated 5-
HT generally suppresses responding for primary reinforcers
and CRfs (Richardson and Roberts 1991; Fletcher 1995;
Sanders et al. 2007), and elevated NE has been shown to
reduce heroin- and cocaine-seeking on second-order sched-
ules of reinforcement (Economidou et al. 2011). In contrast,
elevations in DA can facilitate motivated behaviors; DAergic
drugs such as psychostimulants are readily self-administered,
and increased DA activity can enhance the incentive salience
or value of reward-associated stimuli (Robinson and Berridge
1993; Sutton and Beninger 1999). A number of changes in
these monoamine systems have been observed following en-
vironmental manipulations. Examples include altered 5-HT
release (Brenes et al. 2008; Brenes and Fornaguera 2009)
and turnover (Heidbreder et al. 2000), NE release (Galani et
al. 2007) and autoreceptor function (Fulford and Marsden
1997), and DA turnover (Hall et al. 1998) and transporter
function (Darna et al. 2015). Therefore, the effects of housing
condition on incentive motivation may be due to, or interact
with, changes in monoamine activity.

The present experiments had three major objectives. The
first was to determine whether animals similarly respond for a
CRf or a USRS using the same stimulus for both reinforcers.
Measuring responding for a CRf and USRf provides two dif-
ferent indices of incentive motivation. Using an identical stim-
ulus for both reinforcers ensures that any differences in re-
sponse rates are not due to a specific sensory property of the
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stimulus itself. The second objective was to examine the ef-
fects of manipulating housing conditions on responding for a
CRf and a USRf. Based on observations that housing condi-
tion affects monoamine activity, the third objective was to
determine whether elevations of monoamine activity
interacted with housing condition to alter incentive motiva-
tion. Elevated monoamine activity was achieved by a systemic
injection of the 5-HT reuptake blocker citalopram, the NE
reuptake blocker atomoxetine, or the DA reuptake blocker
GBR 12909.

Methods
Subjects

Responding for a CRf or a USRS was examined in two sepa-
rate cohorts of male C57BL/6N mice (total N="71). Mice were
purchased from Charles River Laboratories (QC, Canada),
arrived in our facility on post-natal day 21, and were immedi-
ately separated into the following three housing conditions:
pair-housed (PH; two mice per cage), isolation-housed (IH;
one mouse per cage), or environmentally enriched (EE; six
mice per cage). In Experiment 1, there were 12 mice in each
condition; in Experiment 2, there were 10 mice in the PH
condition, 13 in the IH condition, and 12 in the EE condition.
Mice in the PH and IH groups were housed in cages measur-
ing 30x 13x 12 cm with bedding, a cellulose hut, and felt
nesting material. In the EE condition, mice were housed in a
larger cage measuring 44 x 23 x 15 cm containing a cellulose
hut, felt nesting material, and a number of extra enrichment
factors. These consisted of multiple water sources, an igloo
hut with top-mounted running wheel (Bio-Serv, Flemington,
NJ, USA), an enclosure with an elevated platform (Bio-Serv),
additional nesting materials, and a random number of small
objects. The objects (four to eight per cage) varied in size,
texture, and shape and were changed monthly to maintain
novelty within the enrichment cage. Behavioral testing began
on post-natal day 90.

All mice were housed in the same temperature and humid-
ity controlled room with a 12-h light/dark cycle with lights on
at 7:00 A.M. Mice had restricted access to water during be-
havioral testing, with water available for 2 h each day begin-
ning 1 h after testing. Water restriction was required for train-
ing and testing phases of responding for a CRf. Therefore,
mice tested for responding for the USRf were also
water restricted to ensure that all mice were in a sim-
ilar physiological state during testing. Food was avail-
able ad libitum. This work adhered to the guidelines of
the Canadian Council on Animal Care, and protocols
were approved by the Center for Addiction and Mental
Health Animal Care Committee.

Apparatus

Tests of responding for a CRf and USRf were carried out in 12
mouse operant conditioning chambers measuring
22 x 18 %13 cm, each enclosed in a sound-attenuating cubicle
equipped with a ventilation fan (Med Associates, St Albans,
VT). The stainless steel front wall of the chamber contained a
horizontally centered reinforcer magazine located 2.5 cm
above the floor. The magazine contained an infrared photode-
tector and a light. A motorized dipper could be raised to de-
liver 0.02-ml liquid through a hole in the floor of the maga-
zine. The wall also contained two response levers flanking the
magazine, a yellow LED stimulus light located above each
lever, and a centrally positioned houselight at the top of the
wall.

Locomotor activity was assessed using a custom-built sys-
tem of 16 clear polycarbonate chambers measuring
25 %45 %20 cm. Along the long axis of each box was an array
of 11 externally mounted infrared photodetectors spaced 4 cm
apart and 2 cm above the cage floor. Photocell interruptions
were detected and recorded as locomotor activity counts on a
DELL desktop computer.

Experiment 1: effect of housing condition and monoamine
reuptake blockade on responding for a conditioned
reinforcer

Responding for a conditioned reinforcer The behavioral
procedure for responding for a CRf was similar to that de-
scribed previously (Browne et al. 2014). Testing involved
the following three phases: pre-training, Pavlovian condition-
ing, and operant conditioning.

Pre-training Mice first received 1 week of acclimatization to
water restriction which continued through the entire experi-
ment. To reduce neophobia to saccharin (0.2 % w/v in tap
water) used as the primary reinforcer in this experiment, mice
were given home-cage access to bottles containing saccharin
for the first hour of fluid availability on 3 days of the acclima-
tization period. Mice were then habituated to operant cham-
bers for three 30-min sessions during which only the house-
light was illuminated. Subsequently, to accustom mice to the
operation of the dipper, mice received one 30-min session
during which they were trained to retrieve saccharin when it
was presented in the reinforcer magazine (Browne et al. 2014).

Pavlovian conditioning At the beginning of each 40-min
session, the houselight was turned on. Throughout the session,
a conditioned stimulus (CS) was presented immediately prior
to saccharin delivery 30 times according to a random time 60-
s schedule. The CS consisted of a 5-s period of houselight off,
illumination of both yellow stimulus lights, and the sound of
the dipper mechanism at the end of the 5 s. Stimulus lights
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remained on and the houselight remained off for eight addi-
tional seconds, during which the dipper remained elevated to
give animals time to collect the saccharin reward. The dipper
then descended, the stimulus lights were turned off, and the
houselight was re-illuminated. The total number of head en-
tries into the reinforcer magazine during the 5-s CS period
(prior to saccharin delivery) and the number of entries during
a 5-s period immediately prior to each CS (pre-CS period)
were recorded. Mice were tested once daily for 14 sessions.

Operant conditioning Mice were placed in the chambers
with two response levers present: an active lever and an inac-
tive lever. Responses on the active lever produced the CS
(now referred to as a CRf) on a random ratio (RR)2 schedule
of reinforcement. The CRf consisted of a shortened version of
the CS presented during the Pavlovian phase: 5-s period of
houselight off, stimulus lights on, and elevation of the dipper
(without saccharin) during the last 2 s. Responses on the in-
active lever were recorded but had no consequence. Mice first
received a pre-test session that lasted until 10 responses were
recorded on the active lever or until 40 min had elapsed. This
pre-test served to minimize potential confounding novelty of
the response levers on subsequent test days (Kelley and Delfs
1991; Fletcher 1995). Following this session, all tests of
responding for conditioned reinforcement were carried out
with the same parameters in 40-min sessions. Mice were test-
ed once daily for five sessions.

Following baseline testing, the effects of acute elevations
of monoamine activity through serotonin transporter (SERT),
norepinephrine transporter (NET), and dopamine transporter
(DAT) blockade on responding for a CRf were examined
across housing conditions. For SERT blockade, mice were
treated with vehicle, 10 or 20 mg/kg citalopram prior to test-
ing. For NET blockade, mice were treated with vehicle, 0.3, 1,
or 3 mg/kg atomoxetine prior to testing. For DAT blockade,
mice were treated with vehicle, 2.5, 5, or 10 mg/kg GBR
12909 prior to testing. Test days were separated by 72 h, and
doses were administered according to a Latin square design.
Drugs were tested in a fixed order for all mice: citalopram,
atomoxetine, and then GBR 12909.

Locomotor activity Following completion of conditioned re-
inforcement testing, mice were provided free access to water
and locomotor activity was then measured for 1 h over three
daily sessions.

Experiment 2: effect of housing condition and monoamine
reuptake blockade on responding for an unconditioned

sensory reinforcer

Locomotor activity As in Experiment 1, locomotor activity
was measured for 1 h over three daily sessions in mice
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that were not water restricted. Testing was completed prior
to responding for a USRf.

Responding for an unconditioned sensory reinforcer All
mice were acclimatized to the water restriction schedule for
1 week on which they were maintained for the duration of the
study. The behavioral procedure for responding for a USRf
was adapted from Olsen and Winder (2009). Mice were first
habituated to the operant conditioning chambers for three dai-
ly 30-min sessions, during which only the houselight was
illuminated and no levers were available. In subsequent ses-
sions, two response levers were presented: an active lever and
an inactive lever. Responses on the active lever delivered the
USRT, while responses on the inactive lever were recorded but
had no programmed consequence. The USRf was iden-
tical to the stimulus used as the CRf in Experiment 1, a
5-s period of houselight off and stimulus lights on and
elevation of the empty dipper during the last 2 s. Each
daily session lasted 60 min. The longer session length
relative to Experiment 1 was used because pilot studies
showed that this was needed to ensure comparable
levels of responding between experiments.

Mice first acquired responding on a fixed ratio 1 (FR1)
schedule of reinforcement for 7 days, in which every active
lever response was reinforced. Mice were then shifted to an
RR2 schedule for seven additional baseline sessions. The RR2
schedule of reinforcement was used to promote higher levels
of responding than on the FR1 schedule and ensure that test-
ing was completed on the same schedule as mice responding
for a CRf. The effects of citalopram, atomoxetine, and GBR
12909 on responding for a USRf were then examined on the
RR2 schedule. The drug treatment protocol was identical to
that presented in Experiment 1.

Drugs

Citalopram hydrobromide (Toronto Research Chemicals,
Toronto, Canada), atomoxetine hydrochloride (Tocris,
Bristol, UK), and GBR 12909 dihydrochloride (Tocris,
Bristol, UK) were all dissolved in 0.9 % saline and adminis-
tered intraperitoneally in a volume of 10 ml/kg 20 min prior to
behavioral testing. All doses are expressed in terms of the free
base. Animals received two acclimatization injections of sa-
line in their homecage prior to drug testing phases. Drug treat-
ments were in the order of citalopram (10 and 20 mg/kg),
atomoxetine (0.1, 0.3, and 1 mg/kg), and GBR 12909 (2.5,
5, and 10 mg/kg). As we predicted that citalopram and
atomoxetine treatment would suppress responding, these
drugs were administered first. Therefore, any potential reduc-
tions in response rates due to repeated testing would have less
of an impact on citalopram or atomoxetine’s effects. Also,
GBR 12909 was administered last to avoid any potential sen-
sitizing effects of elevated DA activity on subsequent tests of
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responding for either reinforcer. The doses of citalopram used
were based on previous work conducted in our lab using tests
of responding for CRf (Browne et al. in preparation), and
doses of atomoxetine and GBR 12909 were based on pub-
lished findings (Baarendse and Vanderschuren 2012; Young
et al. 2010).

Statistical analysis

Analyses were performed using Statistica (v7). For all analy-
ses, significance was set at p<0.05. In Experiment 1, the
number of magazine entries during Pavlovian conditioning
sessions was analyzed using a three-way repeated measures
ANOVA with CS period and day of training as within-subjects
factors, and housing condition (group) as a between-subjects
factor. For operant testing (i.e., responding for a CRf or
USRY), the number of responses was analyzed with a three-
way repeated measures ANOVA with lever (active and inac-
tive) and session as within-subjects factors and group as a
between-subjects factor. To determine whether administration
of each transporter blocker altered responding, data were an-
alyzed individually for each drug using three-way repeated
measures ANOVAs with group as a between-subject factor,
and lever and dose as within-subjects factors. Where noted,
two-way ANOVAs including lever and dose as within-
subjects factors were also examined for each group.
Locomotor activity data were analyzed using two-way repeat-
ed measures ANOVAs comparing the activity between groups
across each session. Post hoc pairwise comparisons were per-
formed using the Tukey’s honest significant difference test.
When a main effect of drug was observed, post hoc analyses
were conducted to compare responding on the active lever
under vehicle conditions with each dose of the drug. To con-
firm that baseline responding was stable during drug testing,
correlations for reliability of testing were conducted across
vehicle treatments. Correlation coefficients ranged from 0.42
to 0.84 (all p<0.012), demonstrating that behavior did not
significantly vary across vehicle conditions. Additionally, post
hoc comparisons of active lever responding during vehicle
conditions did not differ between housing groups in either
experiment (all p>0.05).

Results

Experiment 1: effect of housing condition and monoamine
reuptake blockade on responding for a conditioned
reinforcer

Training and baseline testing Over the course of
Pavlovian conditioning, PH, IH, and EE mice all
learned to approach the reward magazine upon CS pre-
sentation at similar rates (Fig. la). Magazine entries
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Fig. 1 Effects of housing conditions on Pavlovian conditioned approach
and responding for a conditioned reinforcer. a The mean (+SEM)
numbers of reward magazine entries during 5-s CS presentations prior
to saccharin delivery (CS; filled symbols) and during a 5-s period just
before CS onset (pre-CS; open symbols) were similar across pair-
housed (PH; n=12), isolation-housed (IH; n=12), and enriched (EE;
n=12) mice. b The mean (+SEM) number of responses on the lever
delivering the CS as a conditioned reinforcer (active lever; filled
symbols) and the inactive lever (open symbols) for PH, IH, and EE
mice. IH mice made significantly more responses for the conditioned
reinforcer compared to both PH and EE mice, which exhibited similar
levels of responding

were higher during CS periods relative to pre-CS pe-
riods overall (F(;, 33y=74.82, p<0.001). This difference
emerged over time (day xCS period F(i3, 429)=35.98,
p<0.001) equally for all three groups (group F,, 33y=0.77,
ns). During the operant conditioning phase, responses on the
active lever that delivered the CRf were higher than responses
on the inactive lever for all groups (lever F(; 33,=31.10,
p<0.001; Fig. 1b). However, mice in the IH group responded
more for the CRf compared to PH and EE mice (group F,,
33)= 3 74, p< 005, lever x group F(z, 33)< 368, p< 005)

Effect of citalopram on responding for a CRf Citalopram
decreased active lever responding similarly in all three groups
(dose F(o, 66)=34.60, p<0.001; dose x lever F(, ¢5=23.70,
p<0.001; and dose x lever x group F4, ¢¢)=1.43, ns; Fig. 2a—
c). Post hoc Tukey’s HSD tests confirmed that, relative to
vehicle, 10 mg/kg citalopram reduced responding for the
CRf in IH and EE mice and 20 mg/kg decreased responding
in all groups (all p<0.05).
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Fig. 2 Effects of monoamine o
reuptake blockade on responding ® 1a
for a conditioned reinforcer across §_ 100
pair-housed (PH; left panels; g 80
n=12), isolation-housed (IH; % 60 1
middle panels; n=12), and 5

enriched (EE; right panels; £

n=12) mice. Bars represent the Z 0

mean (+:SEM) number of 0
responses on the lever producing
the conditioned reinforcer (active
lever; filled bars) and on the
inactive lever (open bars)
following citalopram (a—c),
atomoxetine (d—f), or GBR 12909
(g—i) challenge. *p <0.05
compared to vehicle
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Effect of atomoxetine on responding for a CRf
Atomoxetine decreased responding on the active lever in all
three groups (dose F (3, 99)=17.21, p<0.001; dose x lever F3,
99y=10.80, p<0.001; and dose x lever x group Fis, 99)=1.86,
ns; Fig. 2d-f). Although the overall group x dose interaction
was not significant, post hoc tests confirmed that, relative to
vehicle, 1 mg/kg atomoxetine significantly reduced
responding for the CRf in IH mice and the 3 mg/kg dose
reduced active lever responding in all groups (all p <0.05).

Effect of GBR 12909 on responding for a CRf GBR 12909
significantly increased responding on the active lever (dose
F(3’ 99) =497, p< 0.01; dose x lever F(g, 99) = 3.39, p< 0.05;
Fig. 2g—i). Although the dose x group interaction was not sig-
nificant (Fs, 99)=1.33, ns), visual inspection of the data in
Fig. 2g—i suggested that GBR 12909 enhanced responding
only in the EE group. Thus, we performed separate two-way
repeated measure ANOVAs for each housing group. These
analyses revealed that GBR 12909 did not significantly affect
responding in PH (dose F(3, 33y=1.42, ns; dose x lever F3,
33y=1.00, ns) or IH mice (dose F(3, 33y=2.54, ns; dose x lever
F, 33y=1.68, ns). However, GBR 12909 significantly en-
hanced responding for the CRf in EE mice (dose Fs,
33y=3.44, p<0.05; dose x lever F3, 33y=3.41, p<0.05). Post
hoc tests confirmed that, relative to the vehicle injection, an-
imals increased responding on the active lever at the 10-mg/kg
dose (p<0.05) and moderately at the 5-mg/kg dose (p=0.09).
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Experiment 2: effect of housing condition and monoamine
reuptake blockade on responding for an unconditioned
sensory reinforcer

Acquisition and baseline testing Over the course of testing,
all groups of mice responded more on the active lever deliv-
ering the USRf compared to the inactive lever (Fig. 3). On the
FR1 schedule of reinforcement, IH mice made significantly
fewer responses on the active lever compared to both PH and
EE mice as demonstrated in Fig. 3a (lever xday F,
192)=4.88, p<0.05; group Fo, 32=4.27, p<0.05). However,
all groups of mice eventually showed similar levels of
responding on the RR2 schedule of reinforcement (group
Fo, 32=0.30, ns; lever x day Fs 192)=0.47, ns); responding
on the active lever was higher than on the inactive lever in all
groups on the RR2 schedule (lever F(;, 32)=29.57, p<0.001).

Effect of citalopram on responding for a USRS Citalopram
significantly decreased active lever responding (dose F(,,
64=23.34, p<0.001; dose xlever F(5 ¢4y=9.32, p<0.001;
and dose x lever x group F4, ¢4y=0.45, ns; Fig. 4a—c). Post
hoc tests confirmed that, relative to vehicle, both 10 and
20 mg/kg citalopram significantly reduced active lever re-
sponses in all three groups of mice (all p<0.05).

Effect of atomoxetine on responding for a USRf
Atomoxetine decreased active lever responding (dose Fis,
96)= 19.12, p<0.001; dose xlever F(3, 96,=5.52, p<0.01;
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Fig. 3 Effects of housing conditions on responding for an unconditioned
sensory reinforcer (USRS) on fixed ratio 1 (FR1) and random ratio 2
(RR2) schedules of reinforcement. For clarity, responding on the active
and inactive levers is presented on separate panels. a The mean (:SEM)
number of responses on the lever delivering the USRf (active lever) and b
the inactive lever across pair-housed (PH; n=10), isolation-housed (IH;
n=13), and enriched (EE; n = 12) mice. IH mice made significantly fewer
responses for the USRf than PH and EE mice on the FR1 schedule of
reinforcement but reached similar levels during testing on the RR2
schedule

Fig. 4d-f). However, a dose x group interaction was also ob-
served (£, 96)=2.67, p<0.05), indicating that the effect of
atomoxetine differed across housing conditions. Therefore,
we performed two-way repeated measure ANOVA separately
for each group and found that atomoxetine generally de-
creased responding in all three groups (dose all Fs>6.4 and
all ps<0.01). However, a dose X lever interaction was ob-
served in PH (F3, 27y=3.37, p<0.05) and IH mice (F3,
36):3-423 p<005) but not EE mice (F(3,33): 158, IlS).
Nonetheless, post hoc tests confirmed that atomoxetine re-
duced responding on the active lever at both 1 and 3 mg/kg
in PH and EE mice and 3 mg/kg decreased responding in [H
mice (all p<0.05).

Effect of GBR 12909 on responding for a USRf Treatment
with GBR 12909 significantly increased responding on the
active lever (dose F3, 96y=2.97, p<0.05; dose x lever F3,
96)=3.02, p<0.05; Fig. 4g-i). While the effect of GBR
12909 appeared similar across groups (dose X group Fig,
96)=0.66, ns), like the effects of GBR 12909 on responding
for a CRf, post hoc tests revealed that only EE mice showed
significantly increased responding for the USRf following the
5-mg/kg dose (»<0.05).

Locomotor activity

Locomotor activity was examined across three sessions after
completion of tests of operant responding in Experiment 1
(Fig. 5a) and before beginning operant responding tests in
Experiment 2 (Fig. 5b). In both experiments, locomotor activity
decreased across sessions (Experiment 2, day F(, ¢6)=8.47,
p<0.001; Experiment 1, day F,, ¢2,=3.29, p<0.05) but did
not differ between groups (Experiment 2, day X group F4,
62)= 1.99, ns; Experiment 1, day X group F», 66,=1.20, ns).

Discussion

These experiments found that mice responded for an identical
stimulus serving as a CRf or a USRf and that responding was
influenced by post-weaning housing condition. Whereas EE
and PH mice showed similar response rates for both rein-
forcers, IH mice exhibited higher responding for a CRf but
slower acquisition of responding for a USRf. The differences
observed between the socially housed animals and IH mice
suggest that changes specifically in the social component of
the housing condition had the most significant impact on
responding for these two reinforcers. These results also dem-
onstrated that elevating monoamine activity altered
responding for a CRf and USRf. Treatment with citalopram
or atomoxetine, which, respectively, blocks the 5-HT and NE
transporters, decreased responding for both a CRf and USRf
across all housing conditions. Conversely, while DA trans-
porter blockade with GBR 12909 enhanced responding in
general, further analyses comparing active lever presses be-
tween each dose and vehicle found a significant increase in
responding for both reinforcers only in EE mice.

An important aspect of the present experiments was that the
stimulus used as a CRf and a USRf was identical. The only
difference between the CRf and USRf arose from the animal’s
experience with either stimulus. The CRf stimulus acquired
value due to a direct pairing with a primary reward through
Pavlovian conditioning. In contrast, the ability of a USRf to
support responding without conditioning suggests that the val-
ue of a USR{'is likely based on intrinsic incentive properties of
the stimulus itself. Therefore, the psychological mechanisms
by which a CRf and USRf acquire salient properties are po-
tentially different. This notion is supported in the present ex-
periments by the distinct pattern of responding for a CRf and
USRf exhibited by IH mice. Future studies are necessary to
determine whether different brain regions are involved in
responding for these reinforcers.

In the Pavlovian conditioning phase of Experiment 1, all
three groups of mice learned to approach the reward magazine
upon CS presentation at similar rates, indicating that simple
stimulus-reward learning was not affected by housing condi-
tions. However, housing condition clearly altered subsequent
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Fig. 4 Effects of monoamine
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responding for the reward-associated stimulus serving as a
CRf. While PH and EE mice showed similar levels of
responding, IH mice made significantly more responses than
these groups across all baseline sessions. These results are
similar to a previous study in which isolated rats exhibited
higher responding for a CRf compared to socially housed
controls (Jones et al. 1990). In the present experiments, there
was no difference in locomotor activity between the different
housing groups, indicating that enhanced responding for a
CRf in IH mice is not a reflection of general activity levels.
Together, these results demonstrate that while housing condi-
tion did not alter the ability of animals to learn the predictive
value of a reward-associated stimulus, the stimulus may have
acquired greater incentive value in IH mice.

The EE and PH mice share an element of social enrich-
ment, but they differ in terms of physical enrichment. Given
that EE and PH mice did not exhibit different patterns of
responding for a CRf, the physical enrichment or additional
cagemates in the EE condition seemingly did not produce a
sufficient change in the incentive value of a reward-associated
stimulus. This appears to contrast with previous studies using
rats showing that animals housed with EE exhibit blunted cue-
induced reinstatement for food or drug seeking (Grimm et al.
2008; Chauvet et al. 2009; Beckmann and Bardo 2012).
However, these reinstatement procedures assess whether a
reward-associated stimulus can invigorate a previously
extinguished behavior; this reinstatement procedure does not
demonstrate whether the stimulus itself supports responding
based on its incentive value. Furthermore, many studies that
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examine the effects of environmental manipulations compare
EE to IH animals (e.g., Grimm et al. 2008; Beckmann and
Bardo 2012). The lack of an appropriate pair-housed control
group makes it difficult to discern whether enrichment or iso-
lation altered behavior (see Simpson and Kelly 2011).
Results from Experiment 2 showed that the rate at which
mice acquired responding for a USRf was also influenced by
post-weaning housing condition. While socially housed mice
demonstrated similar levels of responding, IH mice initially
made very few responses for the USRf and took longer to
reach the same level of responding as the EE and PH groups.
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Fig. 5 Effects of housing conditions on locomotor activity. a The mean
(#SEM) number of activity counts across three test sessions in pair-
housed (PH; n=12), isolation-housed (IH; n=12), and enriched (EE;
n=12) mice following all behavioral manipulations in Experiment 1. b
The mean (=SEM) numbers of activity counts across three test sessions in
PH (n=10), IH (n=13), and EE (n=12) mice prior to any behavioral
manipulations in Experiment 2
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Contrary to these results, a previous study found that enriched
rats made fewer responses for a visual stimulus compared to
both IH and PH rats (Cain et al. 2006). However, procedural
differences could account for this discrepancy. In the study by
Cain et al. (20006), rats were either habituated to the levers or
had performed lever pressing behavior prior to tests of
responding for a visual stimulus. This procedure resulted in
responding for the stimulus which steadily decreased over
repeated testing, likely reflecting a response pattern initially
supported by novelty. In contrast, animals in the present ex-
periments were not habituated to response levers, and lever
pressing was only reinforced by the USRf. This procedure
produced selective responding for the USRf that was stable
over repeated testing. Our procedures and results are consis-
tent with previous studies (Stewart 1960; Olsen and Winder
2009, 2012; Shin et al. 2010; Keller et al. 2014) and persua-
sively show that the USRf supported responding due to its
intrinsic value as opposed to novelty.

One potential contributing factor to the slow acquisition of
responding for the USRf in IH mice in Experiment 2 may be
an initial neophobic reaction to the sensory stimulus itself.
Generalized neophobia is a distinctive behavioral phenotype
of rodents reared in isolation (Gentsch et al. 1982; Fone et al.
1996; Fone and Porkess 2008). Greater neophobia in IH mice
could have an inhibitory effect on responding for the USRf
early on in Experiment 2 due to the unfamiliar stimulus
resulting from lever pressing. This effect contrasts with
Experiment 1, wherein 14 sessions of Pavlovian conditioning
familiarized animals with the stimulus, thus preventing
neophobic response suppression in the subsequent operant
phase. In fact, IH mice demonstrated the greatest level of
responding for the same stimulus when it served as a CRf.
However, no differences in overall locomotor activity on the
first day of testing (when the context was novel) were ob-
served in the present study between any housing conditions.
Therefore, if neophobia is a contributing factor in acquisition
of responding for a USRY, it could be specific to the response-
contingent stimulus itself as opposed to reflecting a general-
ized novelty-induced behavioral suppression.

Manipulations that elevate extracellular 5-HT consistently
reduce responding for primary reinforcers such as food, intra-
cranial self-stimulation, and drugs (Kornblith and Hoebel 1976;
Katz and Carroll 1977; Richardson and Roberts 1991; Lee and
Kornetsky 1998; Sanders et al. 2007). Additionally, the 5-HT
releaser dexfenfluramine has been shown to decrease
responding for a CRf, while lesions of 5-HT neurons may fa-
cilitate responding (Fletcher 1995; Fletcher et al. 1999). In the
present experiments, acute SERT blockade with citalopram pro-
duced a clear reduction in responding across groups for both a
CRf and a USR{, which supports the notion that 5-HT exerts a
broad, inhibitory control over incentive motivation.

Changes in NE activity may also alter the incentive
value of a reward-associated stimulus. These experiments

demonstrated that atomoxetine significantly reduced
responding for a CRf and a USRf. Consistent with this
finding, atomoxetine has been shown to suppress cue-
induced reinstatement of cocaine- and heroin-seeking be-
havior (Economidou et al. 2011). Treatment with amphet-
amine, which has a higher affinity for NET over DAT in
mice (Han and Gu 2006), has also reduced responding for
a CRf in C57BL/6 mice (Browne et al. 2014). However,
elevated NE reduces performance of other behavioral tasks
that do not directly measure incentive motivation. For ex-
ample, atomoxetine and other NET blockers—but not
citalopram or GBR 12909—increased the number of trials
omitted on the five-choice serial reaction time task, a test
of attention, and motor impulsivity (Baarendse and
Vanderschuren 2012; Navarra et al. 2008). Therefore, re-
duced responding for a CRf or USRf following elevated
NE activity may not be fully explained by decreased in-
centive motivation.

Elevated DA activity tends to enhance motivation. In
rats, treatment with psychostimulants such as amphet-
amine or cocaine increases responding for a CRf
(Robbins 1978; Robbins et al. 1983; and see Sutton
and Beninger 1999 for review), an effect attributed to
increased mesolimbic DA activity (Taylor and Robbins
1984; Cador et al. 1991). Interestingly, enriched rats
have been shown to exhibit a heightened locomotor ac-
tivity response to acute challenges with amphetamine
(Bowling et al. 1993) or the DA agonist apomorphine
(Hoffmann et al. 2009). In the present experiments, the
selective DAT blocker GBR 12909 increased responding
for both reinforcers only in EE mice. Therefore, EE
appeared to enhance the sensitivity to acute elevations
of DA. The enhanced sensitivity to DA may be influ-
enced by the increased number and complexity of social
interactions in the EE group (caused by the greater
number of animals in the enrichment cage compared
to PH or IH groups), additional exercise from the pres-
ence of a running wheel, or the number of enriching
factors. Additional experiments that control for these
variables would provide insight into how EE enhances
the effects of acute DAergic manipulations.

In conclusion, these experiments show that post-
weaning housing conditions can influence basal incen-
tive motivation in mice determined by differential
responding for a CRf or for a USRf. The main contrib-
uting factor to this effect was the social component of
the housing condition. These results also suggest that
augmented 5-HT or NE activity broadly inhibits incen-
tive motivation. Conversely, increased DA activity en-
hanced incentive motivation specifically in animals
housed with enrichment, indicative of an altered sensi-
tivity of underlying DA systems compared to animals
housed without enrichment.
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