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Abstract

Gene transcription is essential for learning, but the precise role of transcription factors that control expression of many other
genes in specific learning paradigms is yet poorly understood. Zif268 (Krox24/Egr-1) is a transcription factor and an
immediate-early gene associated with memory consolidation and reconsolidation, and induced in the striatum after
addictive drugs exposure. In contrast, very little is known about its physiological role at early stages of operant learning. We
investigated the role of Zif268 in operant conditioning for food. Zif268 expression was increased in all regions of the dorsal
striatum and nucleus accumbens in mice subjected to the first session of operant conditioning. In contrast, Zif268 increase
in the dorsomedial caudate-putamen and nucleus accumbens core was not detected in yoked mice passively receiving the
food reward. This indicates that Zif268 induction in these structures is linked to experiencing or learning contingency, but
not to reward delivery. When the task was learned (5 sessions), Zif268 induction disappeared in the nucleus accumbens and
decreased in the medial caudate-putamen, whereas it remained high in the lateral caudate-putamen, previously implicated
in habit formation. In transgenic mice expressing green fluorescent protein (GFP) in the striatonigral neurons, Zif268
induction occured after the first training session in both GFP-positive and negative neurons indicating an enhanced Zif268
expression in both striatonigral and striatopallidal neurons. Mutant mice lacking Zif268 expression obtained less rewards,
but displayed a normal discrimination between reinforced and non-reinforced targets, and an unaltered approach to food
delivery box. In addition, their motivation to obtain food rewards, evaluated in a progressive ratio schedule, was blunted. In
conclusion, Zif268 participates in the processes underlying performance and motivation to execute food-conditioned
instrumental task.
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Introduction appetitive Pavlovian responses whereas the dorsal striatum, or
caudate-putamen (CPu), is preferentially involved in instrumental
conditioning [7,8]. In the CPu, the lateral part receiving
innervation from the sensorimotor cortex has been distinguished
from the medial part innervated by prefrontal cortex. Lateral CPu
controls the formation of habits in which stimulus-response
associations prevail with a loss of control by the outcome [9]. By
contrast, medial CPu is critical for the formation of action-
outcome associations mediating goal-directed behaviors [8].
Despite substantial progress in the identification of corticos-
triatal circuits involved in conditioning processes, little information
1s available about their molecular mechanisms. Dopamine plays a
critical role in the consolidation of instrumental learning and
Pavlovian conditioning through the combined action of dopamine
D1 receptor (DIR) and glutamate NMDA receptors [10,11,12].
These results indicate that the coincident activation of DIR and
NMDA receptors activates specific signaling pathways, promoting
synaptic plasticity necessary for instrumental learning [13]. These
mechanisms have many similarities with those required for the
development of conditioned responses induced by psychostimu-

Animals adapt their behavior when they receive reward, leading
to incentive learning and changes in motivation state [1]. Learning
processes are of two types, Pavlovian conditioning in which
predictive associations of sensory stimuli with reward are
memorized, and instrumental conditioning in which the conse-
quences of motor acts are learned in relation with reward [2]. In
combination with these learning processes, elements of stimulus-
reward and action-reward associations acquire motivational values
that greatly influence the animal willingness to perform the
learned responses [3].

Considerable research has long suggested that these processes
are controlled by the cerebral cortex and basal ganglia, the cortex
being a major source of input to the basal ganglia through its
topographical projections to the striatum [4]. In both rodents and
humans, different types of conditioning are controlled by specific
parts of the striatal complex that are connected with specific
cortical areas [5,6]. Despite some controversies in the literature,
the ventral part of the striatum, or nucleus accumbens (NAc),
appears to be more implicated in the acquisition and expression of
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lants, which also depend on co-activation of DIR and NMDA
receptors [14]. Psychostimulant-induced conditioning activates the
extracellular signal-regulated kinase (ERK) pathway through
combined stimulation of DIR and NMDA receptors [15,16].
Thus, the ERK pathway behaves as a logical “AND” gate, or
coincidence detector, for plasticity [17]. Blockade of ERK
activation inhibits both operant conditioning and psychostimu-
lant-conditioned place preference [15,18]. It is proposed that,
during the learning sessions, ERK is activated in the striatum and
engages transcriptional and translational mechanisms to enable
corticostriatal plasticity and memory formation. However, the key
proteins regulated by ERK during learning remain to be
identified. Among the molecules downstream from ERK,
Zif268, a transcription factor of the Egr family (Egrl, also known
as Krox-24, NGFI-A, TIS8, AT225, G0S30, or ZNF225), is well
characterized for its role in synaptic plasticity and memory
consolidation [19]. Zif268 is strongly regulated by acute psycho-
stimulant administration [20,21] and participates in cocaine-
conditioned place preference, a Pavlovian-type conditioning [22].
In the present study, we investigated whether Zif268 is induced
during the first learning phases of a simple instrumental task. We
determined the localization of this induction in the various areas of
the striatum and the role played by contingency between operant
behavior and reward. Finally, using Zif268-deficient mice, we
studied the behavioral consequences of the lack of Zif268 on
instrumental learning. Our results show that Zif268 is induced in
the striatum by instrumental learning and is critical for the
motivation to perform instrumental task.

Materials and Methods

Ethics statement

All the experiments were in accordance with the guidelines of
the French Agriculture and Forestry Ministry for handling animals
(decree 87-848). The laboratory was approved to carry out animal
experiments by the Direction Départementale des Services Vétérinaires de
Paris, Service de la Protection et de la Sante Animales et de la Protection de
UEnvironnement (licence B75-05-22). The experimental protocols
were approved by the Institut du Fer & Moulin local review board.
The principal investigators had a personal agreement (D Hervé,
licence C-75-828; JA Girault, licence 75-877).

Animals

Eight-week old C57BL/6J mice (Janvier, France) were used in
the present study. They were maintained in 12 h light/dark cycle,
in stable conditions of temperature (22°C) with freely available
water. Food was freely available until 1 week before training.
Drdla::GFP mice were generated by the GENSAT (Gene
Expression Nervous System Atlas) program at the Rockefeller
University (New York, NY) on a Swiss Webster background [23].
These mice carried a recombined bacterial artificial chromosome
(BAC) transgene expressing green fluorescent protein (GFP) under
the promoter of the dopamine D1R gene. In these mice, GFP was
shown to be expressed in less than 60% of medium-sized spiny
neurons (MSNs), those containing DIR and projecting to the
substantia nigra [24,25,26].

We used mutant mice with disrupted Zif268 gene in which a
LacZ sequence was inserted 50 base pairs upstream of the start
codon and a frameshift mutation was created [27]. Homozygous
and heterozygous Zif268 mutant mice as well as their wild type
littermates were produced from heterozygous mutant pairs that
had been backcrossed on a C57BL/6N background for 10
generations. To compare their weight and food intake, homozy-
gous (n = 7) and heterozygous (n = 7) mice as well as their wild type
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littermates (n = 10) were isolated in individual cages. After 9 days,
the food intake per 24 h was evaluated by measuring the weight of
pellets every day during five days (food ad libitum). Each
individual was weighted the 14™ day.

Instrumental learning protocol

One week before training, mice were food-deprived to adjust
their weight to 90% of their initial weight. The weight was then
maintained all along the experiments, by adjusting the food
amount after each session, taking into account the food intake
during the test. Mice were trained for instrumental operant
learning using polymodal cages with two nose-poke holes on either
side of a food delivery cup (Imétronic, France). In the “Active”
group, mice had to poke in the “active hole” signaled by a white
light above it, in order to get a 20 mg food pellet (Phymep, France)
in the food cup. Poking in the “inactive hole”, with no light above,
had no consequence. Following delivery of a pellet, the cue light
was switched off for 10 seconds indicating no food was available
during that period. In the “Yoked” group, mice were placed in the
same boxes with two orifices (one indicated by a light and the
other not). They received a food pellet when a paired “Active”
mouse obtained one. In this group, the food delivery was thus not
contingent on poking. Finally, in the “Control” group, mice were
exposed to the same context, but no food was delivered when
poking occurred in the signaled hole. During training, the
numbers of pokes in the reinforced hole, non-reinforced hole,
and food cup (full or empty) were recorded every 5 min, in
addition to the number of obtained pellets. One animal of the
Active group that did not obtain any food pellet at the end of the
first training session was excluded from the analysis.

Homozygous (n=11) and heterozygous (n = 16) Zif268 mutant
mice and their wild type littermates (n=18) were trained in 1-h
daily sessions in the same operant boxes for a total of 15 days. The
training was comprised of three session blocks of 5 days in which
increasing fixed ratio (FR) schedules were applied: FR1 (days 1-5),
FR5 (days 6-10) and FR10 (days 11-15). On the 16" day, all the
mice were tested on a 2-h progressive ratio (or PR) schedule, in
which the number of pokes required for pellet delivery was
increased after each delivery. The required numbers of pokes were
increased as follows: 1, 2, 3, 5, 12, 18, 27, 40, 60, 90, 135, 200,
300, 450, 675, 1000, 1500, 2000, and 3000 (adapted from [28]). In
this test, the breaking point was determined by the number of
nose-pokes necessary for delivery of the last pellet obtained by the
animals at the end of the session.

Tissue processing for immunofluorescence and

immunocytochemistry

Food-deprived mice were tested in a 1-h session of FRI
schedule for 1 or 5 days. After the last session, mice were rapidly
anesthetized with pentobarbital (500 mg/kg, i.p.; Sanofi-Aventis)
and perfused transcardially with 4% (weight/vol) paraformalde-
hyde in 0.1 M sodium phosphate buffer, pH 7.5. Brains were post-
fixed overnight in the same solution and stored at 4°C. Thirty-
micrometer thick coronal sections were cut with a vibratome
(Leica) and stored at —20°C in a solution containing 30% ethylene
glycol, 30% (both vol/vol) glycerol, and 0.1 M sodium phosphate
buffer, until they were processed for immuno-labelling following
the protocol described in [24]. After three 10-min washes in Tris-
buffered saline (ITBS; 0.10 M Tris and 0.14 M NaCl, pH 7.4), free
floating brain sections were incubated for 5 min in TBS
containing 3% HyOy and 10% methanol, and rinsed again in
TBS 3 times for 10 min. Brain sections were then incubated for
15 min in 0.2% (vol/vol) Triton X-100 in TBS, rinsed 3 times in
TBS and blocked in 3% (weight/vol) bovine serum albumin—-TBS
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solution before incubation overnight at 4°C with either rabbit
monoclonal antibody directed against Zif268 (1:1000, Cell
Signaling Technology, ref. 15f7) or rabbit polyclonal antibody
directed against c-Ios (1:1000; Santa Cruz Biotechnology: ref. sc-
52). The next day, brain sections were washed 3 times in TBS for
10 min and Zif268 or c-Fos immunolabelling was revealed by
immunofluorescence in most experiments or by Immunocyto-
chemistry for some of them. For immunofluorescence, the sections
were incubated with goat anti-rabbit Cy3-coupled antibody
(1:400; The Jackson Laboratories) for 45 min and, after two 10-
min rinses in TBS and two 10-min rinses in Tris buffer (T'B;
0.25 M Tris, pH 7.5), they were mounted in Vectashield (Vector
Laboratories). For immunocytochemistry, after the primary
antibody incubation and three rinses in TBS, the sections were
incubated for 2 h at room temperature with the biotinylated
secondary antibody (anti-IgG, 1:200) in TBS. Sections were then
incubated 2 h with avidin-biotin-peroxydase complex (ABC)
solution (final dilution, 1:50; Vector Laboratories, Petersbourgh,
UK). After rinses in TB, sections were placed in a solution of TB
containing 0.1% 3,3’-diaminobenzidine (DAB; 50 mg/100 ml)
and developed by adding HyO, (0.02%). They were mounted in
Eukitt® (Sigma-Aldrich) after dehydration through alcohol and
delipidation by xylene.

Image acquisition and analysis of immunostained
sections

Immunofluorescence was analyzed by sequential laser-scanning
confocal microscopy (SP2; Leica) and peroxidase immunocyto-
chemistry with a bright field microscope (DM6000B, Leica).
Image analysis was performed at the Institut du Fer a Moulin
Imaging facility. Simple or double-labeled pictures from the
various regions of interest were taken in the caudate-putamen and
nucleus accumbens at the 0.98 mm antero-posterior coordinate
(distance from Bregma) according to the Paxinos and Franklin
mouse atlas [29]. Neuronal quantification was performed in
375%375 pm images by counting cells above a fixed threshold
using image-] software (http://rsbweb.nih.gov/ij/). For acquisi-
tion and cell counting, images were taken by an observer unaware
of the treatment and randomized using home-made software
before counting.

Statistical Analysis

All statistical analyses were done using GraphPad Prism 5
software (GraphPad Software, Inc.) or Statistica (StatSoft, Inc).
Numbers of Zif268 or c-Fos-positive cells and behavior parameters
were analyzed using Student’s t test or, one-way or two-way
ANOVA followed by Bonferroni post-hoc tests. When appropri-
ate, subjects were matched across sessions. Sphericity was tested
using Mauchly’s sphericity test and when assumption of sphericity
was rejected, the results were adjusted using the Huynh-Feldt
correction.

Results

Regulation of striatal Zif268 expression during operant
conditioning in mice

To test if Zif268 expression could be altered by training for
instrumental task, we subjected two groups of mice to a single or
five sessions with a FR1 schedule (“Active”) and compared them
to two control groups with 1 and 5 sessions, respectively
(“Control”). The “Control” mice were exposed to identical
chambers with the same environmental conditions, including the
same lighting above one orifice, but nose-poking in the light-cued
hole produced no delivery of food pellet. This excluded that Zif268
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induction could be caused by some non-specific stimuli unrelated
to the task. We measured the number of cells expressing Zif268
protein at the end of the session (1 h) using immunohistochemistry
(Fig. 1a). We analyzed two regions receiving projections from the
sensorimotor cortex: the dorsolateral (DL) and ventrolateral (VL)
parts of the CPu; and four regions innervated by neurons
originating in the prefrontal cortex: the dorsomedial (DM) and
ventromedial (VM) CPu and the core and shell of NAc (Fig. 1b).
We tested the effects of training (“Group” factor) and day of
session (“Session” factor) on the results using two-way ANOVA. In
almost all the tested areas of the striatum, this analysis indicated
significant effect of Group factor, indicating differences between

Active and Control animals (“Group” effect: F(; 14y=29.2, p<
0. 001 ] 14— 26 2 p<0 001, F(1’14> = 390, p<0001,
Fpi9=34. 5 p<0.001; Fy 14y=2.97, NS; F 14=6.02, p<0.05,

for DL- DM VL- and VM- CPu, and core and shell of NAc,
respectivcly). Post-hoc analysis showed significant increases in the
number of Zif268-positive cells after the first training session in all
these various striatal regions (Fig. lc-h). After the 5™ training
session, the activation of Zif268 transcription and translation, as
evaluated by the number of Zif268-positive neurons, remained
similar to that observed after the 1* session in the DL- and VL-
CPu (Fig. lc,h), but was reduced in the other striatal regions
(Fig. 1d, 1f-h). In the DL- and VL-CPu, two-way ANOVA
indicated no significant effect of the “Session” factor (F; 14 =4.04;
Fi1,14)=3.27, respectively) and no significant interaction between
“Group” and “Session” factors (F(14=0.177; Fy 149=141,
respectively). By contrast, for the DM CPu as well as NAc core

and shell, this analysis indicated a signiﬁcant influence of
“Session” factor (F, 1+ =53.8, p<0.001; F(; 14 =14.0; p<0.01;
F,14)=7.54, p<0. 05 Fi14)=14.0; p<0 01 respectively), and

51gn1ﬁcant interactions between “Group” and “Session” effects
(F(1’14> = 603, p<005, F<1)14) = 575, p<005, F(]’M_) = 983, p<
0.01, respectively), clearly showing that the activation of Zif268
gene was significantly different in the 1% and 5™ session. After the
5" session, in the DM-CPu and the NAc core and shell, the
number of Zif268-positive neurons in the Active group was similar
to that detected in the Control group (Fig. 1d, g, h). In the VM-
CPu, the interaction between “Group” and “Session” factors was
not significant (F(;14y=1.70), although the “Session” factor was
significant (F; 14 =14.0, p<<0.01). In consistency with these data,
post-hoc analysis showed that the number of Zif268-positive
neurons in VM-CPu was still significantly increased in the Active
group after the 5™ session, but less than after the 1% session (Fig. 1).

Interestingly, the striatal regions in which Zif268 induction was
reduced after the 5™ training session were those receiving
projections from the prefrontal cortex [30] (Fig. 1b). In contrast,
the DL- and VL-CPu, in which Zif268 activation was maintained
after repeated training sessions, are innervated by the sensorimotor
cortex.

Zif268 induction required contingent association
between operant behavior and reward delivery

We then focused on the effects of the initial phase of training on
Zif268 induction. To better analyze the parameters associated
with Zif268 induction, we added a group of Yoked mice, which
did not receive food pellets contingently to nose-poking but only
when a paired animal of the Active group obtained rewards. We
first compared the behavior of Active and Yoked groups. During
the first training session, mice in the Active group displayed an
increased success rate for gaining pellets after 30 min, showing
their increased efficiency to perform the task (Fig. 2a). Acceleration
of performance was associated with specific behavioral changes.
When compared to the Yoked animals, the learning animals made
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Figure 1. Zif268 protein expression after operant training. Zif268-positive cells were stained by immunocytochemistry after the 1t or 5%
session of operant conditioning (FR1) in various areas of the striatum at the 0.98 mm antero-posterior coordinate [62]. a) Representative
immunolabelling in the dorsolateral caudate-putamen (CPu) after the 1% training session (Active) and in a control animal (Control). Scale bar:
50 um. b) Positive cells were counted in the regions (375x375 um) indicated with squares and the letters refer to the panels in which the results are
shown. Schematic representation of the projection areas of the prefrontal cortex and sensorimotor cortices in the striatum (adapted from [30]).
Quantification in the dorsolateral (c), dorsomedial (d), ventrolateral (e), ventromedial (f) CPu as well as in the core (g) and shell (h) of the nucleus
accumbens (NAc), was performed by counting cells above a fixed threshold. Data were means = SEM of 4 mice per group and analyzed using two-
way ANOVA (Group x Session, see the F values in Results). Post-hoc comparison (Bonferroni test) of Active vs. Control: * p<<0.05; ** p<<0.01; *** p<
0.001. Post hoc comparisons of Day1 vs. Day5: ° p<<0.05, °° p<<0.01; °°° p<<0.001. ACd, anterior cingulate dorsal, Al, agranular insular, IL, infralimbic,

PL, prelimbic, SMC, sensorimotor cortex.
doi:10.1371/journal.pone.0081868.9001

more nose-pokes in the cued orifice during the last 15 min of the
session (Fig. 2b; Student’s t test: t(95 = 3.68, p<<0.001). During the
same period, they displayed a higher ratio of pokes in the cued
hole over total than the Yoked animals (Fig. 2c; 108 = 2.94, p<
0.01), showing that they began to discriminate between reinforced
and non-reinforced holes. In contrast, the number of nose-pokes in
the non-cued orifice (non reinforced in the Active group) or visits
to the empty food cup was similar in the two groups (Fig. 2d and e;
t12gy=0.702, NS, and t198=1.25, NS, respectively). These
behavioral differences between the two groups of animals clearly
indicated that Active mice experienced and/or learned contin-
gency at the end of the session. The use of the Yoked group
allowed us to distinguish between the effects of food reward from
those of operant learning per se.

We then compared in the Active, Control, and Yoked groups
the number of Zif268-positive neurons in the DM-CPu and NAc

PLOS ONE | www.plosone.org

core, two striatal regions innervated by the prefrontal cortex
(Fig. 3a, b). Two-way ANOVA indicated a significant “Group”
effect (Fo,190)=8.36, p<<0.001) whereas the “Brain Structure”
effect and the interaction were not significant (F; 190y =0.023 and
Fio,100)=0.023, respectively). In the absence of “Brain Structure”
or interaction effects, we compared the Active, Control and Yoked
groups of mice using Bonferroni post-hoc test. The number of
Zif268-positive neurons was similar in the Yoked group and in the
Control group receiving no reward. In contrast, this number was
significantly higher in the Active group than in the Yoked (p<
0.001) or Control (p<<0.05) groups. Altogether, these results
showed that the increased levels of Zif268 expression in the
“Active” group was more associated with contingency (experienc-
ing or learning) than with receiving rewards (Fig. 3a, b).

Very similar results were obtained when we examined the
number of c-Fos-positive neurons in the DM-CPu and NAc core
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Role of Zif268 in Instrumental Learning

o))
O

J . . 20~
o1 = Active F xhn
ko 2 Eys]
3 201 3o
S 3 B10{ [ Yoked
o) £ = ;
3 104 " O Bl Active
€ O £ 54
R~ -+
S S c
0+ TrIT 1Tl rr oI 0 T )
0 10 20 30 40 50 60 Yoked Active
Time (min)
C d e
__1.00+ o 20+ 80 ~
I E 2c g £
ISL()O75' Kk 8 €154 OLfE)6O-
o = 32 8- -
QL n o
0.504 = +10 = = » 404
ez s 2 L o8
o2 €. 0w O
g-o-025- £ & 5+ .*5,.-'_:,20-
[ - =
O -= ) F=E S £
0.00 L1 S T '
Yoked Active QO Yoked Active Yoked Active

Figure 2. Mouse behavior during the first session of operant training. Behavioral parameters were measured in animals trained in 1-h
session on FR1 schedule (Active, n=84) and in yoked animals (Yoked, n=46) receiving as many food rewards as Active animals but non-
contingently. a) Cumulative number of pellets obtained by the Active group across the 1-h session. Dashed line corresponds to the curve slope at the
beginning of session (between 5 and 10 min). b) Comparison of number of nose-pokes in the light-cued aperture in Active and Yoked mice during
the last 15 min of 1-h session. In the Active group only, the nose-pokes into the light-cued hole provided food pellets. ¢) Ratio of nose-pokes in the
light-cued hole and total nose-pokes in Active and Yoked mice during the last 15 min of 1-h session. d) Comparison of number of nose-pokes in the
aperture not indicated by light in Active and Yoked mice during the last 15 min of the session. In both the Active and Yoked groups, poking in this
orifice did not provide any reward. e) Comparison of number of visits to the empty food cup in Active and Yoked mice during the last 15 min of the

session. Data (means *= SEM) were analyzed using Student’s t test (see the t values in Results). ** p<<0.01; *** p<<0.001.

doi:10.1371/journal.pone.0081868.9g002

of the various groups (Fig. 3c). The two-way ANOVA indicated a
significant “Group” effect (F(o,104y=5.24, p<<0.01) but no signif-
icant “Brain Structure” effect (F(j 104 =1.09) nor interaction
between the two factors (Fg 104y = 0.41). The Bonferroni post-hoc
tests used for evaluating the significance of differences between
groups of animals indicated that the number of c-Fos-expressing
neurons in the Active group was significantly higher than those in
the Yoked (p<<0.05) or Control (p<<0.01) groups. In contrast, there
was no significant variation in c-Fos expression between the Yoked
mice and the animals receiving no reward.

In conclusion, Zif268 and c-Fos expression was increased in the
DM-CPu or NAc core in mice after their first training session of
operant conditioning. The lack of difference between mice just
exposed to the operant chambers and those getting food pellets
non contingently, clearly showed that gene induction was not
associated with passively receiving food reward.

Identification of the neurons in which Zif268 is induced
during the initial operant training

Following the first training session (“Active’” animals), the vast
majority of Zif268-positive neurons in the DM-CPu and NAc core
were MSNs. Figs. 4a and 4b show double immunolabelling of
7if268 and DARPP-32, a MSN-specific marker. In 6 “Active”
animals, 345 of 352 (97%) and, 251 of 264 (95%) Zif268-positive
neurons were found to express significant amounts of DARPP-32
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in the DM-CPu and NAc core, respectively. This analysis
indicated that almost all the Zif268-positive neurons were MSN,
but did not exclude the expression of Zif268 in the other types of
striatal neurons, the aspiny interneurons which represent about
5% of striatal neurons in the rodent [31]. The MSNs are efferent
GABAergic neurons comprising two sub-populations of roughly
equal size that are distinguished on the basis of their projections
and expression of specific genes [32,33]. The striatonigral neurons
project to the substantia nigra and the medial globus pallidus, and
express DIR, whereas the striatopallidal MSNs terminate in the
lateral globus pallidus and contain dopamine D2 receptors (D2Rs).
To identify the MSNs in which Zif268 was induced following
training to operant task, we took advantage of the Drdla:GFP
transgenic mice, which express GFP under the control of the DIR
gene (Drdla) promoter, hence tagging the striatonigral MSNs
[23,34]. The number of Zif268-positive GFP-positive and negative
neurons in the DM-CPu and NAc core was compared in Active
and Yoked Drdla::GFP transgenic mice (Fig. 4a, b). The results
were analyzed using factorial ANOVA (Group x Brain Structure x
GFP Expression) and showed a very significant “Group” effect
(Fu 36 =42.5, p<0.001) but no significant “Brain Structure”
(F1,36)=0.003) nor “GFP expression” (F; 36)=1.25) effect. The
various interactions between the three factors were not significant
either (Group x Brain Structure, F 36=0.018; Group x GFP
Expression, F(j 36 =0.319; Brain Structure x GFP Expression,
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Figure 3. Zif268 and c-Fos protein expression after the first session of operant training. a) Zif268 immunofluorescence in the dorsomedial
caudate-putamen (DM-CPu) and core of nucleus accumbens (NAc) in animals trained in FR1 schedule session (Active, n =45), Yoked animals (Yoked,
n=42), and animals placed in the behavioral apparatus without food reward (Control, n =23). Scale bar: 30 um. Neurons immunoreactive for Zif268
(b) or c-Fos (c) were quantified on 375 %375 um confocal images of the DM-CPu and NAc core. Data (means = SEM) were analyzed using two-way
ANOVA (Group x Brain Structure, see the F values in Results). Post hoc comparison (Bonferroni test): * p<<0.05; ** p<<0.01; *** p<<0.001.

doi:10.1371/journal.pone.0081868.g003

F1,36)=0.327, Group x Brain Structure x GFP Expression,
F(1,36=0.093). Since we did not detect any significant difference
between DM-CPu and NAc core, we used the Bonferroni post-hoc
test to evaluate the significance of the Group effect. Zif268
expression was significantly increased in both GFP-positive and
negative neurons (Fig. 4a, b). Previous studies have shown that
GFP-negative MSNs in the Drdla::GFP transgenic mice express
D2R [26], therefore these results indicated that training to operant
task induced Zif268 in both DIR- and D2R-expressing MSNs
populations.

We also analyzed the number of c-Fos-positive neurons in the
same animals in the GFP-positive and negative neurons (Fig. 4c,d).
The factorial ANOVA (Group x Brain Structure x GFIP
Expression) of the results indicated significant effects of “Group”
(F1,40)=21.6, p<<0.001) and “GFP Expression” (F; 49)=4.69, p<
0.05) factors as well as significant effect of Group x GIP
Expression interaction (F(; 40=4.69, p<<0.05). In contrast, the
“Brain Structure” effect was not significant (F; 40)=2.47) as well
as its various interactions with the other factors (Group x Brain
Structure, F( 40)=2.51; GFP Expression x Brain Structure,
Fu40==0. 65 Group x Brain Structure x GIP expression,

(Fig. 4c, d). In conclusion, the induction of Zif268 following initial
training to operant conditioning occured in both D1R- and D2R-
neurons whereas that of c-Fos took place in the D2R-neurons.

Disruption of the Zif268 gene alters the acquisition of an

operant task

Since Zif268 was induced as early as the first training session of
instrumental task learning, we investigated whether its absence
affected the acquisition of the task, and thereby characterized the
role of this protein in the development of operant conditioning. To
address this issue, we analyzed instrumental learning in Zif268
mutant mice with one or two null alleles of Zif268 gene [27]. The
homozygous and heterozygous Zif268 mutant mice, as well as
their wild type littermates, were trained to a 1-h session on FR1
schedule for 5 days. The fixed ratio was then increased to FR5 for
another 5 days and finally to FR10 for 5 days. The day after the
last FR10, the mice were subjected to a 2-h progressive ratio
session. In order to follow the performance throughout the FR1,
FR5 and FR10 sessions, the numbers of pokes in the reinforced
hole were first analyzed by repeated-measures two-way ANOVA
(within-subjects factor of “Session” and between-subjects factor of

F(1.40)=0.65). Since t{le ANOVA indicated no significant chﬁler— “Genotype”. FRI: Session, Fiy.iq9=39.6, p<0.001; Genotype,
ence between DM-CPu and NAc core, we evaluated using . . ;

. Lo . Fo49)=4.15, p<<0.05; interaction, Fg6g=1.01, NS. FRS:
Bonferroni post-hoc test the significance of (Group x GFP : .

E . . N .. . Semon Fi4,168=6.66, p<<0.001; Genotype, Fpg49,=3.92, p<
xpression) effect. We found that c-Fos expression in learning ) (ol .
animals was significantly increased in the population of GFP- 0.05;  interaction:  Fg,166 = 0. 320 NS. = FRI0:  Session:

© Fi4,168=7.08, p<<0.01; Genotype, F 49 =2.46, NS; interaction,

negative MSNs expressing D2R (Fig. 4c, d). In contrast, the slight
increase in c-Fos expression during the learning session in the

GIP-positive MSN expressing DIR did not reach significance
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Fig,168=1.08, NS). This analysis indicated significant effects of
“Sesswn factor, implying that the mice commonly learned the
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Figure 4. Zif268 is induced in D1 and D2 receptor-expressing MSNs after a single instrumental learning session in Drd7a::GFP
transgenic mice. Colocalisation of Zif268 (red) and DARPP-32 (green) immunolabelling in the same MSNs in the dorsomedial caudate-putamen
(CPu)(a) and nucleus accumbens core (b) after a single FR1 training session (Active mice). Arrowheads indicate co-expression of Zif268 and DARPP-32
in the same neurons. Scale bar: 40 um. Confocal images of Zif268 (c) and c-Fos (e) immunolabelling (red) and D1 receptor promoter driven GFP
fluorescence (green) in the dorsomedial caudate-putamen (DM-CPu) of Active and Yoked mice. Arrowheads indicate colocalization of
immunolabelling and GFP expression; Arrows indicate absence of colocalization of immunolabelling and GFP expression. Scale bar: 40 um. Number
of Zif268 (b) and c-Fos (d) immunolabeled cells in GFP-positive (Drd1a +) and GFP-negative (Drd1a —) neurons in the DM-CPu and core of nucleus
accumbens (NAc) of Active (n=6) and Yoked (n =6) mice. All the values are means = SEM and the data are analyzed using factorial ANOVA (Group x
Brain Structure x GFP Expression, see the various F values in Results). Post hoc comparison (Bonferroni test): ** p<<0.01; *** p<<0.001 Active vs. Yoked.

doi:10.1371/journal.pone.0081868.9004

task throughout the FR1, FR5 and FR10 sessions. ANOVA also
showed that the “Genotype” factor was significant for the FR1
and FR5 sessions but not the FRI10 sessions, the interaction
between the Session and Genotype factors being never significant.
Bonferroni post-hoc tests pointed out that the numbers of pokes in
the reinforced hole were reduced in homozygous mutant mice as
compared to wild type controls in the FR1 and FR5 (p<<0.05)
sessions but not in the FR10 sessions (Fig. 5a). This suggested that
repetition of training sessions could compensate for the initial
deficits seen in homozygous mutant mice. Interestingly, the scores
of heterozygous mice were between those of homozygous and wild
type mice. Post-hoc tests did not indicate any significant difference
between the heterozygous and wild type mice nor between
heterozygous and homozygous mice.

PLOS ONE | www.plosone.org

We then analyzed the number of rewards obtained by the
various mice (Fig. 5b) using repeated-measures two-way ANOVA
(FR1: Session, Fy 168 =83.4, p<0.001; Genotype, F 49 =10.8,
p<0.001; interaction, Fg 65 =2.84, p<<0.01; FR5: Session,
Fi4,168)=13.8, p<<0.001; Genotype, F49,=9.20, p<<0.001; inter-
action: Fg164=0.670, NS. FRI10: Session: Fy 163 =10.3, p<
0.001; Genotype: Fy 49)=6.87, p<<0.01; interaction: Fig 165 = 1.81,
NS). This analysis showed a significant effect of “Genotype” factor
throughout the FR1, FR5 and FR10 sessions. More precisely, the
Bonferroni post-hoc test indicated that the number of rewards
obtained by the homozygous mutant mice was significantly lower
than that obtained by the wild type mice all along the training
sessions (FR1, p<0.001; FR5, p<<0.001; FR10, p<0.01). Howev-
er, the deficits tended to diminish when the training progressed.
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Figure 5. Operant behavior in Zif268 mutant mice under FR1, FR5 and FR10 schedules. Experiments were carried out in homozygous
(KO) and heterozygous (Het) Zif268 mutant mice and their wild type (WT) littermates. a) Number of nose-pokes in the reinforced target across daily
sessions with FR1, FR5 and FR10 schedule training. Homozygous mutant mice perform less nose-poking under FR1 and FR5 schedules than wild type
but perform similarly under FR10. b) Pellets obtained across daily sessions with FR1, FR5 and FR10 schedule training. Zif268 mutation significantly
reduced the number of rewards earned in the three blocks of training sessions. Weight (c) and daily food intake (d) of groups of KO, Het and WT mice.
e) The amount of rewards obtained by the KO, Het and WT mice in 1-h session is evaluated by normalizing the number of gained pellets by the daily
food intake in the three genotypes. Using this parameter, Zif268 mutation significantly alters the mouse performance in the three blocks of training
sessions. f) The number of visits to the empty food cup is similar in the various genotypes g) The ratio of reinforced and total nose-pokes is not
5|gn|f|cantly different in KO, Het and WT mice in the various training sessions. In a), b), e), f) and g), the values are means = SEM (KO, n=11; Het,
=16; WT, n=18) and the data are analyzed using repeated-measures two-way ANOVA (within-subjects factor of Session and between-subjects
factor of Genotype; see the various F values in Results). Post hoc comparison (Bonferroni test): * p<<0.05; ** p<<0.01; *** p<<0.001, homozygous vs.
wild type. In a), b) and e), overall two-way ANOVA results for Genotype factor are indicated by: ° p<<0.05; °° p<<0.01, °°° p<<0.001. In ¢) and d) the
values are means = SEM (KO, n=7; Het, n=7; WT, n=10) and the data are analyzed using one-way ANOVA (see the various F values in Results). Post
hoc comparison (Bonferroni test): * p<<0.05; *** p<<0.001.
doi:10.1371/journal.pone.0081868.g005

Again the performance of heterozygous mutant mice appeared ANOVA, F93=16.5, p<0.001) and their daily food intake
intermediate between those of homozygous mutant and wild type (Fig. 5d, one-way ANOVA, Fy 03 =9.95, p<0.001). Bonferroni
mice (Heterozygous vs. Wild Type, FR) sessions, p<<0.05, FR10 test clearly indicated that the daily food intake of homozygous

sessions, p<<0.05, Bonferroni post-hoc test). mutant mice was reduced as compared to that of wild littermates

However, the homozygous mutant mice were reported to (p<<0.001). The food intake was also reduced in heterozygous
display a lower weight than the wild type [27], suggesting a general mutant mice but the difference failed to reach the significance
deficit in food intake in these mice. We thus compared the weight threshold. To take into account the lower food intake in the
of homozygous, heterozygous and wild type mice (Fig. 5c, one-way mutant mice, the quantity of food received during the operant
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training was normalized to the daily food eaten by the respective
genotypes (Fig. 5e¢). The data using this parameter for evaluating
the amount of reward earned by the animals were analyzed with
repeated-measures  two-way ~ ANOVA  (FR1:  Session:
Fi4,168=82.6, p<0.001; Genotype: Fo40)=5.93, p<<0.01; inter-
action: Fg 165 =2.03, NS. FR5: Session: Fiy 165 = 14.2, p<0.001;
Genotype: Fg49)=5.05, p<<0.05; interaction: Fg 165 =0.788, NS.
FR10: Session: Fiy 168 =10.3, p<<0.001; Genotype: F 49)=3.48,
p<0.05; interaction: Fg16g=1.90, NS). This analysis clearly
showed that the Genotype factor had significant effects in the FR1,
FR5 and FR10 sessions. In addition, Bonferroni post-hoc tests
indicated that the scores of homozygous mutant mice remained
significantly lower than those of wild type controls during the FR1
and FR5 sessions (p<<0.01 and p<<0.05, respectively) but not
during the FR10 sessions. The scores of heterozygous mice were
also reduced (for FR10 sessions, p<<0.05, Bonferroni post-hoc test).
Therefore the lower daily intake of food in the mutant mice did
not appear to be responsible for the difference in pellet earning.

In contrast with these alterations, homozygous, heterozygous,
and wild type mice displayed similar numbers of entries into the
food receptacle in the absence of food delivery (Fig. 5f). When
repeated-measures two-way ANOVA was performed (FRI:
Session, Fy 168 = 13.8, p<0.001; Genotype, Fp49=1.02, NS;
intcraction, F(g,l()g) =1.17, NS. FR5: Session: F(-’1—,168) =3.17, p<
005, GCl’lOtYpCJ F(2,42) = 056, NS, iIltCl"aCtiOIl, F(8,168) = 134, NS.
FR10: Session, Fy 165 =4.36, p<0.01; Genotype, Fp 49 =0.41,
NS; interaction, Fg168=1.86, NS), the Genotype factor never
displayed any significant effect. The entries into the food
receptacle were frequent in the first training days and became
more sporadic thereafter. Together with their normal locomotor
activity [22], these data suggested that the mutant mice did not
display a general weakness, hypoactivity or hypoexploration that
could have impeded their ability to perform nose-pokes. Another
hypothesis that could explain their low performance in the
instrumental task is a defect in learning capability, since
homozygous Zif268 mutant mice display learning deficits in
memory tasks [35]. To test this hypothesis, the ratio of nose-pokes
in the active hole over total was analyzed with repeated-measures
two-way ANOVA (Fig. 5d; FR1: Session: F4 165 = 78.8, p<<0.001;
Genotype, F49)=1.07, NS; interaction, Fg 165 =1.87, NS. FR5:
Session, Fy 16 =3.49, p<0.01; Genotype: Fp 40 =1.80, NS;
interaction, Fig 165 =1.18, NS. FR10: Session, Fy, 163 =0.46, NS;
Genotype, F(49)=0.40, NS; interaction, Fg 168 = 1.69, NS). The
absence of significant effect of Genotype factor indicated that
homozygous, heterozygous and wild type mice learned similarly to
discriminate the active hole from the inactive one. Precise analysis
of behavior of homozygous Zif268 mutant mice revealed that
these mice made significantly less nose-poking in the non-
reinforced hole than wild type mice, particularly during the first
training session (p<<0.01, Bonferroni post-hoc test, see Fig. S1). As
they also performed less correct responses, their ratio of reinforced
responses over total responses was similar to that of wild type mice.
After a few training sessions, poking in the non-reinforced hole
became low in wild type mice and similar to the score observed in
homozygous mutant mice (Fig. S1). Finally we did not detect any
evidence of perseverative responses in the mutant mice. As the
wild type mice, they performed the same number of pokes
necessary to obtain food pellets, just above 1, 5 and 10 pokes under
FR1, FR5 and FR10 schedules, respectively (Fig. S2).

We finally investigated the possibility that the mutation affected
the motivation to work for food rewards. To test this, we subjected
the three groups of animals to a 2-h test under progressive ratio
schedule and we found that both heterozygous and homozygous
mutant animals showed a significant marked reduction of breaking
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point (number of pokes for the last reward) compared to wild type
mice (Fig. 6a, one-way ANOVA: Fg 44y =4.71, p<<0.05). The time
course of nose-pokes in the three genotypes showed a constant
deficit of both homozygous and heterozygous mutant mice
throughout the session (Fig. 6b) and a significant effect of genotype
was detected on the cumulative number of nose-pokes into the
reinforced orifice at 2 h (one-way ANOVA: Fp 44 =4.87, p<
0.05). Under progressive ratio schedule, heterozygous Zif268
mutant mice appeared to be almost as affected as homozygous
mice suggesting that the motivation to obtain food rewards is
highly dependent on Zif268 influence.

Discussion

In the present study, we explored the induction of Zif268 in
various parts of the striatum during the first stages of training for
an instrumental task and we determined its role in operant
learning using Zif268-deficient mutant mice. We found that
Zif268 was induced in the whole striatum following the first
training session of learning, but this effect remained significant
after the fifth session essentially in the lateral part of CPu, a striatal
area involved in the formation of habits [6]. In the DM-CPu, a
striatal region critical for the development of goal-directed
behavior [6], Zif268 was not induced in yoked mice non-
contingently receiving food reward after the first training session,
suggesting that Zif268 induction in the trained animals was
associated with some aspects of contingency. Zif268-deficient mice
displayed altered performances in acquiring an instrumental task.
We found particularly less reinforced pokes and less willingness to
work for food rewards as evaluated with a progressive ratio
schedule. By contrast, the possibility to discriminate between the
reinforced and the non-reinforced holes was preserved in the
mutant mice showing the persistence of associations of reward with
discrete stimuli for driving instrumental response despite the
marked alterations of the motivation to perform it.

Localization of Zif268 induction in the striatum

We found that Zif268 was induced throughout the various areas
of the striatum analyzed after the first session but remained
elevated only in the lateral parts of the CPu after the fifth session.
These results were consistent with previous experiments in rats
showing that initial steps of instrumental learning increased Zif268
expression in the various parts of the striatum whereas after
extensive overtraining Zif268 gene induction was reduced [36].
Interestingly, a similar restriction of the regional distribution of
Zif268 induction was also observed following cocaine treatment,
since cocaine produces Zif268 expression in the entire striatum
after acute treatment, but only in dorsolateral parts of the striatum
after repeated treatment [22,37]. A similar progressive lateral
transfer of expression has been also described for the immediate-
early genes Homerl and ¢-Fos, during training for an instrumental
task [36,38]. It was found that learning-associated neuronal
activity gradually shifts from the medial part of CPu to the lateral
parts of CPu with progression of training [39]. Interestingly the
lateral striatal regions, in which the Zif268 gene remained
responsive after repeated sessions, are involved in the formation
of habits that is thought to require longer periods of training [40].
Current models of information processing in the basal ganglia
hypothesize that parallel loops connecting associative and senso-
rimotor cortices to basal ganglia contribute to the diverse basal
ganglia functions [7,41,42]. The loop involving prelimbic
prefrontal cortex and DM-CPu operates in the goal-directed
behavior characterized by high dependence on the value of reward
[43,44,45]. In contrast, the loop linking sensorimotor cortex and
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Figure 6. Operant behavior in Zif268 mutant mice under progressive ratio schedule. Groups of homozygous (KO, n=11) and
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session (2 h). Both homozygous and heterozygous mutant mice show a reduced activity on the reinforced hole as compared to wild type controls. At
2 h, data were analyzed with one-way ANOVA (see the F value in Results).

doi:10.1371/journal.pone.0081868.9006

DL-CPu is critical for habitual actions in which stimulus-response direct and indirect pathways. In the course of the first training
assoclations dominate, with an insensitivity to reward devaluation trials, the animals experience both successes and errors, and learn
[8]. In the course of acquisition of an instrumental task, goal- to facilitate correct responses and to inhibit incorrect ones. The
directed responding that prevails at the beginning is progressively induction of Zif268 in the two populations of MSNs could reflect
replaced by habit-based reactions. Interaction between associative plasticity processes consolidating correct responses and eliminating
DM-CPu- and sensorimotor DL-CPu-based loops has been wrong ones. In contrast, ¢-Fos appeared to be significantly induced
proposed to explain the transition from goal-directed to habit- in the neurons of the indirect pathway suggesting its implication in
driven behaviors. In this model, serial spiraling striato-nigro- processing inhibitory responses after the first training session.
striatal loops are organized in such a way that the medial striatal However, another study suggests that ¢-Fos is induced in DIR-
areas can modulate dopamine neurons innervating more lateral expressing neurons in more trained animals after the transition
areas giving rise to a mechanism in which medial striatal area can from FRI1 to FRS5 schedule [38]. Interestingly, a recent study
control the activity in its adjacent lateral zone [46,47,48]. This proposes that ¢-Fos induction in the striatum and others structures
effect would lead to a progressive involvement of more lateral parts results from the attribution of incentive value to the reward-
of the striatum when the training increases and could be relevant predictive cues [56].
to explain the lateral localization of Zif268 induction in the
striatum after repeated training sessions. Zif268 induction in the DM-CPu
After the first training session, Zif268 levels in DM-CPu were

Zif268 induction in striatonigral and striatopallidal significantly increased in the learning animals when compared to
neurons the yoked animals, not contingently receiving food rewards. It is

The striatal MSNs are divided into two populations projecting highly unlikely that this response was simply due to motor activity
to the substantia nigra pars reticulata and lateral globus pallidus associated with orifice exploration. Overtrained animals displayed
and giving rise to the direct and indirect pathways of the basal no change in gene expression, while they performed many more
ganglia, respectively [49]. Despite high morphological similarities, nose-pokes compared with newly trained mice. Novelty or stress in
MSNs of the direct and indirect pathways display marked a novel environment could not explain specific Zif268 induction in
differences in the expression of genes, particularly those encoding learning animals since yoked animals were exposed to exactly the
signaling molecules [50,51]: a critical difference is the high same environmental stimuli. In addition, the activation was not
expression of dopamine DIR in direct pathway neurons, related to the unexpected appearance of food or its intake, because
contrasting with the high levels of dopamine D2R expression in yoked animals displayed striatal Zif268 levels similar to controls
indirect pathway neurons [32,34]. Growing evidence indicates that did not receive any food rewards. At the end of this first
that the two populations of neurons are involved in different types training session, the learning animals displayed more nose-pokes
of learning. It was shown that behavioral reinforcement is into the cued orifice than yoked animals and began to discriminate
produced by specific stimulation of neuronal activity in the direct the reinforced orifice from the non reinforced one. Experiencing
pathway and impaired by its inhibition [52,53,54]. Mirror effects ~ and/or learning contingency, as indicated by these behavioral
were observed with conditioned aversion [53,54], leading to the changes, could represent determinant factors leading to Zif268
hypothesis that the direct pathway supports reinforcement induction.

learning whereas the indirect pathway controls punishment-

induced aversion responses [54,55]. After instrumental task Role of Zif268 in instrumental learning

training, we observed an induction of Zif268 in both neurons The functional importance of Zif268 induction in operant
expressing and not expressing D1R, suggesting activity in both the conditioning is supported by the impaired performance of Zif268-
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deficient mice in an instrumental task. However, these mice, in
which the Zif268 gene is invalidated in all brain regions, cannot
address the issue of the region specificity. It is possible that the
7if268 disruption in the striatum is responsible for the behavioral
deficits reported here, given the important control exerted by
striatum on operant conditioning [6], but it cannot be excluded
that deficiencies in other brain regions, such as cortex, hippocam-
pus or hypothalamus, also contribute to the phenotype. In the
mutant mice, the behavior in the instrument task is characterized
by an overall reduction in the number of pellets earned and nose-
pokes in the active target. The deficit was more pronounced in the
first sessions under FR1 and FR5 schedules and tended to decrease
in the last sessions under FR10 schedule. By contrast, discrimi-
nation between reinforced and non-reinforced goals was not
significantly altered in these mutant mice. Zif268-deficient mice
were able to develop preference for rewarded goals with the same
performance as the wild type mice, showing that they kept efficient
ability to evaluate reward value of food. The fact that the mutant
animals do not show alteration of food-conditioned place
preference [22] leads to similar conclusions. Altogether, Zif268
mutant mice have a normal capacity to select rewarded responses
in the operant conditioning model.

We observed that homozygous mutant mice performed fewer
nose pokes in both the active and inactive holes during the first
sessions, suggesting a possible deficit in exploratory behavior in
these mice. However, this effect completely disappeared in the
later sessions. In addition, previous studies reported that homo-
zygous, heterozygous and wild type mice displayed similar
spontaneous locomotor activities and habituation to novel
environment [22,35]. In the present study, we did not detect
any reduction of the number of visits to the empty cup in the
mutant mice. In conclusion all these data did not suggest a
significant deficit of exploratory behavior of mutant mice.

7if268-deficient mice displayed reduced initiation or execution
of the adapted instrumental actions and important decrease of
performance under progressive ratio schedule. This observed
pattern of results, including less food earned, reduced responding
on high-density (FR1, FR5) schedules with lower alteration on
FR10 schedule, reduced responding on a progressive ratio
schedule, and yet normal discrimination of reinforced from
nonreinforced targets, could indicate an overall reduction of
motivation for food (or appetite) in Zif268 mutant mice. This
possibility is reinforced by the observation that the daily food
intake by these mice was lower than in wild type. However, when
we related the amount of food rewards earned during the training
sessions to the daily food intake, the performance of Zif268 mutant
was still impaired, suggesting that the phenotype was not
completely explained by a non specific reduction of appetite. As
indicated by the reduced nose-poking on a progressive ratio
schedule, Zif268 mutant could in addition present a lower
motivation to work for food rewards. The mechanisms underlying
this motivation are unclear but Zif268 could contribute to
consolidate memory traces associated with this function. The
short-term memory is intact in Zif268 mutant mice as indicated by
their normal responses in spatial working memory and short-term
retentions for odors or objects. In contrast, long term memory in
Zif268 mutant mice is severely impaired in several tasks including
social transmission of food preference, object recognition, condi-
tioned taste aversion, spatial navigation task in the water-maze and
contextual fear conditioning [35,57]. Zif268 is involved in the
consolidation and reconsolidation of long term memories in
various brain structures although the nature of these memories is
very different from one structure to the other [19]. In the
hippocampus, Zif268 contributes to the maintenance of late phase
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LTP and the consolidation and re-consolidation of hippocampal-
dependent long-lasting memories [19,35,58]. In the NAc, Zif268
has been proposed to participate in the molecular mechanisms
underlying the consolidation or re-consolidation of stimulus-drug
associations that could determine drug-seeking behavior produced
by drug-associated stimuli [59]. Because CPu is involved in
processes necessary to attribute a motivational value to food-
conditioned responses and produce responses in instrumental task
[60], Zif268 in the CPu could contribute to consolidation or
reconsolidation of memory traces in the context of instrumental
learning. Alternatively, neural activity in the CPu has been shown
to encode specific action sequences that are essential for operant
conditioning [61]. A targeted mutation specifically disrupting
learning of action sequences without affecting discrimination of
action value was found to greatly impair the performance in
instrumental task [61]. Similarly, Zif268 mutation may well alter
the consolidation of sequential patterns of actions and, thereby,
decrease the frequency of responses in the instrumental task
despite the preserved discrimination and selection of rewarded
goals. In conclusion, Zif268 appears to participate mainly in
functions that regulate the intensity of work for food reward and
less in those involved in the discrimination and selection of
reinforced goals. It may contribute either to specific reward-related
processes regulating motivation, or to mechanisms, such as
learning of action sequences, that are important in the efficient
execution of operant task.

Supporting Information

Figure S1 Number of nose-pokes in the non-reinforced
target performed by Zif268 mutant mice in an instru-
mental task. The number of nose-pokes in the non-reinforced
target was measured in homozygous (KO, n=11) and heterozy-
gous (Het, n = 16) Zif268 mutant mice as well as in their wild type
(WT, n=18) littermates, across daily sessions with FR1, FR5 and
FR10 schedule training. Data were analyzed by repeated-
measures two-way ANOVA (within-subjects factor of Session
and between-subjects factor of Genotype): FRI1: Session:
Fi4,1689=17.6, p<0.001; Genotype: F49)=5.17, p<<0.01; inter-
action: Fg 168)=0.995, NS. FR5: Session: F4 165 = 3.76, p<<0.01;
Genotype: Fg 49)=0.644, NS; interaction: Fg 65 =0.787, NS.
FR10: Session: Fiy 165)=0.373, NS; Genotype: Fg 40, =0.714, NS;
interaction: Fg 68 =1.53, NS. All the values are mean * SEM.
Opverall two-way ANOVA results for genotype are indicated by:
°%: p<0,01.

(TIF)

Figure S2 Number of nose-pokes per reward performed
by Zif268 mutant mice in an instrumental task. The
number of nose-pokes in the active target per reward was
measured in homozygous (KO, n=11) and heterozygous (Het,
n=16) Zif268 mutant mice as well as in their wild type (WT,
n = 18) littermates, across daily sessions with FR1, FR5 and FR10
schedule training. Dashed line indicates the minimal number of
pokes for pellet delivery. Data were analyzed by repeated-
measures two-way ANOVA (within-subjects factor of Session
and between-subjects factor of Genotype): FRI1: Session:
Fu168=15.65, p<0.001; Genotype: F40)=0.222, NS; interac-
tion: Fg 168 =0.995, NS. FR5: Session: Fy 165 =1.40, NS;
Genotype: Fp49)=0.73, NS; interaction: Fg 68 =1.45, NS.
FR10: Session: Fy 168 =1.65, NS; Genotype: Fg49=0.26, NS;
interaction: Fig 164 = 1.46, NS. All the values are mean * SEM.

(TIF)

January 2014 | Volume 9 | Issue 1 | 81868



Aknowledgments

We thank Natacha Roblot, Rachida Boukhari and Yohann Bertelle for
breading the mice, and the staff of the Institut du Fer a Moulin Imaging
facility. We are grateful to Christelle Baunez for her interesting suggestions
and comments on behavioral results and Renata Coura for her help in
statistical analysis.

References

1.

2.

16.

20.

21.

22.

23.

24.

Schultz W (2006) Behavioral theories and the neurophysiology of reward. Annu
Rev Psychol 57: 87-115.

Balleine BW, O’Doherty JP (2010) Human and rodent homologies in action
control: corticostriatal determinants of goal-directed and habitual action.
Neuropsychopharmacology 35: 48-69.

. Berridge KC, Robinson TE, Aldridge JW (2009) Dissecting components of

reward: ‘liking’, ‘wanting’, and learning. Curr Opin Pharmacol 9: 65-73.

. Deniau JM, Menetrey A, Charpier S (1996) The lamellar organization of the rat

substantia nigra pars reticulata: segregated patterns of striatal afferents and
relationship to the topography of corticostriatal projections. Neuroscience 73:
761-781.

Shiflett MW, Balleine BW (2011) Molecular substrates of action control in
cortico-striatal circuits. Prog Neurobiol 95: 1-13.

. Balleine BW, Liljecholm M, Ostlund SB (2009) The integrative function of the

basal ganglia in instrumental conditioning. Behav Brain Res 199: 43-52.

. Belin D, Jonkman S, Dickinson A, Robbins TW, Everitt BJ (2009) Parallel and

interactive learning processes within the basal ganglia: relevance for the
understanding of addiction. Behav Brain Res 199: 89-102.

. Yin HH, Ostlund SB, Balleine BW (2008) Reward-guided learning beyond

dopamine in the nucleus accumbens: the integrative functions of cortico-basal
ganglia networks. Eur J Neurosci 28: 1437-1448.

. Yin HH, Knowlton BJ, Balleine BW (2006) Inactivation of dorsolateral striatum

enhances sensitivity to changes in the action-outcome contingency in
instrumental conditioning. Behav Brain Res 166: 189-196.
Smith-Roe SL, Kelley AE (2000) Coincident activation of NMDA and
dopamine D1 receptors within the nucleus accumbens core is required for
appetitive instrumental learning. J Neurosci 20: 7737-7742.

. Dalley JW, Laane K, Theobald DE, Armstrong HC, Corlett PR, et al. (2005)

Time-limited modulation of appetitive Pavlovian memory by D1 and NMDA
receptors in the nucleus accumbens. Proc Natl Acad Sci U S A 102: 6189-6194.

. Gore BB, Zweifel LS (2013) Genetic reconstruction of dopamine dl receptor

signaling in the nucleus accumbens facilitates natural and drug reward
responses. ] Neurosci 33: 8640-8649.

Shiflett MW, Balleine BW (2011) Contributions of ERK signaling in the striatum
to instrumental learning and performance. Behav Brain Res 218: 240-247.

. Kelley AE (2004) Memory and addiction: shared neural circuitry and molecular

mechanisms. Neuron 44: 161-179.

. Valjent E, Corvol JC, Pages C, Besson MJ, Maldonado R, et al. (2000)

Involvement of the extracellular signal-regulated kinase cascade for cocaine-
rewarding properties. J Neurosci 20: 8701-8709.

Valjent E, Pascoli V, Svenningsson P, Paul S, Enslen H, et al. (2005) Regulation
of a protein phosphatase cascade allows convergent dopamine and glutamate
signals to activate ERK in the striatum. Proc Natl Acad Sci U S A 102: 491-496.

. Girault JA, Valjent E, Caboche J, Herve D (2007) ERK2: a logical AND gate

critical for drug-induced plasticity? Curr Opin Pharmacol 7: 77-85.

Shiflett MW, Brown RA, Balleine BW (2010) Acquisition and performance of
goal-directed instrumental actions depends on ERK signaling in distinct regions
of dorsal striatum in rats. J Neurosci 30: 2951-2959.

. Bozon B, Kelly A, Josselyn SA, Silva AJ, Davis S, et al. (2003) MAPK, CREB

and zif268 are all required for the consolidation of recognition memory. Philos
Trans R Soc Lond B Biol Sci 358: 805-814.

Hope B, Kosofsky B, Hyman SE, Nestler EJ (1992) Regulation of immediate
carly gene expression and AP-1 binding in the rat nucleus accumbens by chronic
cocaine. Proc Natl Acad Sci U S A 89: 5764-5768.

Moratalla R, Robertson HA, Graybiel AM (1992) Dynamic regulation of NGFI-
A (zif268, egrl) gene expression in the striatum. J Neurosci 12: 2609-2622.
Valjent E, Aubier B, Corbille AG, Brami-Cherrier K, Caboche J, et al. (2006)
Plasticity-associated gene Krox24/Zif268 is required for long-lasting behavioral
effects of cocaine. J Neurosci 26: 4956-4960.

Gong S, Zheng C, Doughty ML, Losos K, Didkovsky N, et al. (2003) A gene
expression atlas of the central nervous system based on bacterial artificial
chromosomes. Nature 425: 917-925.

Bertran-Gonzalez J, Bosch C, Maroteaux M, Matamales M, Herve D, et al.
(2008) Opposing patterns of signaling activation in dopamine D1 and D2
receptor-expressing striatal neurons in response to cocaine and haloperidol.
J Neurosci 28: 5671-5685.

. Gertler TS, Chan CS, Surmeier DJ (2008) Dichotomous anatomical properties

of adult striatal medium spiny neurons. J Neurosci 28: 10814-10824.

. Matamales M, Bertran-Gonzalez J, Salomon L, Degos B, Deniau JM, et al.

(2009) Striatal medium-sized spiny neurons: identification by nuclear staining
and study of neuronal subpopulations in BAC transgenic mice. PLoS One 4:
e4770.

PLOS ONE | www.plosone.org

Role of Zif268 in Instrumental Learning

Author Contributions

Conceived and designed the experiments: MM EV JAG DH. Performed
the experiments: MM EV SL. Analyzed the data: MM DH. Contributed
reagents/materials/analysis tools: MM EV PT DH . Wrote the paper: MM
EV JAG DH.

28.

29.

30.

31

32.

33.

34.

36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

52.

. Topilko P, Schneider-Maunoury S, Levi G, Trembleau A, Gourdji D, et al.

(1998) Multiple pituitary and ovarian defects in Krox-24 (NGFI-A, Egr-1)-
targeted mice. Mol Endocrinol 12: 107-122.

Soria G, Mendizabal V, Tourino C, Robledo P, Ledent C, et al. (2005) Lack of
CBI1 cannabinoid receptor impairs cocaine self-administration. Neuropsycho-
pharmacology 30: 1670-1680.

Paxinos G, Franklin KBJ (2003) The Mouse Brain in Stereotaxic Coordinates,
Compact Edition.

Voorn P, Vanderschuren L], Groenewegen HJ, Robbins TW, Pennartz CM
(2004) Putting a spin on the dorsal-ventral divide of the striatum. Trends
Neurosci 27: 468-474.

Tepper JM, Bolam JP (2004) Functional diversity and specificity of neostriatal
interneurons. Curr Opin Neurobiol 14: 685-692.

Gerfen CR, Engber TM, Mahan LC, Susel Z, Chase TN, et al. (1990) D1 and
D2 dopamine receptor-regulated gene expression of striatonigral and striato-
pallidal neurons. Science 250: 1429-1432.

Le Moine C, Bloch B (1995) D1 and D2 dopamine receptor gene expression in
the rat striatum: sensitive cRNA probes demonstrate prominent segregation of
D1 and D2 mRNAs in distinct neuronal populations of the dorsal and ventral
striatum. ] Comp Neurol 355: 418-426.

Valjent E, Bertran-Gonzalez ], Herve D, Fisone G, Girault JA (2009) Looking
BAC at striatal signaling: cell-specific analysis in new transgenic mice. Trends
Neurosci 32: 538-547.

5. Jones MW, Errington ML, French PJ, Fine A, Bliss TV, et al. (2001) A

requirement for the immediate early gene Zif268 in the expression of late LTP
and long-term memories. Nat Neurosci 4: 289-296.

Hernandez PJ, Schiltz CA, Kelley AE (2006) Dynamic shifts in corticostriatal
expression patterns of the immediate early genes Homer la and Zif268 during
early and late phases of instrumental training. Learn Mem 13: 599-608.

Bhat RV, Cole AJ, Baraban JM (1992) Chronic cocaine treatment suppresses
basal expression of zif268 in rat forcbrain: in situ hybridization studies.
J Pharmacol Exp Ther 263: 343-349.

Segovia KN, Correa M, Lennington JB, Conover JC, Salamone JD (2012)
Changes in nucleus accumbens and neostriatal c-Fos and DARPP-32
immunoreactivity during different stages of food-reinforced instrumental
training. Eur J Neurosci 35: 1354-1367.

Thorn CA, Atallah H, Howe M, Graybiel AM (2010) Differential dynamics of
activity changes in dorsolateral and dorsomedial striatal loops during learning.
Neuron 66: 781-795.

Yin HH, Knowlton BJ, Balleine BW (2004) Lesions of dorsolateral striatum
preserve outcome expectancy but disrupt habit formation in instrumental
learning. Eur J Neurosci 19: 181-189.

Alexander GE, Crutcher MD (1990) Functional architecture of basal ganglia
circuits: neural substrates of parallel processing. Trends Neurosci 13: 266-271.
Deniau JM, Mailly P, Maurice N, Charpier S (2007) The pars reticulata of the
substantia nigra: a window to basal ganglia output. Prog Brain Res 160: 151
172.

Yin HH, Ostlund SB, Knowlton BJ, Balleine BW (2005) The role of the
dorsomedial striatum in instrumental conditioning. Eur J Neurosci 22: 513-523.
Balleine BW, Dickinson A (1998) Goal-directed instrumental action: contingency
and incentive learning and their cortical substrates. Neuropharmacology 37:
407-419.

. Corbit LH, Balleine BW (2003) The role of prelimbic cortex in instrumental

conditioning. Behav Brain Res 146: 145-157.

Belin D, Everitt BJ (2008) Cocaine seeking habits depend upon dopamine-
dependent serial connectivity linking the ventral with the dorsal striatum.
Neuron 57: 432-441.

Vanderschuren L], Di Ciano P, Everitt BJ (2005) Involvement of the dorsal
striatum in cue-controlled cocaine seeking. J Neurosci 25: 8665-8670.

Everitt BJ, Robbins TW (2005) Neural systems of reinforcement for drug
addiction: from actions to habits to compulsion. Nat Neurosci 8: 1481-1489.
Gerfen CR (1992) The neostriatal mosaic: multiple levels of compartmental
organization in the basal ganglia. Annu Rev Neurosci 15: 285-320.

Heiman M, Schaefer A, Gong S, Peterson JD, Day M, et al. (2008) A
translational profiling approach for the molecular characterization of CNS cell
types. Cell 135: 738-748.

Lobo MK, Karsten SL, Gray M, Geschwind DH, Yang XW (2006) FACS-array
profiling of striatal projection neuron subtypes in juvenile and adult mouse
brains. Nat Neurosci 9: 443-452.

Durieux PF, Schiffmann SN, de Kerchove d’Exaerde A (2011) Differential
regulation of motor control and response to dopaminergic drugs by DIR and
D2R neurons in distinct dorsal striatum subregions. EMBO J 31: 640-653.

January 2014 | Volume 9 | Issue 1 | 81868



56.

57.

. Kravitz AV, Tye LD, Kreitzer AC (2012) Distinct roles for direct and indirect

pathway striatal neurons in reinforcement. Nat Neurosci.

. Hikida T, Kimura K, Wada N, Funabiki K, Nakanishi S (2010) Distinct roles of

synaptic transmission in direct and indirect striatal pathways to reward and
aversive behavior. Neuron 66: 896-907.

. TFrank MJ, Seeberger LC, O’Reilly RC (2004) By carrot or by stick: cognitive

reinforcement learning in parkinsonism. Science 306: 1940-1943.

Flagel SB, Cameron CM, Pickup KN, Watson SJ, Akil H, et al. (2011) A food
predictive cue must be attributed with incentive salience for it to induce c-fos
mRNA expression in cortico-striatal-thalamic brain regions. Neuroscience 196:
80-96.

Besnard A, Caboche J, Laroche S (2013) Recall and Reconsolidation of

Contextual Fear Memory: Differential Control by ERK and Zif268 Expression
Dosage. PLoS One 8: €72006.

PLOS ONE | www.plosone.org

13

58.

59.

60.

61.

62.

Role of Zif268 in Instrumental Learning

Bozon B, Davis S, Laroche S (2003) A requirement for the immediate early gene
zif268 in reconsolidation of recognition memory after retrieval. Neuron 40: 695
701.

Thomas KL, Arroyo M, Everitt BJ (2003) Induction of the learning and
plasticity-associated gene Zif268 following exposure to a discrete cocaine-
associated stimulus. Eur J Neurosci 17: 1964-1972.

Samejima K, Ueda Y, Doya K, Kimura M (2005) Representation of action-
specific reward values in the striatum. Science 310: 1337-1340.

Jin X, Coosta RM (2010) Start/stop signals emerge in nigrostriatal circuits during
sequence learning. Nature 466: 457-462.

Paxinos G, Franklin KBJ (2001) The mouse brain in stereotaxic coordinates (2nd
ed.). San Diego: Academic Press.

January 2014 | Volume 9 | Issue 1 | 81868



