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Losing Control: Excessive Alcohol Seeking after Selective
Inactivation of Cue-Responsive Neurons in the Infralimbic
Cortex

Simone Pfarr,'* Marcus W. Meinhardt,'* Manuela L. Klee,! Anita C. Hansson,' Valentina Vengeliene,' Kai Schonig,?
Dusan Bartsch,? Bruce T. Hope,* Rainer Spanagel,’* and “Wolfgang H. Sommer-**
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Loss of control over drinking is a key deficit in alcoholism causally associated with malfunction of the medial prefrontal cortex (mPFC),
but underlying molecular and cellular mechanisms remain unclear. Cue-induced reinstatement of alcohol seeking activates a subset of
mPFC neurons in rats, identified by their common expression of the activity marker cFos and comprised of both principal and interneu-
rons. Here, we used cFos-lacZ and pCAG-lacZ transgenic rats for activity-dependent or nonselective inactivation of neurons, respectively,
which by their lacZ encoded 3-galactosidase activity convert the inactive prodrug Daun02 into the neurotoxin daunorubicin. We report
that activity-dependent ablation of a neuronal ensemble in the infralimbic but not the prelimbic subregion induced excessive alcohol seeking.
The targeted neuronal ensemble was specific for the cue-induced response because stress-induced reinstatement was not affected in these
animals. Importantly, nonselective inactivation of infralimbic neurons, using pCAG-lacZ rats, was without functional consequence on the
cue-induced reinstatement task. Thus, inhibitory control over alcohol seeking is exerted by distinct functional ensembles within the infralimbic
cortex rather than by a general inhibitory tone of this region on the behavioral output. This indicates a high level of functional compartmentation
within the rat mPFC whereat many functional ensembles could coexist and interact within the same subregion.

Key words: alcohol self-administration; conditioned cues; Daun02 inactivation method; medial prefrontal cortex; neuronal ensembles;
reinstatement

(s )

Hebb’s (1949) idea of memories as being represented inlocal neuronal networks is supported by identification of transiently stable
activity patterns within subgroups of neurons. However, it is difficult to link individual networks to specific memory tasks, for
example a learned behavior. By a novel approach of activity-dependent ablation, here we identify a specific neuronal ensemble
located in the infralimbic subregion of the medial prefrontal cortex that controls a seeking response for alcohol in rats. Our data
demonstrate that functional output depends on specific neuronal ensembles within a given brain region rather than on the global
activity of that region, which raises important questions about the interpretation of numerous earlier experiments using site-
directed silencing or stimulation for elucidating brain function. j

ignificance Statement

control their drinking behavior, others become excessive drink-
ers and may eventually develop an alcohol use disorder. Why
control over alcohol consumption can break down in some indi-
viduals remains a fundamental question in addiction research.
Whether or not to engage in excessive alcohol drinking, is
controlled by the medial prefrontal cortex (mPFC), which par-

Introduction
Alcohol use accounts for a substantial proportion of global health
burden (Whiteford et al., 2013). Whereas most alcohol users can
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ticipates in executive brain functions both in primates and ro-
dents (Heidbreder and Groenewegen, 2003; Wood and Grafman,
2003). Alcohol impairs mPFC functions both through its imme-
diate pharmacological actions but more importantly long-term,
whereby the underlying pathophysiological mechanisms are little
understood. We recently demonstrated that the infralimbic cor-
tex (IL), a subregion of the mPFC, exerts inhibitory control over
alcohol seeking, and that this function shows long-term deficits
in rats following a history of alcohol dependence (Meinhardt et
al,, 2013).

Alcohol seeking and taking are prototypical examples of asso-
ciative learning whereby alcohol acts as a positive reinforcer and
conditioned cues can drive further seeking responses (Martin-
Fardon and Weiss, 2013). This form of learning is critically de-
termined by local neuronal interactions (Buzsaki, 2010). An early
theory of associative learning is Hebb’s (1949) concept of mem-
ory representation in neuronal assemblies. Such networks are
characterized by spatiotemporal patterns of neuronal activity,
derived from defined sets of neurons (Wallace and Kerr, 2010).
The next challenge is to demonstrate the functional involvement
of distinct sets, here called “functional ensembles,” in specific
memory tasks. A distinct feature that has been associated with
coherent neuronal activity is stimulus-induced cFos expression
(Morgan and Curran, 1991). Although early studies linked cFos
expression to neuronal activity (Sommer et al., 1993, 1996), only
recently these neurons were directly implicated in internal
representation and behavioral expression of distinct memo-
ries (Cruz et al., 2013, 2014a). Specific silencing of cFos-
expressing neurons can be achieved in cFos-lacZ transgenic
animals whose 3-galactosidase (3-gal) activity converts the inac-
tive prodrug Daun02 into daunorubicin, which disrupts func-
tioning of c-Fos activated neurons (Farquhar et al., 2002; Cruz et
al., 2013). According to these pharmacogenetic studies, behav-
ioral control is exerted by a distinct subset of neurons, thereby
challenging results from classical brain site-specific manipula-
tions of neuronal activity. It has been proposed that the dorso-
medial and ventromedial subdivisions of the mPFC, including
the prelimbic (PL) and IL areas, exert opposing control over
drug-seeking behaviors (Peters et al., 2008a,b, 2009). The dem-
onstration of functional ensembles suggests a more complex view
of behavioral control involving coexistence of many ensembles
within one brain region supporting a variety of functions (Cruz et
al., 2014a). However, although functional ensembles in a brain
region can be identified by the Daun02 approach, it is difficult to
distinguish the functional role of alocal circuit inactivated by this
method from that of the entire brain region. Global silencing
requires classical lesion or pharmacological inactivation meth-
ods, making direct comparisons challenging.

Because alcohol-associated stimuli elicit cFos induction in the
mPFC under reinstatement conditions (Wedzony et al., 2003;
Zhao etal., 2006; Dayas et al., 2007; Willcocks and McNally, 2013;
Marchant et al., 2014), we here test the hypothesis of functional
ensembles and their involvement in alcohol seeking. For activity-
dependent Daun02 inactivation, we used cFos-lacZ (Kasof et al.,
1995) transgenic rats that express the bacterial lacZ gene under
control of the activity-dependent cFos promoter. For nonselec-
tive Daun02 inactivation, we used pCAG-lacZ rats (Weber et
al., 2011) ubiquitously expressing lacZ under the control of
the pCAG promoter. We found that although alcohol-
associated stimuli induce similar cFos responses in both IL
and PL, only IL neurons form a functional ensemble that in-
hibits alcohol seeking.
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Materials and Methods

Animals

Male cFos-lacZ transgenic rats (Kasof et al., 1995; 250-300 g, n = 40),
PCAG-lacZ rats (Weber et al., 2011; 250-300 g, n = 20) both bred on a
Sprague—Dawley genetic background in the breeding facility of the
CIMH Mannheim, and wild-type littermate rats (250 -300 g, n = 8) were
housed in groups of four under a 12 h light/dark cycle with food and
water available ad libitum in home cages. All behavioral testing was per-
formed during the dark phase from 6:00 A.M. to 6:00 P.M., 5 d per week.
All experiments were conducted in accordance with the EU guidelines for
the care and use of laboratory animals and were approved by the local
animal care committee (Regierungspraesidium Karlsruhe, Karlsruhe,
Germany).

Materials

Ethanol and saccharin solution (Sigma-Aldrich; 10% v/v and 0.2% w/v,
respectively) were freshly prepared with tap water. Orange oil (Oleum
Aurantii dulcis) was from Caelo. Daun02 was provided by NIDA and
dissolved to final concentration of 4 ug/ul Daun02 in 5% DMSO and 5%
Tween 80 in PBS (137 mm NaCl, 2.7 mm KCI, 8 mm Na,HPO,, 1.46 mm
KH2PO,, pH 7.4). X-Gal (2315.4) was from C. Roth. Primary antibodies:
monoclonal rabbit anti-cFos [c-Fos (9F6) mAb no. 2250, Cell Signaling
Technology], monoclonal mouse anti-CaMKII (6G9 MA1-048, Pierce
Biotechnology), monoclonal mouse anti-GAD67 and mouse anti-
NeuN-Cy3 (1G10.2 MAB5406 and clone A60, Cy3 conjugate,
MAB377C3, Millipore), and chicken anti-f galactosidase (ab9361, Ab-
cam). Secondary antibodies: AlexaFluor 488-labeled donkey anti-rabbit
and AlexaFluor 555-labeled donkey anti-mouse (A-21206 and A-31570,
Invitrogen) and Cy3-labeled donkey anti-chicken (703-165-155, Jackson
ImmunoResearch). N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ke-
tone (Z-VAD-FMK), a pan caspase inhibitor, was obtained from
Promega.

General experimental design

Four cohorts of animals were trained to self-administer a 10% alcohol
solution (Experiment 1: n = 24 cFos-lacZ rats; Experiment 2: n = 18
PCAG-lacZ rats; Experiment 3: n = 16 cFos-lacZ rats; Experiment 4: n =
8 wild-type rats) in an operant cue-conditioning task followed by extinc-
tion (Sanchis-Segura and Spanagel, 2006). Guide cannulae were im-
planted (see next section) either aimed to target the IL (Experiments 1, 2,
4) or to the PL (Experiment 3) for subsequent Daun02 infusions after
which the animals were allowed a 7 d recovery period, after which they
underwent a cue-induced reinstatement session to activate a neuronal
ensemble involved in this task (Fig. 14, see time line). To inactivate the
cue-responsive neurons, 90 min later rats received Daun02 or vehicle
microinfusions via their implanted guide cannulas. Three days later rats
were tested again for cue-induced reinstatement. Immediately after the
second reinstatement test in Experiment 1, two animals per group were
randomly removed and killed for X-gal staining, to visualize lacZ activity.
The remaining animals from Experiment 1 underwent additional cue-
induced reinstatement sessions at 7 and 14 d post-Daun02 injection,
without extinction sessions in between. These animals then underwent
extinction training followed by a footshock stress-induced reinstate-
ment. From all Experiments 3 cFos-lacZ rats and 4 pCAG-lacZ rats were
excluded due to complications during the surgery procedure or because
they failed to learn the operant tasks.

Cannula guide implantation

Rats were anesthetized with isoflurane. A single double-barreled cannula
(22 gauge; Plastics One) was implanted on a Kopf stereotaxic frame using
the following coordinates: AP: +3.2 mm, ML: 0.5 mm for each cannula
and DV: —2.8 relative to bregma (Paxinos and Watson, 1998). Obdura-
tors were maintained throughout the experiments. Following surgery
rats were single housed to prevent possible damage to the cannula. Be-
havioral testing was done after a 7 d recovery period.

Microinfusions

Double-barreled injector needles (28 gauge, Plastics One) were con-
nected to polyethylene tubing, attached to a Hamilton syringe, fitted into
an infusion pump. The injector needles extended 3 mm beyond the end
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Experimental design and Daun02 inactivation method. A, Time line of cue-induced alcohol self-administration, extinction, and repeated reinstatement (RET, RE2) tests. B, Principle

designs of activity-dependent and nonselective neuronal inactivation by Daun02 in cFos-lacZ (top) and pCAG-lacZ (bottom) transgenic rats. Blue triangles represent lacZ-positive and activated cells,
gray triangles represent nonactivated cells, and red triangles represent inactivated cells after Daun02 treatment.

of the cannula to target the IL and 1.2 mm beyond the end of the cannula
to target the PL. One-half of the animals received bilateral Daun02 infu-
sions, whereas the other half received bilateral vehicle infusions. Two
micrograms Daun02 in 0.5 ul or the same volume of vehicle was infused
over 2 min through each cannula (Koya et al., 2009). Injector needles
were left in place for 1 min before rats were then returned to their
home cages. Injection sites for each animal cohort are illustrated in
Figure 5.

Stereotaxic injections

Three pCAG-lacZ rats were injected with 2 ug Daun02 in the IL of one
hemisphere and 2 ug Daun02 + 80 ng Z-VAD-FMK (solved in 1X PBS
containing 2% DMSO) in the other hemisphere. Three pCAG-lacZ rats
were injected with Daun02 vehicle in the IL of one hemisphere and
vehicle for both drugs in the other hemisphere. Rats were anesthetized,
placed into a Kopf stereotaxic frame, and 1 ul of the respective solutions
was injected, using the coordinates: AP: + 3.2 mm, ML: = 0.6 mm, DV:
—5.2 relative to bregma (Paxinos and Watson, 1998).

Behavioral procedures

Apparatus. All alcohol-seeking experiments were performed in operant
chambers (MED Associates) enclosed in ventilated sound-attenuating
cubicles. The chambers were equipped with a response lever on each side
panel of the chamber. Responses at the appropriate lever activated a
syringe pump that delivered a ~30 ul drop of fluid into a liquid recep-
tacle next to it. A light stimulus (stimulus light) was placed above the
right response lever of the self-administration chamber. An IBM-
compatible computer controlled the delivery of fluids, presentation of
stimuli, and data recording.

Operant alcohol self-administration. Alcohol self-administration train-
ing and testing sessions were performed 3 h after beginning of the dark
phase, 5-6 d per week. Animals were trained to self-administer 10% (v/v)
ethanol in daily 30 min sessions on a fixed-ratio 1 schedule using a
saccharin fading procedure modified from Tolliver et al. (1988). During
the first 3 d of training, the animals were kept water deprived for 20 h per
day. Responses at the left lever were reinforced by the delivery of 0.2%
(w/v) saccharin solution. For the next 3 d, animals underwent the same
procedure without water deprivation. After successful acquisition of
saccharin-reinforced responding, rats were trained to self-administer
ethanol. During the next three sessions, responses at the left lever resulted
in the delivery of 5% (v/v) ethanol plus 0.2% saccharin solution. Re-
sponses at the right lever were recorded but had no programmed conse-
quences. For the following sessions the concentration of ethanol was
increased first to 8% and then to 10% (v/v), and the concentration of

saccharin was decreased until saccharin was completely eliminated from
the ethanol solution.

Stimulus-conditioning phase. In the conditioning phase, the animals
were trained to associate the availability of ethanol with the presence of
specific discriminative stimuli. The stimulus-conditioning phase started
immediately after completion of the saccharin-fading procedure. A com-
bination of discriminative (olfactory) and contingent (visual) cues was
used for conditioning, according to a well validated protocol published
by Ciccocioppo et al., (2002, 2003) and Meinhardt et al. (2013). Two
stimuli were used to predict the availability of 10% (v/v) ethanol and
were presented during each daily 30 min conditioning session. An orange
odor served as an olfactory contextual stimulus for ethanol and was
generated by application of six drops of orange extract onto the bedding
material in the operant chamber before the start of each session. This
stimulus was present throughout the whole session. In addition, a dis-
crete visual stimulus was presented after correct responses resulting in
ethanol delivery (left lever). As visual stimulus a 5 s blinking light was
used, which was activated after a response at the active lever and was
therefore directly connected to alcohol availability. The 5 s period served
as a “time out”, during which responses were recorded, but did not lead
to reward delivery. For the stimulus-conditioning training, the animals
had to complete 10 sessions with the two conditioned stimuli (CS). Dur-
ing the stimulus conditioning training responses at the right lever were
recorded, but did not result in reward delivery (inactive lever). After the
final stimulus-conditioning session, the animals were ranked based on
their performance during the last six training sessions and equally dis-
tributed into two groups.

Extinction training. After successful completion of the stimulus condi-
tioning phase all animals underwent daily 30 min extinction sessions for
4 d in a row, which was sufficient to reach an extinction criterion of <10
responses or <25% of baseline activity at the active lever per session.
During extinction sessions, both levers were extended without presenta-
tion of the olfactory CS (orange odor). Responses at the previously active
lever activated the respective syringe pump, which however did not result
in reward delivery or presentation of the discrete CS (blinking light).
After the last extinction session, all animals underwent surgery.

Cue-induced reinstatement test. The animals were presented with the
same conditioned stimuli (CS) as during the conditioning phase. Re-
sponses at the left (active) lever resulted in the presentation of the visual
blinking light stimulus and activation of the syringe pump, which how-
ever did not result in reward delivery. Ninety minutes after the beginning
of the first reinstatement session, the animals received their respective
microinfusions (Daun02 or vehicle). Two animals from Experiment 1
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were killed and used for X-gal immunohistochemistry after the second
cue-induced reinstatement session. The remaining animals from Exper-
iment 1 were subjected to repeated cue-induced reinstatement sessions, a
well established procedure for alcohol reinstatement tests (Ciccocioppo
et al., 2006; Cannella et al., 2009). Between repeated cue-induced rein-
statement sessions no extinction sessions were performed.

Stress-induced reinstatement of alcohol seeking. For the stress-induced
reinstatement of alcohol seeking, a footshock protocol adapted from
(Liu and Weiss, 2002) was used. Different operant chambers (Imet-
ronic), which were environmentally distinct from those used for self-
administration (MED Associates) were used to stress the animals. After
the last cue-induced reinstatement test, the animals underwent 5 d of
extinction training in combination with habituation to the new operant
chambers. For habituation, the animals were placed inside the new boxes
for 10 min without cues or extended levers. After 10 min of habituation,
the animals were moved into their normal self-administration chambers
to undergo extinction training (as described above). On the day of stress-
induced reinstatement, all animals were placed inside the new chambers
and received variable intermittent footshocks for 10 min. As settings for
the footshock, we chose 0.5 mA, 0.5 ms duration, 40 s mean intershock
interval with a range from 10 to 70 s. The shock was delivered through a
scrambler to the stainless steel grid floor of the footshock chambers.
Directly after the 10 min footshock session, the animals were moved into
the operant chambers (MED Associates), which were also used for the
previous reinstatements. However, for the stress-induced reinstatement
the same context as for extinction training was used, which means that
only the levers are extended without the presentation of odor and light
cues. Responses at the previously active lever resulted in the activation of
the syringe pump without any reward delivery.

Immunohistochemistry procedures

Ninety minutes after the beginning of the last cue-induced reinstate-
ment, at which cFos protein expression is at peak (Sheng and Greenberg,
1990), rats were deeply anesthetized with isoflurane and intracardially
perfused with 100 ml of 1X PBS followed by 200 ml of fixative solution
(phosphate buffer, containing 4% paraformaldehyde and 14% satu-
rated picric acid). Brains were collected and postfixed for 24 h at 4°C
in fixative solution. Postfixation for X-gal staining was for 1.5 h at
room temperature.

For X-gal immunohistochemistry, 55 um coronal sections were cut
using a vibrating blade microtome (Leica Microsystems). Brain sections
were incubated in freshly prepared X-gal reagent (0.6 mg/ml in 1X PBS
plus 5 mm K, Fe(CN), 5 mm K;Fe(CN)g, and 2 mm MgCl,) at 37°C. The
reaction was stopped by washing the sections with 1 X PBS, brain sections
were mounted on microscope slides using Immu-Mount (Fischer Scien-
tific) and were investigated using a stereo microscope (Carl Zeiss). For
quantification, the number of positively stained nuclei was determined
by applying the cell-counter analysis macro of Image]J covering an area of
1 mm?* within the IL.

For fluorescent double-labeling immunohistochemistry 40-um-thick
coronal sections were cut, collected in 1 X PBS, washed three times in 1 X
TBS and then incubated in blocking solution (7.5% donkey serum, 2.5%
BSA in 1X TBS with 0.2% Triton X-100) for 1 h. For cFos/NeuN double-
labeling sections were incubated with the anti-cFos antibody (rabbit,
1:500) and the anti-NeuN-Cy3-conjugated primary antibody (mouse,
1:500) in blocking solution for 24 h at 4°C. The sections were then
washed three times in 1 X TBS and incubated for 1 hin 1 X TBS with 0.2%
Triton X-100 (TBS-Tx) containing the secondary antibody AlexaFluor
488-labeled donkey anti-rabbit (1:200 dilution). For cFos/CaMKII and
Fos/GADG67 double-labeling sections were incubated for 24 h at 4°C with
the anti-cFos antibody (rabbit, 1:500 dilution) and either anti-CaMKII
(mouse, 1:500) or anti-GAD67 (mouse, 1:1000) antibody in blocking
solution, then washed three times in 1X TBS and incubated for 1 h in
TBS-Tx containing a mixture of secondary antibodies (AlexaFluor 488-
labeled donkey anti-rabbit, 1:200, and AlexaFluor 555-labeled donkey
anti-mouse, 1:200). For cFos/B-gal double-labeling anti-cFos antibody
(rabbit, 1:500) and anti-$3-gal antibody (chicken, 1:10,000) in blocking
solution were used. Secondary antibody solution contained AlexaFluor
488-labeled donkey anti-rabbit (1:200) and Cy3-labeled donkey anti-
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chicken (1:1000). Following staining all sections were washed three times
in 1X TBS and mounted as described above.

Slides were investigated using a Leica TCS SP2 imaging system
mounted on a DM IRE2 microscope (Leica Microsystems) using an 63X
oil-planchromat lens with an NA 1.3 and either an argon ion laser (458 —
514 nm) or a green neon laser (543 nm). Z-stacks were acquired with
sections taken every 0.99 um. All images were saved as Tiff files. For
quantification, three Z-stacks were acquired per hemisphere from infra-
limbic or prelimbic region of eight rats. The number of all NeuN stained
cells and the number of cFos and NeuN colocalized cells was counted
using the cell counter analysis macro of Image]J. The percentage of colo-
calization was calculated for each animal and the mean * SEM for the
eight animals was calculated. For quantification of cFos + GAD67 or
CaMKII colocalization, the number of all cFos stained cells and the num-
ber of the cFos and GAD67 or CaMKII colocalized cells was counted and
the percentage of colocalization was determined as described above.

For Fluorojade B staining rats were perfused as described above and
the brains were postfixed in the fixative for 24 h at 4°C, dehydrated in 1 X
PBS/10% sucrose solution for 3 d and flash frozen at —80°C. A standard
Fluorojade B staining protocol was used (Schmued and Hopkins, 2000)
and the slides were cleared by immersion in xylene for 1 min and cover-
slipped with Eukitt quick-hardening mounting medium (Sigma-
Aldrich). Overview images of Fluorojade B-labeled sections were
acquired using a Zeiss Axioskop 2 plus microscope with a 2.5X lens.
Image analysis was performed using Image]. First, the images were trans-
formed into an 8-bit gray scale image. Then a region-of-interest (ROI)
was defined for the mPFC in each image, followed by the measurement of
the integrated density of each ROL.

Statistics

Data are expressed as mean * SEM. Behavioral data were analyzed using
two-way ANOVA with repeated measures, followed by Newman—Keuls
post hoc tests, where appropriate, using the program Statistica 10 (Stat-
Soft). Alpha level for significant effects was set to 0.05. The dependent
measures and the factors used in the statistical analyses are described in
Results. The X-gal staining was analyzed by two-tailed t test.
Fluorojade-B data were analyzed by one-way ANOVA.

Results

Daun02 permanently inactivates [3-gal-expressing neurons

by neurodegeneration

In cFos-lacZ rats the lacZ transgene encoding the enzyme $-gal is
coexpressed with the gene expression-dependent neural activity
marker cFos. B-gal enzyme converts the inactive prodrug
Daun02 into the active compound daunorubicin, thereby dis-
abling lacZ-expressing neurons. Thus, by controlling 3-gal ex-
pression by the cFos promotor it is possible to specifically
inactivate those neurons that are engaged in a distinct task involv-
ing cFos induction (Koya et al., 2009; Fig. 1B). We first establish
that cue-induced reinstatement of alcohol seeking, a widely used
animal model of relapse (Crombag and Shaham, 2002; Epstein et
al., 2006; Sanchis-Segura and Spanagel, 2006; Martin-Fardon and
Weiss, 2013; Marchant et al., 2014), induces colocalization of
cFos and B-gal in neurons of the medial prefrontal cortex (Fig.
2A). Daun02 microinjections into the IL after this session cause a
significant decrease of -gal-positive cells in this region by the
second reinstatement compared with the vehicle injected group
(r = 5.23, p < 0.01; Fig. 2B), thus demonstrating the specific
inactivation of neurons engaged in the cue-induced reinstate-
ment task.

We also introduce a new tool for nonselective inactivation
using Daun02. The transgenic pCAG-lacZ rat line expresses 3-gal
constitutively under the pCAG promoter (Weber et al., 2011;
Schoniget al., 2012), thus Daun02 treatment will affect the entire
injected area (Fig. 1B). Using this line, it has now become possible
to compare the effects of task-specific versus nonspecific inacti-
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Activity-dependent Daun02 inactivation in cFos-lacZ rats. A, Exposure to alcohol-associated cues results in coexpression of cFos and lacZ in cFos-lacZ rats. Scale bar, 20 um. B,

Representative X-Gal staining of lacZ-positive cellsin the IL region of cFos-lacZ rats after RE2. Scale bar, 300 rem. Drawing of coronal section adapted from Paxinos and Watson (1998). Quantification
of lacZ-positive nuclei after RE2 showed a significant reduction in cFos-lacZ rats after Daun02 treatment compared with vehicle. **p < 0.01.

vation within distinct brain regions using the same method, i.e.,
Daun02 inactivation. Because of the global 3-gal expression, this
line is also well suited to study the mode of action of Daun02 on
neurons. Two concurring hypothesis regarding daunorubicin’s
mechanism of action in neurons have been put forward: tempo-
rary silencing by inhibition of calcium channels leading to re-
duced excitability (Santone et al., 1986; Engeln et al., 2014) or
alternatively, permanent inactivation by neuronal death via apo-
ptosis (Mortensen et al., 1992; Jantas and Lason, 2009). To test
the latter hypothesis, we injected 2 ug Daun02 or 2 ug Daun02 +
80 ng Z-VAD-FMK, or vehicle alone into the mPFC of pCAG-lacZ
rats. Z-VAD-FMK is a pan-caspase inhibitor with anti-apoptotic
properties (Hara et al.,, 1997). Three days after the stereotaxic
injection, rats were killed and brain sections stained with
Fluorojade-B to detect degenerated neurons (Schmued and Hop-
kins, 2000). We found massive neurodegeneration after Daun02
injection, that was largely prevented by Z-VAD-FMK (F(, 5, =
54.8, p < 0.001; Fig. 3A). According to these results, inactivation
of B-gal-expressing neurons by Daun02 involves apoptotic
mechanisms. Consequently, effects on neuronal function are
likely to be permanent.

To validate the specificity of the Daun02 inactivation we com-
pared the results of Fluorojade-B staining in pCAG-LacZ and
cFos-LacZ rats. As described above, c-Fos-LacZ rats were tested
on cue-induced reinstatement of alcohol seeking followed by in-
jection of Daun02 via previously implanted cannulae and killed
3 d later. As shown in Fig. 3B, the whole injected brain area shows
fluorescent signal, demonstrating massive cell damage in the
pCAG-LacZ rats after Daun02 infusions. By contrast, under
activity-dependent conditions in cFos-LacZ rats using the same
amount of Daun02 we found a scattered pattern of fluorescence
signal, which is consistent with the amount of cFos-positive cells
observed in the region, demonstrating the specificity of the
Daun02 method. There was no visible fluorescent signal after
vehicle injections in the cFos-LacZ line.

Cue-activated neuronal ensembles within the IL exert
inhibitory control over alcohol seeking

Using cFos-lacZ and pCAG-lacZ transgenic rats allowing task
specific or nonspecific global inactivation of neurons by Daun02,
respectively, we first investigated the role of neuronal ensembles
in the IL for cue-induced alcohol-seeking behavior. After acqui-
sition of cue conditioned alcohol self-administration, the two
cohorts of rats were ranked based on their response rates over the
last six sessions (baseline) and assigned into separate prospective
Daun02 and control groups (cFos-lacZ: n = 10 vs1l, F; 19 =
1.214, n.s.;; pCAG-lacZ: n = 7/group, F, ;,, = 0.618, n.s.; for
responses at the inactive lever and injection sites for all experi-
ments see Fig. 5). Next, all rats underwent extinction training
resulting in <10 responses at the active lever, were then im-
planted with guide cannulas to target the IL, and tested after 1
week of recovery for cue-induced reinstatement (RE1), which
served to activate cue-responsive neurons. All cFos-lacZ and
pPCAG-lacZ animals showed a significant increase in responding
between the last extinction session and cue-induced reinstate-
ment of alcohol seeking (two-way repeated-measures ANOVA;
cFos-lacZ rats: main effect of sessions, F(, ;) = 14.8,p = 0.001; of
prospective group assignment, F; ;4 = 0.1, n.s., and interaction,
F(110) = 0.04, n.s.; Newman—Keul’s post hoc test extinction vs
RE1 p < 0.001 for both groups; pCAG-lacZ rats: session, F(, ;) =
55.3,p < 0.001; group, F, ;;, = 0.3, n.s.,and interaction, F(, ;,) =
0.06, n.s.; post hoc test for both groups p < 0.05; Figs. 4A,B,
5A,B). Ninety minutes after the beginning of the reinstatement
session, all animals received their respective control or Daun02
microinjections (Fig. 5 shows cannula placements). The animals
were then returned to their home cages for 3 d before being tested
on a second cue-induced reinstatement (RE2). Selective inactiva-
tion of IL cue-responsive neurons by Daun02 in cFos-lacZ rats as
demonstrated by B-gal staining (Fig. 2B) caused a significant
increase in alcohol-seeking responses in the Daun02 group, but
not in the control group (Fig. 4A, Fig. 5A). Two-way repeated-
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measures ANOVA confirmed a significant main effect of the ses-
sions (F(, o) = 18.2, p < 0.001) and a significant interaction
(F1.10) = 10.05, p < 0.01), but no significant effect of treatment
(F1,10) = 3.71, p = 0.069). The post hoc test revealed a significant
difference between RE1 versus RE2 for the Daun02 group (p <
0.001) but not for the control group (p > 0.05; Figs. 44, 5A). This
experiment indicates that a distinct group of IL neurons forms
neuronal ensembles that are involved in retrieval of the alcohol
memory and in inhibiting the associated response, i.e., lever
pressing for obtaining the alcohol reward. Interestingly, nonse-
lective inactivation of IL neurons in pCAG-lacZ rats had no sig-
nificant consequences on alcohol-seeking behavior (two-way
repeated-measures ANOVA: effect of session, F(, ;, = 2.2, n.s;
treatment, F, ;;, = 0.003, n.s.; and interaction, F, ;,, = 0.272,
n.s.; Figs. 4B, 5B). Thus, only task-selective inactivation of cue-
responsive neurons leads to increased alcohol seeking upon
cue presentation, whereas a nonspecific lesion did not result in
a measurable effect. Consequently, the resulting deficits from
a global lesion of the IL can either be rapidly compensated by
other brain regions or opposing processes within the IL are
engaged in controlling alcohol seeking resulting in a zero net
effect.

The selective Daun02 inactivation of cue-responsive neurons
is persistent

Previous studies followed the effects of Daun02 inactivation only
up to 3 d (Koyaetal., 2009; Bossert etal.,2011). Given our finding
that Daun02 causes permanent inactivation of task-activated
neurons, we hypothesized that the behavioral consequences
should be long lasting. We therefore subjected the cFos-lacZ rats
from Experiment 1 to two additional cue-induced reinstatement

tests (RE3 and RE4, days 7 and 14 post-Daun02 infusion). As
expected, we found no differences in alcohol-seeking behavior
between sessions RE2 and RE4 (two-way repeated-measures
ANOVA: effect of treatment, F(, 5y = 5.41, p < 0.05; session,
F(530) = 0.01, n.s.; and interaction, F(, 55y = 0.29, n.s.; Figs. 4C,
5C). Thus, the behavioral effects of Daun02 lesions last at least for
2 weeks and are most likely even longer lasting because all acti-
vated neurons undergo apoptosis.

Neural circuits of cue- or stress-induced alcohol seeking differ
in the IL

In addition to presentation of alcohol cues, a reinstatement of
alcohol seeking is also reliable elicited by stress (Martin-Fardon
and Weiss, 2013). Because the IL integrates information from
various brain regions including those processing emotional
states, we wanted to test whether the cue-activated neuronal en-
semble lesioned by Daun02 could also be involved in the process-
ing of stress-induced reinstatement. The cFos-lacZ animals from
above were exposed to 10 min of intermittent footshocks before
the beginning of the reinstatement session that was conducted in
the same context as for extinction, i.e., without presentation of
specific alcohol-associated cues. The baseline responses from the
previous experiment were 30.8 = 6.2 for the control and 32.5 =
4.9 for the Daun02 group. Both the control and the Daun02
group significantly increased their active lever responses in the
stress-induced reinstatement compared with their extinction
performance, however, there was no significant difference be-
tween the groups (two-way repeated-measures ANOVA: main
effect of the sessions, F(, ;;) = 31.57, p < 0.001; treatment, F, ,,
= 0.51, n.s.; and interaction, F(, ,;, = 0.33, n.s.; Newman-Keul’s
post hoc test: p < 0.05 extinction vs reinstatement session for both
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Figure4. Effects of mPFC Daun02 inactivation on alcohol-seeking behavior. Responses at the active lever (mean + SEM) are shown during extinction (EXT) and reinstatement before (RE1) and
after (RE2) Daun02 injection. Principle schemes as in Figure 18.D2, Daun02. A, Daun02 microinjection into IL of cFos-lacZ rats after RE1 resulted in a significant increase in alcohol seeking in RE2 (n =
10-11/group). B, Nonselective IL inactivation by Daun02 in pCAG-lacZ rats (n = 7/group) was without effect on reinstatement behavior. C, The increase in alcohol seeking in the cFos-lacZ rats
from A after Daun02 treatment persists for at least 2 weeks (RE 2 same asin A), RE3 at 7, and RE4 at 14 d after RET (n = 8 —9/group). Red triangles represent cells inactivated in A. D, The cFos-lacZ animals from
A were tested on stress-induced reinstatement of alcohol seeking. There was no significant difference between the groups (n = 6—8/group). Red triangles represent cells inactivated in A. Blue triangles
represent newly activated cells by stress. £, Daun02 microinjection into PL of cFos-lacZ rats after RE1 has no effect on alcohol-seeking behavior. F, Microinjections of vehicle and Daun02 into IL of wild-type
littermates had no effect on cue-induced reinstatement. Gray triangles represent lacZ-negative cells. *p << 0.05; **p << 0.01; ***p << 0.001. For detailed statistics, see Results.

groups; Figs. 4D, 5D). Thus, despite highly similar behavioral = The majority of cue-responsive neurons are glutamatergic

outputs, i.e., lever pressing for alcohol, the response to stress  To further characterize the cue responsive neurons in the mPFC,
involves different sets of neurons than the ones processing spe-  eight cFos-lacZ rats were killed 90 min after a reinstatement ses-
cific alcohol associated cues. sion and brain sections were double-stained for cFos and cell-
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Figure5. Inactive lever responses from Daun02 inactivation experiments and cannula placements. For explanation of triangles see Figures 2— 4. A, Responses at the inactive lever (mean = SEM)
during extinction (EXT) and reinstatement before (RET) and after (RE2) Daun02 injection into IL of cFos-LacZ rats. There were no significant differences between the groups during EXT, RET, and RE2
(n = 10-11/group). B, There was also no significant difference in inactive lever presses after nonselective IL inactivation by Daun02 in pCAG-LacZ rats (n = 7/group). , The animals from A were
further tested on their reinstatement behavior. There was again no significant difference in inactive lever presses between the groups (n = 8 —9/group). D, The cFos-LacZ animals from Aand Cwere
tested on a stress-induced reinstatement of alcohol-seeking task. There was no significant difference in inactive lever presses between the groups (n = 6 —8/group). E, There was no significant
difference ininactive lever presses between the groupsin a third cohort of animals, which received PL Daun02 injections. F, There was no significant difference in inactive lever presses in cue-induced
reinstatements of wild-type animals after IL vehicle and Daun02 injections. Approximate locations of the 28 gauge injection-cannula tips are indicated by small black triangles. Cannula placements
were verified within the infralimbic cortex from +3.2 to +2.7 anterior to bregma and within the prelimbic cortex from +4.2 to +2.7 anterior to bregma (Paxinos and Watson, 1998).
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type-specific markers (NeuN, GAD67 or CamKinasell as pan-
neuronal, GABAergic and glutamatergic markers, respectively;
Fig. 6A). Quantification of colocalization demonstrated that both
in the IL and PL regions somewhat >10% of all neurons are
cFos-positive, and more than two-thirds of those belong to the
glutamatergic class (Fig. 6B). In line with similar studies (Bossert
etal., 2011; Cruz et al., 2014b), cue responsive neuronal ensem-
bles are formed by a small but substantial number of neurons in a
given brain region.

Selective inactivation of prelimbic neuronal ensembles has no
effect on alcohol seeking

Given the similar cFos response of IL and PL, and that a func-
tional distinction in behavioral control, including cocaine
seeking, is established for these regions (Heidbreder and
Groenewegen, 2003; Peters et al., 2009), we next studied the
potential role of PL neuronal ensembles in the control of alcohol
seeking. A separate cohort of cFos-lacZ rats was trained to self-
administer alcohol and equipped with guide cannulae as de-
scribed above. The prospective Daun02 and control groups
showed no differences in alcohol self-administration (n = 7 vs 8,
F, 13 = 0.16, n.s.) and cue-induced reinstatement after extinc-
tion (two-way repeated-measures ANOVA: main effect of the
sessions, F(, ;5) = 79.14, p < 0.001; treatment, F, 3, = 0.09, n.s;
and interaction, F(; ;3 = 0.2, n.s.; post hoc test p << 0.001 extinc-
tion vs reinstatement for both groups; Figs. 4E, 5E). Daun02
treatment did not alter reinstatement behavior on the second test
(two-way repeated-measures ANOVA: main effect of treatment,
F 13 = 0.63, n.s.; session, F(, ;3 = 1.89, n.s.). There was a sig-
nificant interaction effect (F, ,5, = 8.99, p < 0.05) due to a drop
in responding of the control ( post hoc test RE1 vs RE2, p < 0.05),
but not in the Daun02 group. To further exclude potential un-

specific treatment effects, a group of wild-type littermates (n = 8)
of cFos-lacZ rats, which do not express 3-gal, were assessed in the
reinstatement procedure as described before. As expected, nei-
ther vehicle injection into the IL after RE1 nor Daun02 after RE2
resulted in a significant change in lever pressing (baseline and
extinction responding: 118.3 = 15.6 and 7.8 * 1.2, respectively,
one-way repeated-measures ANOVA; F, 1,y = 0.41,n.s.; Figs. 4F,
5F). In the absence of indication for unspecific drug effects, we
interpret the overall outcome of the PL experiment as a lack of
treatment effect. In conclusion, PL neurons are involved in pro-
cessing the alcohol cue as indicated by their cFos response (see
below), but they do not seem to have a role in controlling behav-
ioral output under the present condition. This result sets alcohol
apart from other drugs like cocaine or heroin that show a differ-
ent involvement IL and PL in the seeking response (Fuchs et al.,
2005; Peters et al., 2009; Bossert et al., 2011; Willcocks and Mc-
Nally, 2013).

Discussion

The mPFC is critically involved in reward learning through top-
down executive control over behavior that is exerted upon eval-
uation of specific reward associated memories together with
actual sensory and interoceptive inputs about availability of the
reward and the prospect to pursue it. This function is commonly
impaired in drug abuse contributing to loss of control over drug
taking (Goldstein and Volkow, 2011), a defining characteristic of
addiction. Our findings yield three important insights in the rep-
resentation of alcohol memories in the mPFC and the exertion of
executive control over alcohol-seeking behavior. First, within the
IL a functional ensemble exists that is characterized by a common
cFos response upon recall of an alcohol memory. This ensemble
comprises somewhat >10% of IL neurons of which ~70% are
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principal glutamatergic neurons and somewhat <10% interneu-
rons. Specific ablation of this ensemble in cFos-lacZ transgenic
rats by Daun02 results in excessive alcohol seeking. These data
provide strong evidence that the function of this ensemble is to
exert inhibitory control over the seeking response. However, this
region does not seem to convey a general inhibitory tone on
alcohol seeking because global silencing of the IL either perma-
nently by Daun02 in pCAG-lacZ rats or reversibly by pharmaco-
logically blocking GABA receptors (Willcocks and McNally,
2013) is without behavioral consequence. Although several stud-
ies found effects on seeking responses for other drugs of abuse by
manipulating IL activity (Peters et al., 2008a; Bossert et al., 2011;
LaLumiere et al., 2012), there is no support for a general inhibi-
tory or stimulatory role of this region in drug seeking. Observed
effects highly depend on the drug, specific stimuli or settings and
timing, thereby supporting the idea that within this region spe-
cific ensembles are formed to subserve specific functions under
specific conditions. Here, compounded cues were used for rein-
statement of alcohol seeking (Ciccocioppo et al., 2002, 2003),
whereby the odor is acting as a discriminative cue as part of the
environment predicting alcohol availability. In this respect our
procedure is similar to the context-induced reinstatement task
used by (Bossert et al., 2011) for heroin-seeking experiments, but
distinct from the recall of highly discrete cues used in the cocaine-
seeking experiments by LaLumiere et al. (2012). In view of these
experimental differences, it is difficult to generalize our findings
with respect to drug-specific effects. Importantly, the functional
ensemble investigated here represents a snapshot defined by cFos
induction upon presentation of alcohol specific cues, and thus
represents only one form of ongoing coherent activity. Conse-
quently, various ensembles are proposed to exist in parallel and to
interact thereby offsetting or facilitating each other’s activity
(Schwindel and McNaughton, 2011; Suto et al., 2013; Cruz et al.,
2014a). Importantly, control over the specific behavioral re-
sponse, i.e., lever pressing upon exposure to the distinct set of
cues, cannot be reestablished by repeated presentation of the al-
cohol cues as demonstrated by additional reinstatement tests
over the course of 2 weeks. This could suggest that the link to the
specific alcohol memory is permanently severed in the IL. In this
case, control over newly learned associations predicting alcohol
availability should still be possible. However, although linking
the cFos ensemble to the alcohol memory seems plausible, other
processes may be involved. The IL is considered to play a role in
extinction learning (Peters et al., 2009; LaLumiere et al., 2010),
which is also known to induce a cFos response (Stafford et al.,
2012). The question whether and to what extend a putative “ex-
tinction ensemble” overlaps with an “alcohol memory ensemble”
cannot be resolved using the present experimental approach and
will require the development of in vivo methods for monitoring
cFos activity.

Second, we provide evidence that the neuronal ensemble
formed by cFos-responsive IL neurons is not necessary for ex-
pressing a seeking response toward alcohol per se. The reinstate-
ment paradigm is considered as a model of relapse into addictive
behaviors including compulsive alcohol drinking because the re-
sponse can be elicited by a variety of stimuli, including the drug
itself, drug-specific cues, or stress, all known to be important
precipitators of relapse in addicted patients (Epstein et al., 2006;
Martin-Fardon and Weiss, 2013; Marchant et al., 2014). Like
alcohol-associated cues, also stress and alcohol itself are potent
inducers of cFos expression in the mPFC and many other brain
regions (Morrow et al., 2000; Zhao et al., 2006; Funk et al., 2008;
Hansson et al., 2008). Here, we observed that foot shock stress
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elicits a seeking response independently of the presence of the
functional ensemble previously involved in the cue-induced re-
instatement test. This result suggests that the stress-responsive
subset of neurons within the IL is different from the one activated
by the presentation of the alcohol cue, although both are acting
on the same behavioral output, i.e., reinstatement of lever press-
ing, which therefore may originate someplace else. Whether a
putative functional ensemble in the IL formed in response to
stress provides inhibitory or stimulatory control for shaping the
behavioral output remains to be studied.

Third, PL neurons are involved in cue-induced reinstatement
of alcohol seeking, but the cFos-positive subset of neurons does
not impact on the behavioral output as demonstrated by similar
cFos responses in IL and PL, but unaltered reinstatement re-
sponses by Daun02 lesion of the latter. This goes in line with
existing concepts on functional compartmentation of mPFC sub-
regions whereby the dorsomedial part is mainly involved in the
learning of rules, whereas the IL supports flexibility in this re-
sponse and shifting toward new strategies when contingencies are
changing (Heidbreder and Groenewegen, 2003; Seamans et al.,
2008). Our findings provide further evidence that the underlying
neuronal mechanisms for various classes of drugs are different
and rely on different mPFC subregions. Thus, inhibition of ven-
tromedial PFC, which includes the IL, showed reduced respond-
ing for heroin, but no effects for cocaine and alcohol under
reinstatement conditions (Fuchs et al., 2005; Willcocks and Mc-
Nally, 2013). For the dorsomedial PFC including PL, reduced
responding for cocaine and alcohol but no effect on heroin seek-
ing was found. Activity-dependent silencing was only reported
for heroin seeking and showed essentially no difference from
global inactivation, i.e., reduced responses in IL and no effect in
PL (Bossert et al., 2011). These results contrast with our findings
demonstrating inhibitory control over alcohol seeking by IL cir-
cuits. Furthermore, a prominent hypothesis posits dichotomous
control by IL and PL over behavior via parallel circuits involving
nucleus accumbens core and shell regions, respectively, thus ei-
ther inhibiting or facilitating cocaine seeking and fear responses
after extinction (Peters et al., 2008a,b, 2009). Such a stringent
dual model of behavioral control may apply for the processing of
highly discrete signals (e.g., a distinct tone or light cue associated
with an immediate, highly salient event, such as cocaine onset or
punishment). Yet, it is unlikely that this model is valid for com-
plex conditions, such as compounded cues (e.g., contextual cues
or settings), or the slow onset of the pharmacological actions and
interoceptive states of alcohol.

Alcohol may be particularly damaging to neurons in the IL.
Repeated periods of alcohol exposure and withdrawal result in
structural remodeling of mPFC neurons, such as increased spine
density, altered functional connectivity, and impaired cognitive
abilities in humans and in rodents (Duka et al., 2003, 2011; Hol-
mes et al., 2012; Kroener et al., 2012). We recently found that rats
with a history of alcohol dependence (Meinhardt and Sommer,
2015) display disrupted infralimbic function resulting from the
inability to properly regulate glutamate release due to a loss of
mGluR2 receptors (Meinhardt et al., 2013). In this model, we also
found decreased basal expression of cFos and other immediate
early genes in the IL, as well as reduced dopamine levels in this
region (Hansson et al., 2008; Meinhardt et al., 2013, 2015). The
interaction of glutamatergic and dopaminergic inputs is an im-
portant trigger for inducing neuronal cFos expression (Cruz et
al., 2014a). This response seems to be necessary for adequately
controlling alcohol seeking, but is likely to be disturbed in
alcohol-dependent rats. Interestingly, even much lower doses of
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alcohol lead to altered cFos expression and connectivity of the IL
associated with impaired cognitive flexibility long after the acute
effects of alcohol have subsided (George et al., 2012). Thus, pro-
gressive loss of inhibitory control from IL neurons might be a
switch into alcohol addiction.

In conclusion, the present study provides new insights in the
infralimbic control over alcohol-seeking behavior, inasmuch as
alcohol seeking involves the formation of highly specific neuro-
nal ensembles with functional and regional characteristics that
are distinct from other drugs of abuse. By introducing a new tool,
the pCAG-lacZ transgenic rat line, we expand the versatility of the
Daun02 method allowing comparison of activity-dependent ver-
sus nonselective inactivation using the same molecular mecha-
nism, and established that the silencing is due to apoptosis.
Consequently, the functional ensembles targeted by this ap-
proach are likely to be permanently inactivated. In future studies,
such ensembles need to be studied in vivo to gain understanding
how ensembles are formed and interact under various conditions
related to alcohol behaviors and addiction.
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