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INTRODUCTION

Rats can acquire the cognitive component of CS-US associations between sensory and
aversive stimuli without a functional basolateral amygdala (BLA). Thus, other brain regions
should support such associations. Some septal/dorsal CA1 (dCA1) neurons respond to
both spatial stimuli and footshock, suggesting that dCA1 could be one such region.
We report that, in both dorsal and ventral hippocampus, different neuronal ensembles
express immediate-early genes (IEGs) when a place is experienced alone vs. when it is
associated with foot shock. We assessed changes in the size and overlap of hippocampal
neuronal ensembles activated by two behavioral events using a cellular imaging method,
Arc/Homerla catFISH. The control group (A-A) experienced the same place twice, while
the experimental group (A-CFC) received the same training plus two foot shocks during
the second event. During fear conditioning, A-CFC, compared to A-A, rats had a smaller
ensemble size in dCA3, dCA1, and vCA3, but not vCA1 Additionally, A-CFC rats had
a lower overlap score in dCA1 and vCA3. Locomotion did not correlate with ensemble
size. Importantly, foot shocks delivered in a training paradigm that prevents establishing
shock-context associations, did not induce significant Arc expression, rejecting the
possibility that the observed changes in ensemble size and composition simply reflect
experiencing a foot shock. Combined with data that Arc is necessary for lasting synaptic
plasticity and long-term memory, the data suggests that Arc/H7a+ hippocampal neuronal
ensembles encode aspects of fear conditioning beyond space and time. Rats, like
humans, may use the hippocampus to create integrated episodic-like memory during fear
conditioning.

Keywords: Arc, Homer 1a, fear conditioning, emotional memory, ventral CA1, ventral CA3, catFISH, dorsal
hippocampus

express an acquired association between a shock and a place, inde-

Forming associations between neutral and aversive stimuli is
essential for survival. Such learning can be conceptualized in clas-
sical conditioning terms as forming CS-US associations, where a
conditioned stimulus (CS) comes to elicit conditioned emotional
responses only after being paired with an unconditioned stimu-
lus (US), which elicits unconditioned emotional responses before
the pairing (Pavlov, 1927). Although experimentally, responses
are measured and used to assess the strength of associations,
classical conditioning training elicits at least two types of learn-
ing: forming stimulus-response (S-R) associations and forming
stimulus-stimulus (S-S) associations.

Conceptually, the existence of what is now known as
“stimulus-stimulus associations” was postulated by Tolman
(Tolman, 1949). It is revealed by latent learning and sensory
preconditioning, and has been demonstrated for contextual fear
conditioning (Tolman, 1949; Vazdarjanova and McGaugh, 1998;
O’Brien and Sutherland, 2007; Li et al., 2011). Associations
between emotional and sensory stimuli can be assessed by mea-
suring behaviors that are supported by such associations, but
which were not conditioned during the training. Rats can flexibly

pendent from any reinforced responses during the training. When
rats with pre- or post-training lesions of the basolateral amygdala
(BLA) are confined to one context during training and receive an
aversive stimulus (contextual fear conditioning), but are allowed
to make a choice between this context over a context where
they have not received foot shocks during testing, they avoid the
footshock-associated context, even when they show little freezing
(Vazdarjanova and McGaugh, 1998, 1999). Therefore, structures
other than the BLA must support the flexible expression of
footshock-place associations.

Flexible expression of stimulus-stimulus associations is a hall-
mark of episodic-like memories which are known to exist in non-
human animals, and to rely on associating “what,” “where” and
“when” of an experience (Clayton and Dickinson, 1998; Morris,
2001; Babb and Crystal, 2006; Ferbinteanu et al., 2006; Kart-
Teke et al., 2006; Clayton et al., 2007; Eichenbaum et al., 2011).
Such associations are supported by the hippocampus (Morris,
2001; Bast et al., 2005; Li and Chao, 2008; Sauvage et al., 2008),
likely in conjunction with closely related structures, such as the
entorhinal and perirhinal cortex, as well as the BLA and prefrontal
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cortex. In humans, S-S associations for emotional stimuli dur-
ing classical conditioning depend on the hippocampus (Bechara
et al., 1995) and are modulated by the amygdala (Cahill and
McGaugh, 1998). In animals, episodic-like memories have been
demonstrated during fear conditioning (O’Brien and Sutherland,
2007). Fear conditioning also changes the firing characteristics
and “place fields” of dCA1 cells (Moita et al., 2004; Chen et al.,
2009). Whether the reported transient firing is sufficient to induce
molecular changes that support long-term memory, or whether
such changes are intrinsic to the dCA1 is unknown. Furthermore,
it is unknown whether the ventral/temporal, compared to the
dorsal/septal, part of the hippocampus preferentially contributes
to such changes. Due to its connectivity, distinct gene expression
patterns, and evidence from lesion and pharmacological studies,
the ventral hippocampus has been associated with the temporal
lobe system which regulates motivational and emotional behav-
ior, while the dorsal hippocampus has been associated with nav-
igation and exploration (reviewed in Fanselow and Dong, 2010;
Bast, 2011). Therefore, we investigated whether changes during
fear conditioning, independent of spatial cues, are encoded by
the CAl and CA3 hippocampal regions and whether they are
more pronounced in the ventral, as compared to the dorsal,
hippocampus.

We assessed large neuronal ensembles from the dorsal and
ventral parts of the CA1 and CA3 regions of the hippocampus
using a cellular imaging method which examines plasticity-related
immediate-early gene (IEG) expression: Arc/Hla catFISH (cel-
lular compartment analysis of temporal activity by fluorescence
in-situ hybridization using Arc and Homer la) (Vazdarjanova
etal.,2002). Arc/Arg3.1 (activity-regulated cytoskeleton-associated
protein) and Homerla (Hla) are effector IEGs that are coordi-
nately expressed during behavior (Vazdarjanova et al., 2002)
and are useful markers of plasticity. The proteins they encode
are targeted to, or synthesized at, activated dendrites, where
they participate in establishing structural and functional changes
that support homeostatic scaling, long-term synaptic plastic-
ity, and long-term memory (reviewed in Fagni et al., 2002;
Szumlinski et al., 2006; Bramham et al., 2010). Importantly,
Arc expression can be dissociated from activity and predicts
the pattern of plasticity assessed electrophysiologically one day
later (Guzowski et al., 2006; Carpenter-Hyland et al., 2010).

The Arc/Hla catFISH method is a powerful tool that can detect
differences in the size and overlap of large neuronal ensembles,
which have initiated expression of Arc/Arg3.1 and Homerla dur-
ing two temporally separate behavioral episodes, across multiple
brain regions in the same animals. Due to the brief period of
transcription (<10 min) of these genes and the differences in size
between their primary transcripts, Hla intranuclear foci of tran-
scription mark cells that initiated transcription 25-35 min before
the animal’s death, while those with Arc foci mark cells with tran-
scription initiated 2—12 min before death (Guzowski et al., 1999;
Vazdarjanova et al., 2002). Using this method it has been shown
that exploring the same place twice induces Arc/H1a expression in
largely overlapping dCA1 neuronal ensembles (Guzowski et al.,
1999; Vazdarjanova et al.,, 2002; Vazdarjanova and Guzowski,
2004; Ramirez-Amaya et al., 2005), similar to findings from elec-
trophysiological studies of “place cells” (McNaughton et al., 1989;

Barnes et al., 1990; Lee et al., 2004; Leutgeb et al., 2004). Here
we show that both the size and overlap of hippocampal IEG-
expressing neuronal ensembles is decreased by fear conditioning,
compared to experiencing the same place with the same spatial
features and relationships. We also show that the changes vary
between CA3 and CA1 and along the septo-temporal axis of the
hippocampus.

MATERIALS AND METHODS

SUBJECTS

Young adult (250-300g) male Sprague-Dawley rats (Charles
Rivers Laboratories Inc., MA) were double housed on a 12h
light/dark cycle (lights on at 7:00am) with food and water
freely available. All testing was performed between 9:00 am and
5:00 pm.

BEHAVIORAL PROCEDURES

All behavioral procedures were approved by the Institutional
Animal Care and Use Committee (IACUC), Georgia Health
Sciences University, Augusta, GA. All analyses were performed by
an experimenter unaware of the group assignment of each rat.

EXPERIMENTAL DESIGN

The experimental design is summarized in Figure 1A. A-A
animals (n = 6) were subjected to two emotionally neutral
(no shock) explorations of a 50 x 10 x 19cm box, made of
two stainless steel plates separated at the floor with a 1cm gap.
The two, 5min explorations were separated by a 20 min rest
period in the home cage. The A-CFC animals (n = 6) received
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FIGURE 1 | (A) Experimental Design: A, Exploration of the experimental
box (no shock); CFC, Contextual fear conditioning in the same box; Sac,
Sacrifice; (B) Freezing behavior during the second event- spatial exploration
vs. fear conditioning, *p < 0.001.
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identical treatment, except that during the second exploration
they received two foot shocks administered through the stainless
steel plates (1 mA AC, 1s, 30s apart, first shock 1 min into the
session). An additional 12 rats received either CFC training or
spatial exploration and, 24 h later, were placed in the apparatus
for 5min to assess long-term memory of the training. No foot
shocks were administered during the testing. All behavior was
recorded using an overhead camera. Fear behavior was measured
as time spent freezing, which was scored as lack of movement
except that needed for respiration. A crossing was scored when
a rat was moving through the apparatus and the base of the tail
crossed the midpoint of the apparatus. To assess the percentage of
cells with IEG expression in response solely to foot shock, three
rats were introduced to the apparatus, immediately shocked for
2's, and then promptly removed and anesthetized with isoflurane
to prevent IEG expression due to subsequent exploratory behav-
ior that is usually seen with such “immediate shock” treatment.
These rats were maintained under general anesthesia for 5 min
to allow footshock-initiated transcription to proceed, and then
the brain was harvested. Three more rats were used as “cage con-
trols.” They were taken directly from their cage, anesthetized and
the brains were harvested.

BRAIN HARVESTING AND SECTIONING

At the end of each experiment, the animals were decapitated
using a rat guillotine, the brain rapidly harvested, flash-frozen
in isopentane, and stored at —80°C. Right hemispheres of brains
from different conditions were blocked together in freezing
medium such that several behavioral groups were represented in
each block. Twenty micron thick coronal sections were cut on
a cryostat and mounted on glass slides. The slides were stored
at —20°C until further processing.

Arc/H1a catFISH

Slides were processed for double Arc/Hla in situ hybridization as
described previously (Vazdarjanova and Guzowski, 2004). Briefly,
after fixing and permeabilizing the tissue, a fluorescein-labeled
full-length Arc antisense riboprobe and digoxigenin-labeled Hla
antisense riboprobe, targeting the 3’ UTR of Hla mRNA, were
applied and hybridized overnight at 56°C. Following quench-
ing of peroxidase activity, the fluorescein tag was revealed with
peroxidase-conjugated anti-fluorescein antibody (Fab fragments,
Roche, Indianapolis, IN) and a tyramide amplification reac-
tion with either fluorescein or cyanine 3 (SuperGlo™ Green
and SuperGlo™ Red, Fluorescent Solutions, Augusta, GA); these
steps were repeated using peroxidase-conjugated anti-digoxigenin
antibody (Fab fragments, Roche, Indianapolis, IN). Riboprobes
were generated using MaxiScript (Ambion, Austin, TX) and
AmpliScribe (Epicentre Biotechnologies, Madison, WI) in vitro
transcription kits and fluorescein- and digoxigenin-labeled UTP
(Roche). Nuclei were counterstained with DAPI.

IMAGE ACQUISITION AND STEREOLOGICAL ANALYSIS

Image stacks from the selected regions (2.8-3.8mm and
4.8-6.4mm posterior to bregma for dorsal and ventral
hippocampus, respectively) were collected from at least four
different slides per animal with a 20x objective on a Zeiss

Axiolmager/Apotome system. For the dCA3 region, mosaic
images of CA3b were collected and analyzed. The position of the
dCA1, vCAl, and vCA3 are illustrated in Figures 2A and D. The
choice of imaging fields from the ventral hippocampus was based
on the projection patterns of the BLA (Pikkarainen et al., 1999;
Petrovich et al., 2001).

Unbiased stereological cell counting and classification were
performed as follows: (1) neurons were first segmented from
the appropriate regions of interest; (2) segmented neurons were
classified manually using AxioVision imaging software (Zeiss).
Putative glial cells, those with small, intensely, and uniformly
stained nuclei, were excluded from the analysis. Neuron-like cells
in the regions of interest were counted by using an optical dissector
method which minimizes sampling errors attributable to partial
cells and stereological concerns (West et al., 1991). Cells were
classified as Arc+, Hla+, or Arc/HIa+ depending on whether they
had foci of transcription for Arc, Hla, or both, respectively. Those
cells thatlacked foci were classified as negative. Overlap scores were
calculated as: (%Arc/Hla + (%E; x %E;)/100)/(%E pin — (%E; x
%E,)/100), where %Arc/Hla+ = percentage of total neurons that
are Arc/Hla+; %E; = percentage of cells activated in the first
behavioral event = (Hla+ + Arc/Hla+)/total neurons; %E, =
percentage of cells activated in the second behavioral event =
(Arc+ + Arc/Hla+)/total neurons; (%E; x %E,)/100 = theoreti-
cal probability of cells activated during both events, assuming the
two events activated independent groups of neurons; %Eqi, =
lesser of %E; and %E,, which normalizes the equation to a con-
dition with a perfect overlap even if one population is smaller
than the other. The Overlap Score is 1 for a perfect overlap
(%E; = %E;), and is 0 for two statistically independent %E;
and %E,. For purposes of clarity we refer to all Hla+ and
Arc/Hla+ cells as an “ensemble” that activated IEG expression
during the first event, and all Arc+ and Arc/Hla+ cells as an
ensemble that activated IEG expression during the second event.

STATISTICAL ANALYSES

Time spent freezing, number of crossings, and overlap scores in
the control and experimental groups were compared using analy-
sis of variance (ANOVA). Ensemble size activated by the different
events within the same control and experimental animals was
analyzed using repeated measures ANOVA with Event and Group
as the independent variables and ensemble size as the depen-
dent variable. Statistically significant main effects were followed
up by Fisher’s PLSD post-hoc tests for four a-priori set compar-
isons: Event 1 vs. Event 2 for the A-A and A-CFC groups and
A-A vs. A-CFC for Event 1 and Event 2. Correlation of ensemble
size between regions was analyzed with simple regression analyses
(StatView software, SAS Institute). Differences were considered
statistically significant at p < 0.05.

RESULTS

FOOT SHOCK DURING A SECOND VISIT TO A NEW PLACE INDUCED
FEAR CONDITIONING

The experimental design is illustrated in Figure 1A. During the
first exposure to the training apparatus, all rats displayed active
exploration (mean of 11 crossings, range 6—13, for both the A-
A and A-CFC groups, no difference between the two groups)
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Figure 33

regma -3.30 mm

20pum

FIGURE 2 | (A) and (D) Diagrammatic representation of the approximate
anatomical locations from which the analyzed images were collected
(Paxinos and Watson, 4th Edn, Academic Press, San Diego, 1998).
Septal/dorsal CA1 (dCA1), temporal/ventral CA1 (vCA1), and vCA3

were single stacks, while dCA3 were mosaics through dCA3b.

(B)-(F) Representative images from dCA1 of an A-A rat (B); dCA1 of an

Figure 44

Bregma -6.04 mm

A-CFC rat (C); vCA1 of an A-A rat (E); and vCA1 of an A-CFC rat (F). Arcis in
red, H1ais in green, and nuclei are in blue. Scale bar is 20 um. All images are
3 um thick. Note the higher number of neurons with Arc/H1a foci of
transcription, to which yellow arrows point, in the A-A compared to A-CFC
rats. The images also illustrate the lower percentage of IEG-expressing
neurons in the vVCA1, compared to the dCA1.

and virtually no freezing. A-A rats showed similar behavioral
patterns during their second visit to the same place. While A-
CEC rats did not show freezing behavior before the delivery
of the two foot shocks, there was robust post-shock freezing
compared to the freezing displayed by the A-A rats during the
same period of time [F(;, 19y = 226.38, p < 0.0001, Figure 1B].
Thus, A-CFC rats acquired robust contextual fear conditioning,
as evidenced by their continued display of high levels of fear
when the aversive stimulus itself was no longer present. Such
CFC training also resulted in long-lasting memory for the event:
A-CFC rats tested 24 h later showed significantly more freezing

than A-A rats (mean 62% vs. 2%, respectively, F(;, 19) = 33.18,
p < 0.001).

PAIRING FOOT SHOCK WITH SPATIAL STIMULI INDUCED A LARGE
DECREASE IN THE SIZE OF DORSAL/SEPTAL CA1 (dCA1) NEURONAL
ENSEMBLES EXPRESSING PLASTICITY-RELATED IMMEDIATE-EARLY
GENES (IEGs)

Images collected from dCA1 (Figure 2A) revealed that both spa-
tial exploration (Figure2B) and fear conditioning in the same
context (Figure 2C) induced significant expression of Arc and
H1la. While caged control rats had a very low percentage of Hla+
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or Arc+ cells (1% and 3%, respectively), Event 1 induced similarly
high IEG expression in both A-A and A-CFC rats (Figure 3A).
Visiting the same place a second time led to a decrease in the size
of IEG+ ensembles (main effect of Event: F(;, 10y = 38.88, p <
0.0001). The decrease was relatively mild in the A-A group (p =
0.047) and very pronounced in the A-CFC group (p = 0.001).
The CEC training appears to account for the decreased ensem-
ble size in the A-CFC group, as revealed by a significant Event x
Group interaction [F(j, 109) = 5.24, p < 0.05] and a significant
difference between the A-A and A-CFC groups during Event 2
(p = 0.018). The decrease could not be explained by the fact
that the A-CFC rats were moving less and showing more freezing
behavior, because there was no correlation between the percent-
age of cells activated during the CFC training (Arc+ neurons)
and the number of crossings during the training (b = —0.06,
R? = 0.24, ns); nor was there a correlation between the number of
crossings during the first exploration and the percentage of Hla+
neurons (b = 40.09, R* = 0.007, ns). The overall proportions
of neurons expressing Arc/Hla during each event was smaller
than previously observed with the catFISH method (Guzowski
et al., 1999; Vazdarjanova et al., 2002, 2006; Vazdarjanova and
Guzowski, 2004; Ramirez-Amaya et al., 2005) which is likely due
to the much smaller size of the current apparatus (x, y dimen-
sions: 50 x 10 cm), with fewer spatial cues, than in the referenced
publications (i.e., 61 x 61 cm).

FEAR-CONDITIONING-INDUCED PARTIAL “REMAPPING” IN dCA1

Not only were fewer dCA1 neurons activated during CFC, com-
pared to exploring the same place without the aversive event, but
the majority of the CFC-activated neurons were different from
those activated by exploring the place alone: the overlap score

for dCA1 in A-CFC rats was significantly smaller than the over-
lap score of A-A rats (Figure 3B, F(;, 19) = 5.00, p < 0.05). This
partial “remapping,” to borrow a term from neuroelectrophys-
iology, is not a function of the decreased size of the neuronal
ensembles during CFC, because the overlap score is adjusted
for the smaller of the two behavioral events (see “Materials and
Methods”). Additionally, only 23.1% of the cells activated dur-
ing Event 1 (HIa+ cells) were also activated during Event 2 in the
A-CFC group (Arc+/Hla+ cells), compared to 44.2% for the A-A
group [F(1, 10) = 15.31, p < 0.01]. Graphically, the relationships
between size and overlap of the ensembles activated in the first
and second event are illustrated with Venn diagrams in Figure 3C.
Note that although the overall percentage of IEG+ cells activated
by both events is similar for the A-A and A-CFC groups, there
is a big difference in the overlap. This change in overlap does
not appear to be a simple reflection of experiencing a foot shock,
because foot shock alone induced Arc in very few dCA1 neurons
(4% vs. 3% in caged controls).

FEAR-CONDITIONING-INDUCED CHANGES WERE LESS PRONOUNCED
IN dCA3

Fear-conditioning-induced changes in dCA3 ensembles were sim-
ilar, but less pronounced, than those seen in dCA1. The ensemble
size during the second event was smaller than that of the first
event for both the A-A and A-CFC groups (Event effect: F(1, 19) =
36.78, p < 0.0001; and only a trend of a group effect p = 0.09,
Figure 4A). However, the neuronal ensemble activated by Event
2 was smaller in the A-CFC versus the A-A rats (p < 0.05).
Additionally, compared to exploration alone, CFC activated fewer
of the neurons activated by the first exploration (A-A= 50.1%
vs. A-CFC=31.1%, p = 0.013, Figure 4C). The overlap score was

A B C
o A-A OEvent 1
16 ® A-CFC 0.8- M Event 2
-- Shock-Iso OOverlap
14 0.7+
2 12 0.6
o =
*5 (@]
O 10 é)‘) 0.5 T Arc+ Arc+
. Q
b s- = 04- * Hia+
] ¥ (] Hia+| |Arct
— >
X 6 * O 0.3 Arct
44 0 emme—— 0.2+
2 0.1 Hla+ Hla+
0 - 0 S S
Event 1 Event 2 A-A A-CFC A-A A-CFC
FIGURE 3 | Comparison of ensemble size and overlap between cells expressing Arc in response to foot shock alone. (B) Overlap
dCA1 ensembles activated during both events in A-A and A-CFC scores; (C) Venn diagrams representing both size and overlap.
groups: (A) Size of IEG-expressing ensembles expressed as *p < 0.05 compared to the A-A group; #p < 0.05 compared to Event 1
percentage of total cells. The dashed line is the percentage of dCA1 of the same group.
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FIGURE 4 | Comparison of ensemble size and overlap between dCA3 cells expressing Arc in response to foot shock alone. (B)
dCA3 ensembles activated during both events in A-A and A-CFC Overlap scores; (C) Venn diagrams representing both size and overlap.
groups: (A) Size of IEG-expressing ensembles expressed as *p < 0.05 compared to the A-A group; #p < 0.05 compared to Event 1
percentage of total cells. The dashed line is the percentage of of the same group.

also decreased for the A-CFC group (Figure 4B), although it did
not reach statistical significance due to a high overlap score in one
A-CFC rat (without this rat, p = 0.028). Interestingly, the same
rat had the lowest overlap score in dCA1. Such negative correla-
tion between overlap scores in the dCA1 and dCA3 was observed
for the entire A-CFC group (b = —0.46, R* = 0.65, p = 0.05),
while no correlation was present in the A-A group (b = +0.48,
R? = 0.40, p = 0.18).

NO CFC-INDUCED CHANGES IN SIZE OR OVERLAP IN vCA1

On the basis of findings that functional integrity of, or plasticity
in, the ventral hippocampus influences fear conditioning (Zhang
et al., 2001; Maren and Holt, 2004; Hunsaker and Kesner, 2008);
we hypothesized that there will be a more pronounced change in
size and/or overlap in vCA1 and vCA3, compared to their dorsal
counterparts. In contrast to this hypothesis, there was no dif-
ference in either the ensemble size (group effect: F(;, 19) = 2.76,
ns), or overlap [F(1, 10y = 0.23, ns] between A-A and A-CFC rats
(Figure 5).

FEAR-CONDITIONING-INDUCED CHANGES IN OVERLAP IN vCA3

In contrast to vCAl, vCA3 showed a significant decrease in
the overlap score in the A-CFC, versus the A-A rats [F(i, 10) =
10.90, p < 0.01; Figures 6B and C]. This decrease occurred even
though the ensemble size was similar to that of the A-A group
for both events (Figure 6A). For both groups there was a sig-
nificant decrease of the ensemble size during the second event,
although this decrease was not due to fear conditioning (main
effect of Event: F(;, 10y = 34.00, p < 0.001; no effect of Group

or Group x Event interaction). However, fear conditioning dis-
rupted a strong correlation between the ensemble size in dCA1
and vCA3 that emerged during exploration: there was a strong
correlation between ensemble size in dCA1 and vCA3 in the A-A
group (b= +1.43, R*> = 0.82, p < 0.01) and no correlation in
the A-CFC group (b = —0.58, R?> = 0.03). The ensemble size in
vCA3 was not correlated with the ensemble size of vCA1 for either
behavioral group (R?> < 0.20).

DISCUSSION

The research presented here tested two main hypotheses: (1)
that conditioning fear to a place induces plasticity-related gene
expression in the rodent hippocampus that is qualitatively differ-
ent than that evoked by exploring the same place; and (2) that
fear-conditioning-induced changes will occur preferentially in the
temporal/ventral, but not septal/dorsal hippocampus. The results
are congruent with the former, but not the latter hypothesis: dif-
ferent ensembles of cells expressing plasticity-related IEGs were
observed when rats explored a place vs. when they received fear
conditioning in that same place. These differences were detectable
along the septo-temporal axis of the hippocampus, with the most
notable effect of fear conditioning seen in the dorsal CA1 and ven-
tral CA3. Specifically: (1) in dCA1, there was both a CFC-related
decrease of ensemble size and overlap between IEG-expressing
ensembles from both events in A-CFC, compared to A-A rats;
(2) in dCA3, there was only a decrease in the ensemble size
during the CFC and a statistically non-significant decrease in
overlap for the A-CFC rats; (3) in vCAl, neither differences in
ensemble size nor overlap were noted; (4) in vCA3, A-CFC rats
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had a significant decrease in overlap compared to A-A rats. Thus,
an emotionally aversive event is represented with a pattern of
plasticity-related gene expression along the septo-temporal axis
of the hippocampus that is distinct from that elicited by spatial
exploration alone.

CONSIDERATIONS OF NOMENCLATURE

While there has been little ambiguity as to the anatomical location
of the term dorsal/septal hippocampus, what has been referred to
as ventral/temporal hippocampus varies significantly in the liter-
ature, depending on how many divisions are included and what
is used as relative location markers. Additionally, recent accounts
have identified dorsal, intermediate, ventral and ventral-ventral
divisions based on a combination of molecular markers (reviewed
in Fanselow and Dong, 2010). Our choice of imaging fields from
the ventral part of the hippocampus (Figure 2) was based on the
projection patterns of the BLA (Pikkarainen et al., 1999; Petrovich
et al., 2001), which cover the border of what would be considered
intermediate and ventral hippocampus, based on a classification
derived from a combined location/molecular markers perspec-
tive (Thompson et al., 2008; Dong et al., 2009). The BLA is
involved in emotional memory and influences hippocampal plas-
ticity in the dorsal hippocampus (McGaugh, 2004; Nakao et al.,
2004). This likely occurs indirectly through projections to the
lateral entorhinal cortex (Pikkarainen and Pitkdnen, 2001), sug-
gesting that direct BLA projections to the more ventral parts of
the hippocampus could influence encoding of emotional events
by that region. Experiments that are testing this hypothesis are
currently underway. The ventral regions that we analyzed also
correspond to those in which protein synthesis is necessary for
proper consolidation of fear conditioning (Rudy and Matus-
Amat, 2005).

IEG EXPRESSION 1S NOT A MEASURE OF LOCOMOTION

One of the main observations in the study is that there is a
notable decrease in the size of IEG+ neuronal ensemble in sev-
eral hippocampal regions during CFC. One could argue that
this decrease in the size of IEG+ ensembles results from the
decreased locomotion observed in the A-CFC group, compared
to the control group that explored the apparatus twice with-
out foot shock (A-A group). However, there was no correlation
between the number of crossings and Arc/H1a expression, show-
ing that suppressed locomotion cannot account for the decrease
in IEG ensemble size. This is consistent with an increasing body
of evidence which suggests that Arc and Hla are markers of plas-
ticity and not neuronal activity, per se (Kelly and Deadwyler,
2003; Vazdarjanova and Guzowski, 2004; Guzowski et al., 2006;
Carpenter-Hyland et al., 2010; McCurry et al., 2010). Therefore,
our findings suggest that CFC reduces the number of dCAl
and dCA3 neurons undergoing plasticity during the aversive
experience and does not simply reflect decreased locomotion.
The decreased ensemble size may result from any of a num-
ber of reasons, such as suppressed plasticity in the hippocampus
due to elevated levels of stress hormones during CFC, sped-up
consolidation, or some other emotion-influenced process.
Suppressed plasticity is an unlikely explanation, because stress
hormones released from the adrenals in response to a stressor

either enhance Arc expression: norepinephrine in the BLA, in
concentrations that enhance memory, increases hippocampal Arc
(MclIntyre et al., 2005); or, as is the case with glucocorticoid
levels in the hippocampus, are significantly elevated above base-
line at 30 min (Thoeringer et al., 2007), which is much longer
than 2 min—the time period required to influence Arc expres-
sion. Sped-up consolidation is a plausible explanation because in
the course of spatial memory consolidation the size of Arc+ neu-
ronal ensembles in the hippocampus and parietal cortex activated
during learning shrinks in half (Ramirez-Amaya et al., 2005).
Additionally, when memories are well-consolidated, the size of
Arc+ neuronal ensembles is significantly smaller than immedi-
ately after memory acquisition (Carpenter-Hyland et al., 2010).
The lack of correlation between Arc/H1a expression and loco-
motion is consistent with previous findings showing that Arc is
a marker of long-term plasticity and memory and not a marker
of acquisition; Arc protein is involved in memory consolidation
and not acquisition (Guzowski et al., 2000; Plath et al., 2006;
Wang et al., 2006; Ploski et al., 2008; Holloway and Mclntyre,
2011). Therefore, our findings should be interpreted as affecting
long-term memory processes and not memory acquisition.

THE DORSAL HIPPOCAMPUS ENGAGES DIFFERENT IEG+ NEURONAL
ENSEMBLES WHEN A SPATIAL CONTEXT IS EXPLORED ALONE

AND WHEN IT IS ASSOCIATED WITH AN EMOTIONAL EVENT

The fear conditioning training induced robust freezing, both
immediately and 24 h after training, showing that, in the A-CFC
but not the A-A group, the spatial context was associated with
the fear-eliciting stimulus, foot shock. The CFC training also
decreased the relative proportion of IEG-expressing cells in both
the dCA1 and dCA3 that would normally re-express Arc and Hla
when a novel place is visited for a second time, as illustrated on
Figures 3C and 4C. The differences in ensemble size and overlap
between the A-A and A-CFC groups are likely due to differences
in what the two groups experienced during the second event:
exploring the context vs. associating it with foot shock, because
the “where” and “when” parts of their experiences were matched.
It is important to note that experiencing foot shock alone, with-
out associating it with the context, could not explain the findings.
Administering a shock without giving a chance for the rats to
form a representation of the spatial context, a.k.a. “immediate
shock” training, is unable to support CFC memory (Fanselow,
1980). We found no evidence that administering such immediate
shock induces any significant IEG expression. Even if footshock
induced Arc expression in the dorsal hippocampus, it should
lead to a larger ensemble size during CFC, not smaller, as our
data showed. Previous findings of increased IEG expression in an
immediate shock group (Lonergan et al., 2010) may be related to
the subsequent learning that occurred (“I got shocked, although I
don’t know exactly where”) as evidenced by enhanced exploratory
and burrowing behavior that occurs when rats are returned to
their home cages after immediate footshock. To prevent this
additional learning, we anesthetized the immediate shock rats
immediately after receiving foot shock. Such treatment does not
stop already initiated transcription, but prevents initiation of
transcription under anesthesia (unpublished observations from
our laboratory).
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These findings suggest that the dorsal hippocampus is involved
in encoding emotional memories, in addition to encoding other
types of episodic memory, and advance the idea that it is part
of a larger memory system of brain regions that includes the
basolateral and central amygdala, and the rostral anterior cingu-
late cortex (Maren, 2003; McGaugh, 2004; Rodrigues et al., 2004;
Malin and McGaugh, 2006; Matus-Amat et al., 2007; Walker and
Davis, 2008; Holloway and McIntyre, 2011). The findings also
extend previous research showing that the dorsal hippocampus
is necessary for single trial learning (Morris, 2001; Kesner, 2007),
including single trial contextual fear conditioning (Wiltgen et al.,
2006), by showing that the dorsal hippocampus creates qualita-
tively different representations of a context that is experienced
with and without a fear-eliciting stimulus.

Although both dCA1 and dCA3 showed conditioning-induced
changes, dCA1 also had a lower overlap in the A-A condition
(Figures 3B and 4B). This observation can reflect a hypothesized
role of dCA1 in encoding the temporal and sequence dimensions
of episodic memories (Hunsaker et al., 2008; Farovik et al., 2010),
as the two explorations of the same place (A-A condition) dif-
fer mostly along the temporal domain. This interpretation also
can explain why in the present study we observed a smaller over-
lap in the A-A rats than what we have observed in the past: the
temporal difference between the two events may have exerted
a relatively larger influence than the spatial cues which were
fewer than those used in previous investigations (Vazdarjanova
et al., 2002; Vazdarjanova and Guzowski, 2004; Ramirez-Amaya
et al., 2005). The fact that dCA3, compared to dCA1, had a less
pronounced decrease in overlap in the A-CFC rats can reflect
the computational characteristics of dCA3 in respect to pat-
tern completion and pattern separation which have been evoked
to explain differences in electrophysiological activity and IEG
expression during spatial learning (Lee et al.,, 2004; Leutgeb
et al., 2004; Vazdarjanova and Guzowski, 2004; Rolls and Kesner,
2006).

These findings were made possible because of the power
of within animal experimental design combined with the tem-
poral resolution of Arc and Hla expression visualized using
the Ar¢/Hla catFISH method. Simply measuring the mRNA
or protein levels of IEGs or other plasticity-related molecules
would not have revealed the differences between the A-A and
A-CEC groups, because the combined percentage of neurons
with IEG expression from both events is similar in both groups.
Indeed, no difference was reported for Arc protein levels in
the dorsal hippocampus between a group that explored a place
and a group that received fear conditioning in that place
(Lonergan et al., 2010). However, we report striking differ-
ences in overlap showing that, at a network level, the same
place is encoded by demonstrably different neuronal ensembles
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