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Ultimately associative learning is a function of the temporal features and relationships
between experienced stimuli. Nevertheless how time affects the neural circuit underlying
this form of learning remains largely unknown. To address this issue, we used single-trial
auditory trace fear conditioning and varied the length of the interval between tone and foot-
shock. Through temporary inactivation of the amygdala, medial prefrontal-cortex (mPFC),
and dorsal-hippocampus in rats, we tested the hypothesis that different temporal intervals
between the tone and the shock influence the neuronal structures necessary for learn-
ing. With this study we provide the first experimental evidence showing that temporarily
inactivating the amygdala before training impairs auditory fear learning when there is a
temporal gap between the tone and the shock. Moreover, imposing a short interval (5s)
between the two stimuli also relies on the mPFC, while learning the association across
a longer interval (40s) becomes additionally dependent on a third structure, the dorsal-
hippocampus. Thus, our results suggest that increasing the interval length between tone
and shock leads to the involvement of an increasing number of brain areas in order for the
association between the two stimuli to be acquired normally. These findings demonstrate
that the temporal relationship between events is a key factor in determining the neuronal

mechanisms underlying associative fear learning.
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INTRODUCTION

The mammalian brain is able to associate events across a broad
range of time intervals, from millisecond (Christian and Thomp-
son, 2003; Woodruff-Pak and Disterhoft, 2008) to hours (Welzl
et al., 2001; Stehberg and Simon, 2011). The association of two
stimuli separated in time depends on the persistence in the brain of
a mnemonic “trace” of the first stimulus until the subsequent one
occurs. How the temporal distance between the events influences
the neuronal mechanisms required for such persistence remains
unknown.

In Pavlovian fear conditioning, extensively used to study asso-
ciative learning, animals learn to fear a neutral stimulus, such as a
tone, after it is paired with an aversive foot-shock (LeDoux, 2003;
Maren, 2008). In auditory trace fear conditioning (tFC), the two
stimuli are separated in time. In this paradigm tone-shock asso-
ciation has been shown to occur across different trace intervals
lengths, from 0.5 to 45s (Baeg et al.,, 2001; Quinn et al., 2002;
Misane et al., 2005), being acquired after a single-trial (Stiedl and
Spiess, 1997; Misane et al., 2005). Thus, this paradigm is suited
to investigate how differences in the temporal distance between
two stimuli may influence the mechanisms underlying associative
learning.

Both medial prefrontal-cortex (mPFC) and the hippocampus
have been implicated in tFC. Consistent with the involvement of
mPFC in tasks which require processing of temporally discon-
nected stimuli (Fuster et al., 2000) both pharmacological and elec-
trophysiological studies have shown that mPFC is involved in tFC
(Baeg et al., 2001; Runyan et al., 2004; Gilmartin and McEchron,

2005a; Gilmartin and Helmstetter, 2010). In addition, numer-
ous studies using lesion (McEchron et al., 1998), pharmacological
and genetic manipulations (Huerta et al., 2000; Chowdhury et al.,
2005; Quinn et al., 2005), and single-unit recordings (McEchron
et al., 2003; Gilmartin and McEchron, 2005b) implicated the
dorsal-hippocampus in tFC. Hence, these two structures have been
postulated to maintain information about the tone until shock
delivery. Importantly, both these areas are reciprocally connected
with the amygdala (McDonald, 1998; Pitkinen et al., 2000; Hoover
and Vertes, 2007). Under conditions in which tone and shock are
contiguous as in auditory delay fear conditioning (dFC), several
studies using electrophysiological recordings, discrete lesions, tem-
porary inactivation, genetic, and pharmacological manipulations
have consistently demonstrated that the amygdala plays a cru-
cial role in associative fear learning (Fanselow and LeDoux, 1999;
LeDoux, 2003; Rumpel et al., 2005; Han et al., 2007, 2009; Maren,
2008; Ciocchi et al., 2010; Haubensak et al., 2010; Pape and Pare,
2010). Therefore, it is generally accepted that tFC relies on the
amygdala with an fMRI study in humans supporting this assump-
tion (Biichel et al., 1999). Nevertheless, a recent study done in
mice reported that tFC could be acquired independently of the
amygdala (Raybuck and Lattal, 2011). Therefore, the role of the
amygdala in tFC needs further investigation!.

"Meanwhile a study using protein synthesis blockade in the rat amygdala showed
that this structure is critical for normal memory consolidation both in delay and
trace fear conditioning (Kwapis et al., 2011).
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Recently, through the use of post-training hippocampal lesion
or the injection of NMDA receptor antagonist, it was shown
that the dorsal-hippocampus is involved in tFC only when trace
intervals longer than 10s are used (Chowdhury et al., 2005; Mis-
ane et al., 2005). This suggests that hippocampal plasticity during
learning and an intact hippocampus during recall are important
when long intervals separate tone and shock, however it remained
to be established whether hippocampal activity during learning
followed the same temporal profile. In addition, this studies raised
the question of what structures are involved when shorter inter-
vals are used and how they differ from the ones required for dFC,
where no interval exists separating the two stimuli.

We addressed these questions by assessing the involvement of
the amygdala, the mPFC, and the dorsal-hippocampus in tFC
acquisition when either a short or alonger trace interval is imposed
between the tone and the shock. To this end, muscimol (a GABAj
receptor agonist) was used to temporarily inactivate each one of
these structures prior to a short tFC protocol (short tFC), where
tone and shock were separated by 5, or prior a long tFC proto-
col (long tFC) where the two stimuli were separated by a longer
interval lasting 40s. The involvement of each structure in the
acquisition of the short tFC or the long tFC was examined by
assessing differences in the levels of fear displayed to the tone.

RESULTS

In this study we performed three different experiments. In all
three conditions infusions were done immediately prior to train-
ing. A group of rats were infused with muscimol (1.6 mM) to
block neural activity and a control group with the vehicle solution
(PBS). Infusions were targeted to the basolateral complex of the
amygdala (Experiment 1 and 2), the dorsal-hippocampus (Exper-
iment 1 and 2) or to the pre-limbic region of mPFC (Experiment
1, 2, and 3). Rats were then assigned to a training protocol where
the interval between the tone and shock was either short=>5s
(Experiment 1), long =40 s (Experiment 2), or non-existent =0s
(Experiment 3). Importantly, in all three experiments the train-
ing protocol consisted of a single tone—shock pairing to insure
that possible differences in the neural circuit underlying learn-
ing in each one of the protocols were not due to variations in the
inter-trial/inter-stimuli-interval ratio (Gallistel and Gibbon, 2000;
Balsam and Gallistel, 2009). To assess the effect of inactivation dur-
ing training in all three experiments rats were tested drug free in
the following day for fear to the tone. The level of freezing response
was used as the learning index (see Figure 1).

EXPERIMENT 1
Role of the amygdala, mPFC, and dorsal-hippocampus in the
acquisition of short tFC (tone and shock separated by 5s).

The first experiment accessed the involvement of the amygdala,
the mPFC, or the dorsal-hippocampus in the acquisition of audi-
tory fear conditioning when a short trace interval is used (tone
and shock separated by 5s). Comparisons were done between rats
that received pre-training muscimol or vehicle infusions (PBS)
into the amygdala (amyg-mus n =9; amy-veh n=8), the mPFC
(mPFC-mus n = 7; mPFC-veh n=9), or the dorsal-hippocampus
(dHipp-mus n = 7; dHipp-veh n =6). The training protocol con-
sisted of one-trial in which a 20-s tone was followed by short

interval (5s) at the end of which a shock (1.5 mA; 1.5 s) was deliv-
ered. To assess the acquisition of fear to the tone three tones (20s
each) were delivered during the tone test session performed 24 h
later when animals were drug free. For each animal a freezing score
was calculated as the average freezing across the three tones. A two-
way ANOVA, testing for main effect of structure (amygdala, mPFC,
or dorsal-hippocampus) and treatment (vehicle or muscimol),
showed a significant effect of structure (F, 490 =3.73, P=0.032),a
significant effect of treatment (Fy, 49 = 27.47, P < 0.001) and a sig-
nificant interaction (F3, 40 = 3.26, P=0.048). LSD post hoc analy-
sis Bonferroni corrected for multiple comparisons (a0 =0.017)
showed that rats with the amygdala inactivated before condi-
tioning froze significantly less to the tone than vehicle infused
rats (P < 0.001). Similarly, mPFC-muscimol rats displayed signif-
icantly less freezing compared to vehicle controls (P=0.005). In
contrast, no significant difference was found between treatments in
the dorsal-hippocampus with both muscimol and vehicle groups
displaying high levels of freezing to the tone (P= 0.235; Figure 2).
This finding is in agreement with previous studies showing that
the dorsal-hippocampus does not significantly contribute to audi-
tory tFC when intervals shorter than 10s are used (Misane et al.,
2005).

To examine whether the effects of amygdala and mPFC inacti-
vation on tone-evoked freezing could be explained by differences
in baseline fear, we measured freezing during the 20-s that imme-
diately preceded the first tone (pre-CS freezing). A Kruskal-Wallis
test comparing pre-CS freezing across all groups revealed a signif-
icant effect [H s, 46) = 12.6, P =10.02]. Post hoc pairwise compar-
isons (Bonferroni corrected) revealed that the mPFC-muscimol
group was significantly different from the BLA-vehicle group and
that no other comparison yielded a significant difference. Impor-
tantly, no difference in pre-CS freezing between mPFC-vehicle and
mPFC-muscimol or BLA-vehicle and BLA-muscimol were found.
Therefore, baseline freezing levels do not explain the differences
in freezing during the tone observed between muscimol and vehi-
cle groups of amygdala and mPFC cannulated animals. Hence,
our results demonstrate that normal neuronal activity, both in the
amygdala and in the mPFC, is important for normal acquisition
of tone—shock association across a short trace interval (5s).

As the amygdala has been shown to respond to shock USs and
inactivating this structure has been shown to affect US responses
(Blair et al., 2005; Johansen et al., 2010), we compared post-shock
freezing of rats infused with vehicle or muscimol in the amygdala
and found no difference (veh=15.0 £ 3.7, mus=14.3£7.5). In
addition, visual inspection of shock reactivity, such as running and
jumping, suggested no difference between the two groups. Thus,
the effect of amygdala inactivation on freezing to the tone is better
explained by an effect on learning than impaired shock processing.

Finally, we tested learned fear of the training environ-
ment and found that this experimental protocol did not
induce reliable contextual fear learning, such that in all vehi-
cle groups there were rats that displayed freezing levels below
10%. Nonetheless, in accordance we previous studies (Muller
et al., 1997; Esclassan et al., 2009; Gilmartin and Helmstet-
ter, 2010), we found that muscimol infusion in all three
structure tended to yield lower freezing levels compared to
vehicle infusion (amygdala: veh=31.3+4.1, mus=1.6£0.5;
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FIGURE 1 | Experimental design. (A) Diagram showing experimental
protocol. Animals were pre-exposed to Context A and B for 15 min the day
before conditioning. Context A and context B were use as training and testing
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environments in a counterbalanced fashion. (B) Photomicrographs showing
example coronal sections of the brain of rats infused with fluorescently
labeled muscimol targeted to BLA, mPFC, and dorsal-hippocampus.
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FIGURE 2 | Recruitment of amygdala, medial prefrontal-cortex

but not dorsal-hippocampus in short tFC. (A) Bar graph showing

percent time spent freezing during the tone CS, averaged across

the three tones of the test session and across animals (average + SEM) and
during the first pre-CS period, in vehicle and muscimol infusion groups.

O vehicle

muscimol

(B) Cannula placement for both vehicle and muscimol infused rats in each
structure: amygdala (BLA) [amyg-mus (n=9); amy-veh (n=8)], medial
prefrontal-cortex (MPFC) [MPFC-mus (n=7); mPFC-veh (n=9)], and
dorsal-hippocampus (dHipp) [dHipp-mus (n=7); dHipp-veh (n=6)].
*Denotes P <0.017.

mPFC: veh = 35.7 £ 4.9, mus = 13.3 & 4.0; dorsal-hippocampus:
veh =30.7 6.1, mus=11.3 £ 3.1). These differences, however,
were not statistically significant.

EXPERIMENT 2
Role of the amygdala, mPFC, and dorsal-hippocampus in the
acquisition of long tFC (tone and shock are separated by 40s).
One of the major goals of this study was to examine if
the temporal interval duration between two stimuli could be
a factor influencing the neuronal structures that are required
for auditory fear conditioning acquisition. Thus, in Experiment
2 the procedures were the same as described in Experiment
1 except for the duration of the interval that separated tone

and shock delivery in the training session, which was altered
to be longer. Briefly, rats infused before training with musci-
mol or PBS into the amygdala [amy-mus (n=14); amy-veh
(n=13)], the mPFC [mPFC-mus (n=9); mPFC-veh (n=9)], or
the dorsal-hippocampus [dHipp-mus (1 = 7); dHipp-veh (n =9)]
received one-trial of tone and shock separated by an interval
of 40s (long tFC). A two-way ANOVA, testing for main effects
of structure and treatment, showed a significant main effect
of structure (F, 54=7.18, P=0.002), a main effect of treat-
ment (Fj 54=32.13, P<0.001) but no significant interaction
was observed (F, 54 = 1.22, P=10.302). Bonferroni corrected LSD
post hoc test (o =0.017) revealed that rats infused with muscimol
either in the amygdala, the mPFC, or in the dorsal-hippocampus
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FIGURE 3 | Recruitment of amygdala, medial

prefrontal-cortex, and dorsal-hippocampus in long tFC. (A) Bar graph
showing percent time spent freezing during the tone CS, averaged across the
three tones of the test session and across animals (average + SEM) and
during the first pre-CS period, in vehicle and muscimol infusion groups.

O vehicle

muscimol

(B) Cannula placement for both vehicle and muscimol infused rats in each
structure: amygdala (BLA) [amy-veh (n=13); amy-mus (n = 14)]; medial
prefrontal-cortex (MPFC) mPFC-veh (n=9); mPFC-mus (n=9); and
dorsal-hippocampus (dHipp) [dHipp-veh (n=9); dHipp-mus (n=7)]. xDenotes
P <0.017

showed significant lower fear of the tone compared to controls
(P=0.009, P=0.003, P < 0.001 respectively; Figure 3). Again to
verify that these differences were not due to alterations in baseline
fear, we compared pre-CS freezing across all groups and found
no significant effect [Kruskal-Wallis: H s ¢1) = 2.8, P=0.72]. In
addition, as for Experiment 1, we compared post-shock freezing of
rats infused with vehicle or muscimol in the amygdala and found
no difference (veh =25.1 5.9, musc =24.1 +7.2).

In summary, in clear contrast with the short tFC (Experi-
ment 1), all the three areas are critically involved in forming an
intact association between tone and shock across a long interval
of time. As shown in Figure 2, vehicle infusion into the amyg-
dala seems to decrease freezing to the tone. This could be due
to cannula placement, vehicle infusion, or both. Importantly, even
though vehicle infusion in amygdala disrupts to some degree freez-
ing to the tone, infusing muscimol had an additional significant
effect ruling out the possibility that the deficit observed in musci-
mol infused rats could be explained solely by the cannula implant
and/or injection procedure.

In addition, we measured freezing to the training envi-
ronment and found that contextual fear learning with the
long tFC protocol was even less reliable than the one
observed in the short tFC protocol. Still, similarly to results
of the short tFC protocol, in this experiment we observed
that muscimol infused rats tended to show lower lev-
els of freezing (amygdala: veh=259+3.8, mus=74+2.7;
mPFC: veh =19.8 £ 5.0, mus = 13.9 & 4.0; dorsal-hippocampus:
veh =22.143.8, mus=14.5+3.2).

EXPERIMENT 3
Role of the mPFC in the acquisition of single-trial dFC (tone and
shock are separated by 0s).

Results presented in Experiments 1 and 2 suggest that the mPFC
is required for tFC acquisition regardless the length of the trace
interval. Previous studies using conditioning protocols consisting

of multiple trials of co-terminating tone—shock pairings (dFC)
have shown that under such conditions associative fear learning
is independent of the mPFC (Morgan and LeDoux, 1995; Corco-
ran and Quirk, 2007). However, our protocol consisted of a single
training trial raising the possibility that this structure was involved
in both the short and the long tFC because it is required for single-
trial learning and not because tone and shock were separated in
time.

Similarly, in Experiment 1 and 2 we show that the amygdala
inactivation impairs freezing when either a short or a long inter-
val is imposed between tone and shock. Importantly, unlike the
mPFC, the amygdala has been consistently implicated in fear asso-
ciative learning when no interval is imposed between the stimuli
(Fanselow and LeDoux, 1999; LeDoux, 2003; Rumpel et al., 2005;
Han et al., 2007, 2009; Maren, 2008; Pape and Pare, 2010) includ-
ing for single-trial protocols (Schafe and LeDoux, 2000; Schafe
et al., 2000). Finally, we show that the hippocampus is involved
in the long tFC, but not in the short tFC. In addition, when
either multiple or a single-trials are employed for conditioning,
dFC acquisition occur independently of the dorsal-hippocampus
(Kim and Fanselow, 1992; Phillips and LeDoux, 1992; Misane et al.,
2005; Esclassan et al., 2009). Therefore, only the role of mPFC in
delay auditory fear conditioning (0's interval condition) when a
single-trial is used for training, remained to be tested. Thus, in
Experiment 3, rats received either muscimol (n=12) or vehicle
infusions (n=28) into the mPFC prior to a single-trial of dFC,
where tone and shock co-terminate (Figure 4). A t-test testing
for differences between treatments showed that there was no sig-
nificant difference in the levels of freezing displayed to the tone
between rats from the muscimol and vehicle groups (P=0.202).
Finally, we found no difference between baseline freezing (Mann—
Whitney U-test: U =36, P=0.61). This demonstrates that the
mPFC is not necessary for single-trial auditory fear learning when
the two stimuli overlap in time, thus confirming a role of mPFC
in the association of temporally discontiguous stimuli.
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FIGURE 4 | Single-trial dFC is independent of mPFC activity. (A) Bar
graph showing percent time spent freezing during the tone CS, averaged
across the three tones of the test session and across animals

(average £+ SEM) and during the first pre-CS period, in vehicle and muscimol
infusion groups. (B) Cannula placement for both vehicle and muscimol
infused rats in medial prefrontal-cortex (mPFC) [mMPFC-mus (n=12);
mPFC-veh (n=8)].

DISCUSSION
The present experiments show that the amygdala plays an impor-
tantrole in tFC acquisition and that its involvement is independent
of the length of the trace interval. Additionally, our findings
implicate the mPFC in both the short and long tFC. Finally, our
results further support previous studies on the requirement for
dorsal-hippocampus in tFC only when long intervals are used.
The finding that the amygdala is critically involved in trace con-
ditioning regardless of the length of the trace interval is consistent
with a vast literature showing that the amygdala plays a crucial role
in all or most forms of fear learning tested (Fanselow and LeDoux,
1999; LeDoux, 2003; Maren, 2008; Pape and Pare, 2010). However,
a recent report shows that tFC can be independent of activity in
the amygdala (Raybuck and Lattal, 2011). There were a few dif-
ferences that may explain the discrepancy between our results and
those reported by Raybuck and Lattal (2011). In their study mice
were used as subjects, whereas in the present study rats were used.
Nevertheless, we believe that the difference in the results is unlikely
to be due to a difference in how the two species acquire tFC, since
the neural mechanism of fear learning seem to be conserved in
mammals (Fanselow and LeDoux, 1999; LeDoux, 2003; Maren,
2008; Pape and Pare, 2010). On the other hand differences in how
fear of the tone was tested might explain the discrepancy of the
results. In our study the length of the tone was the same during
training and testing, i.e., 20’ s, however in Raybuck’s study mice
were trained with a 30-s tone but tested to a 3-m tone. Although
we do not have a clear explanation as to why the difference in
protocol yields a different outcome regarding the recruitment of
amygdala, differences in the behavioral protocols commonly lead
to discrepancies in the results (Phillips and LeDoux, 1992; Maren
et al., 1997). In this study we cannot rule out the possibility that
the effects of amygdala inactivation are due to state dependent
learning, since rats learn in one state (muscimol in amygdala) and
tested in a different state (drug free). Since disruption of activity in
basolateral amygdala complex affects the expression of freezing to

the tone, state dependentlearning cannot be put to test as it would
require performing a double infusion one before the training ses-
sion and another before test session. Finally, it is still possible that
the amygdala is involved in tFC during the consolidation process
and that the effect of muscimol injection prior to training results
from lingering muscimol in the amygdala for a period of time after
conditioning. However, it has previously been shown that post-
training injections of muscimol into the amygdala do not affect
delay auditory fear conditioning, in contrast with the effects shown
in inhibitory avoidance (Wilensky et al., 1999, 2000). Whether the
involvement of amygdala activity during the consolidation period
depends on the interval between tone and shock remains to be
tested.

Opverall this study demonstrates that, although rats trained with
two different tFC protocols apparently learned the same, i.e., they
expressed fear responses to a previously innocuous tone, the asso-
ciation occurs through distinct neuronal circuits. The differential
recruitment of brain structures suggests that distinct strategies are
engaged to solve the same problem. Hebbian plasticity, thought
to underlie associative learning, depends on correlated activity
between connected neurons, implying that activation by the tone
and shock would have to co-occur within a temporal window of
hundreds of milliseconds (Blair et al., 2001). In dFC, where tone
and shock overlap in time, co-activation by tone and shock does
not pose a problem, while in tFC the activity driven by the tone pre-
sentation must be somehow sustained after the tone offset for the
duration of the trace interval. An extensive literature implicates the
mPFC in working-memory (Goldman-Rakic, 1995; Fuster, 2001),
consistent with its involvement in tasks such as, trace eye blink con-
ditioning (Kronforst-Collins and Disterhoft, 1998; Weible et al.,
2000; Kalmbach et al., 2009), delayed choice tasks (Fuster and
Alexander, 1971; Fuster et al., 2000), or interval timing (Dietrich
and Allen, 1998; Kim et al., 2009). Therefore, a possible way to
bridge the tone and shock across a short interval would be by
engaging a working-memory like strategy with mPFC withhold-
ing the memory of the tone. Since the mPFC, in particular the
pre-limbic cortex sends direct excitatory projections to the basal
and lateral amygdala (McDonald, 1998; Hoover and Vertes, 2007),
activity in the mPFC during the trace interval could directly drive
amygdala neurons until shock delivery. In this case information
about the tone at the time of shock delivery would reach the
amygdala from mPFC projections, rather than from projections
of auditory sensory areas which predominate during delay condi-
tioning (tone and shock co-terminating). Future experiments are
needed to test this hypothesis directly. In our experimental condi-
tions, the mPFC underlies tone—shock association across a short
period of time (55s), nonetheless mPFC activity is not sufficient
when the temporal gap between stimuli increases. The additional
requirement in long tFC of the dorsal-hippocampus, known to
be necessary for the encoding of personally experienced episodes
(i.e., associating events to the place and time where they occurred;
Moita et al., 2003; Eichenbaum, 2004), suggests that an episodic
memory like strategy could be employed for tone-shock associ-
ation across longer intervals. Thus, associating tone and shock
could be achieved by encoding these stimuli as part of the same
episode (training session) so that subsequent presentation of the
tone alone is enough for reactivating the memory of the aversive
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conditioning session and lead to the display of fear responses. The
requirement of both hippocampal and mPFC activity during long
tFC, raises the question of whether these two regions act in concert
or independently. In the first case it is possible that activity in
mPFC is important for normal episodic memory formation in the
hippocampus. Indeed it has recently been shown that mPFC plays
a role in contextual fear conditioning (Gilmartin and Helmstet-
ter, 2010), which is a hippocampal-dependent task (Sanders et al.,
2003), and functional disconnections between mPFC and hip-
pocampus disrupt a spatial task that requires memory of previous
trials when long inter-trial intervals were used (Lee and Kesner,
2003). In the later case, the hippocampus and the mPFC would
drive cells in amygdala independently and each would contribute
to the formation of the association at different sub-sets of synapses
or cells, all of which would contribute to a memory of a tone—shock
association strong enough to elicit freezing to the tone during the
test session. Although further studies are necessary to elucidate
how the brain works to associate events that are separated in time
our results clearly indicate that the need to link stimuli across
increasing time intervals requires more cognitive processing thus
recruiting additional brain structures.

Importantly, rats learn to fear the tone after a single pairing
with shock. Nonetheless, much of what is known about the neu-
ronal mechanisms underlying associative learning comes from
studies where animals are extensively trained. The neuronal mech-
anisms underlying one-trial learning are likely to be divergent
from the ones engaged in processing repetitive events (Miyashita
et al., 2009). For instance, based on multiple-trial learning it is
predicted that the stronger the learning about the discreet tone
CS, the weaker the association with the background context and
vice versa (Gallistel and Gibbon, 2000). It follows that when longer
intervals separate tone and shock, a weaker tone—shock association
is expected and concomitantly a stronger context—shock associa-
tion is established. However, in our data set there are only small
differences in both the tone—shock or context—shock association
between short and long tFC. Furthermore, it is known that in
multiple-trial conditioning the learning rate is in part determined
by the ratio between the inter-stimulus interval and the inter-trial
interval (Gallistel and Gibbon, 2000; Balsam and Gallistel, 2009).
In essence this means that it is not the absolute length of the
interval between the conditioned stimulus, CS (in our case the
tone), and the unconditioned stimulus, US (in our case the foot-
shock), but rather the relationship between this same interval and
the size of the interval between trials, which affects the formation
of the CS-US association. One implication is that interval tim-
ing is an important process in multiple-trial but not a single-trial
associative learning. How the absolute length of time that elapses
between stimuli affects learning remains largely unexplored. The
present study presents evidence that keeping information about an
event over different timescales may greatly impact the brain areas
involved in such process. We believe that using single-trial learning
tasks will be instrumental in understanding how the brain deals
with information at different time scales. Finally, in the natural
environment, animals often learn promptly since a single failure
may be fatal. Therefore, additional studies on the neuronal basis
of single-trial learning may reveal novel mechanisms by which
animals learn to make inferences about the temporal structure of
the natural world.

In this study we have identified how the temporal features of
tFC change the nodes of the neural circuit underlying this form of
learning. In the future it would be important to investigate how
activity in these nodes might explain how information about the
tone is kept in time and how the connections between the three
brain regions studied contribute to this process.

MATERIALS AND METHODS

SUBJECTS

Naive male Sprague Dawley rats (300-450 g) were obtained from
a commercial supplier (Harlan). After arrival animals were single
housed in Plexiglas top filtered cages and maintained on a 12-h
light/dark cycle (lights off at 7:00 p.m.) with ad libitum access to
food and water. Rats were acclimated for at least 1 week before
experimental manipulation and all animals were handled for a
few days before each experiment. All behavioral and surgical pro-
cedures were performed during the light phase of the cycle. The
Instituto Gulbenkian de Ciéncia follows the European Guidelines
of animal care. The use of vertebrate animals in research in Por-
tugal complies with the European Directive 86/609/EEC of the
European Council.

SURGERY

Rats were anesthetized with sodium pentobarbital (65 mg/kg, i.p.)
and injected with atropine (0.4 mg/kg, i.p.) to prevent airway
obstruction. After head shaving, rats were place in a stereotaxic
instrument with the head secure by non-puncture ear bars. In all
surgeries head position was adjusted to place bregma and lambda
in the same horizontal plane. Under aseptic conditions, the scalp
was incised and skull surface cleared. Using stereotaxic coordi-
nates derived from Paxinos and Watson (2007) two small holes
were drilled for bilateral guide cannula (Plastics One) implant.
In each animal one of the three structures (Amygdala, mPFC,
or dorsal-hippocampus) was targeted. The coordinates were as
follow.

Amygdala (BLA)

Due to its more ventral location and in order to increase the prob-
ability of correct cannula placement two reference points (bregma
and interaural zero) were used. Prior to cannula implantation, the
three coordinates (anterior—posterior, lateral, and ventral) were
determined for the two reference points. The final coordinates
for 24 gage cannula position were a mean value obtained from
the values relative to bregma and to interaural zero. Bregma —
3.3 mm posterior; 5.3 mm lateral; — 8.2 mm ventral to skull sur-
face; Interaural zero — 5.7 mm anterior; 5.3 mm lateral; 1.8 mm
dorsal.

mPFC

Twenty-six gage double guide cannula implanted 3.2 mm ante-
rior to bregma; 0.75 mm lateral to midline; 4 mm ventral to skull
surface.

Dorsal-hippocampus
Twenty-four gage guide cannula implanted 3.8 mm posterior
to bregma; 2.5 mm lateral to midline; 3.8 mm ventral to skull
surface.

The cannulae were secured in place with anchoring screws
(Plastics One) and dental cement (TAB 2000-Henry Schein, Inc.).
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Dummy cannulae (1 mm projection) were inserted into each can-
nula to prevent clogging. Following surgery rats received a sin-
gle shot of the analgesic buprenorphine (0.02 mg/kg) and were
kept warm and under observation until recovery from anesthe-
sia. All subjects were housed individually and allowed at least
7 days recovery from surgery before any subsequent behavioral
procedure.

APPARATUS

Two distinct environments (A and B) were used in this study. They
were located in the same procedure room and were used in a coun-
terbalanced manner (i.e., the animals conditioned in A were tested
in B and vice versa). Both consisted of one conditioning cham-
ber (model H10-11R-TC, Coulbourn Instruments) inside a high
sound isolation chamber (Action automation and controls, Inc.).
During training, both chambers had a shock floor of metal bars
(model H10-11R-TC-SE, Coulbourn Instruments). For the tone
test sessions, a painted acrylic plate covered the chamber’s floor.
To minimize generalization between the two environments, sev-
eral features of the environments differed. In box A, the ceiling
and all four sidewalls were made of clear Plexiglas and the walls of
sound attenuating cubicle were white. The house light was in the
middle-top of the left wall and the speaker was placed outside the
chamber, behind the right wall. In Box B, the two sidewalls were
made of polished sheet metal. The walls of the sound attenuating
cubicle were black. The house light placed in the top-back corner
of the right wall and the speaker was behind the left wall. The
boxes were cleaned with two cleaning fluids with distinct odors
(lavender and natural soap odor). The tones were produced by
a sound generator (RM1, Tucker-Davis Technologies) and deliv-
ered through a horn tweeter (model TLI6H8OHM, VISATON).
The sound was calibrated using a Briiel and Kjaer microphone
(type 4189) and sound analyzer (hand held analyzer type 2250).
A precision programmable shocker (model H13-16, Coulbourn
Instruments) delivered the foot-shocks. The rats’ behavior was
tracked by a video camera mounted on the ceiling of each atten-
uating cubicle. A surveillance video acquisition system was used
to record and store all videos in hard disk for posterior manual
off-line scoring of freezing behavior. Scoring was performed by an
experimenter blind to the treatment of the animals.

BEHAVIORAL PROCEDURES

On the first experimental day rats were exposed to the training
and testing boxes for 15 min each. For each rat exposure to the
two boxes was separated by an interval ranging from 5 to 6h.
The sessions aimed at improving discrimination between the two
environments and thus decreasing pre-CS freezing during the tone
test session. The next day, rats were conditioned under one of three
training protocols, dFC, short, or long tFC. In order to temporarily
inactivate the different brain areas, 5 mg of muscimol, a GABAy
receptor agonist, was dissolved into 5ml of 0.01 M phosphate-
buffered 0.9% saline (PBS) for a final concentration of 1.6 mM.
The dummy cannulae were removed and an injection cannulae
extending 2 mm below the tip of the guide cannula was inserted (31
gage for amygdala and dorsal-hippocampus, 33 gage for mPFC),
a procedure to which rats were habituated for a few days prior
to training. The injection cannulae filled with mineral oil and

connected to a 1-pl syringe (Hamilton), were loaded with musci-
mol or vehicle through backfilling. Rats received either an infusion
of PBS (vehicle) or muscimol (dorsal-hippocampus 0.4 ul; mPFC
0.3 pl; amygdala 0.3 1) at a rate of 0.25 pl/min using an infusion
pump (Harvard Apparatus). The injection cannulae were left in
place for an additional 90s to achieve a proper diffusion of the
drug or vehicle solution from the tips. Twenty minutes following
infusion animals were subjected to a fear conditioning. In all pro-
tocols animals were placed inside the training box and 10 min later
they received one tone presentation (20 s; 5kHz; 70 dB) followed
by a foot-shock (1.5mA; 1.5s). The interval between tone and
shock was 5s for “short tFC” (short tFC) or 40s for “long tFC”
(long tEC) or 0s for the dFC. Five minutes after shock delivery
rats were removed from the box and returned to their home cage.
Twenty-four hours after training all rats were subjected to a tone
test session. Testing took place in a different box and consisted
of a 5-min baseline period followed by three tone presentations
(20 s duration each) delivered with an average inter-trial interval
of 180s (ranging from 170 to 190s). At the end of the session
animals were returned to their home cages.

HISTOLOGY

Upon conclusion of all behavioral procedures, the animals were
deeply anesthetized with an overdose of sodium pentobarbital. In
order to have a general estimation of the spread of the drug flu-
orescent Muscimol (BODIPY TMR-X muscimol; Invitrogen) was
injected targeting the structure just after anesthesia induction. Flu-
orescently labeled muscimol was not use for the infusions during
the experiment (prior to training) for two reasons: (1) since rats
were tested for fear of the tone and of the context on two consecu-
tive days after training, by the time the animals were sacrificed no
fluorescence would be detectable due to drug washout; (2) when
testing BODIPY dissolved in PBS as control vehicle solution we
found the behavior of rats to be disrupted, hence we are concerned
that BODIPY may be toxic. The drug infusion procedure was iden-
tical to the one performed before training (see above). Following
infusion, rats were decapitated and the brains removed to be stored
at —4°C in a 30% sucrose/paraformaldehyde postfix solution until
they sank (2—-3 days). The brains were frozen and 40 pm thick coro-
nal sections covering the whole extent of the structure of interest
(amygdala, mPFC, or dorsal-hippocampus) were cut on a cryostat.
Every second section was collected on coated slides. Sections were
then analyzed and photographed using a fluorescence stereoscope
(Zeiss stereo Lumar), for verification of drug dispersion area and
injector cannulae tip placement. The behavioral data for rats with
either one or both tip cannulae outside of the target area were
excluded.

STATISTICAL ANALYSIS

Freezing was used as the index of conditioned fear. An episode of
freezing was defined as a period in which there was total immo-
bility except for the respiratory related movement. The duration
of time spent freezing was scored at specified time periods dur-
ing the tone test session: 20 s immediately before the first tone
presentation (baseline freezing) and during each one of the three
20s tones. In addition, post-shock freezing was measured during
60 s following the foot-shock of the training session (for amygdala
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implanted rats). Animals which displayed abnormal baseline freez-
ing, defined as values of freezing during the baseline period above
Qs + 1.5 x (Q3 — Qq), corresponded to freezing score above 71%,
were excluded. In total, seven rats were excluded: One from the
5-s dorsal-hippocampus muscimol group; one from the delay-
mPFC-vehicle group; three from the 40-s amygdala vehicle group
and two from the 5-s amygdala vehicle group. In addition, 11 rats
were excluded after histology for cannulae misplacement. A total
of 127 rats were included in this study belonging to 1 of the 14
groups that composed the three experiments.

Experiment 1

Short tFC protocol (55s) with six groups: amy-veh (n=8); amy-
mus (n=9); mPFC-veh (n=9); mPFC-mus (n=7); dHipp-veh
(n=16); dHipp-mus (n=7).

Experiment 2

Long tFC protocol (40 s) with six groups: amy-veh (n=13); amy-
mus (n = 14); mPFC-veh (n =9); mPFC-mus (n =9); dHipp-veh
(n=29); dHipp-mus (n=7).

Experiment 3
dFC protocol (0s) with two groups: mPFC-mus (n = 12); mPFC-
veh (n=38).

In all groups baseline freezing values did not follow a nor-
mal distribution (Shapiro—Wilk test), therefore to compare pre-CS
freezing across the different group non-parametric test were used
(Kruskal-Wallis in the case of short and long tFC and Mann—
Whitney U for the dFC). For each rat, percent freezing during each

tone was averaged across the three trials of the tone test session.
In all groups but one, the mean values followed a normal distrib-
ution. Importantly, all groups met the homoscedasticity criterion.
The results for each protocol (short tFC or long tFC) were analyzed
by a two-way ANOVA testing for main effect of structures (amyg-
dala or mPFC or dorsal-hippocampus) and treatment (muscimol
vs. vehicle). Post hoc comparisons were performed using LSD test
Bonferroni corrected for multiple comparisons (o =0.017). For
the one group that did not follow a normal distribution [mPFC-
veh from the short tFC protocol (5s)] we confirmed the result
obtained with the parametric analysis using a non-parametric
Mann-Whitney U-test, which revealed a significant difference
between vehicle and muscimol infused rats (U =12, P=0.039).
A t-test was performed to analyze the differences between treat-
ments for mPFC infusions in Experiment 3. All statistical analysis
was performed using the application Statistica version 8 (StatSoft,
Inc.).
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