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Neuronal correlates of fear conditioning
in the bed nucleus of the stria terminalis
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Lesion and inactivation studies indicate that the central amygdala (CeA) participates in the expression of cued and contex-

tual fear, whereas the bed nucleus of the stria terminalis (BNST) is only involved in the latter. The basis for this functional

dissociation is unclear because CeA and BNST form similar connections with the amygdala and brainstem fear effectors. To

address this question, we recorded neurons in the anterolateral (AL) and anteromedial (AM) regions of BNST in rats sub-

jected to auditory fear conditioning. During habituation, few neurons were responsive to the conditioned stimulus (CS).

After fear conditioning, 20% of BNST-AL neurons developed inhibitory responses to the CS. In BNST-AM, 26% of

neurons developed positive CS responses. The behavior of BNST-AM and -AL neurons during contextual fear paralleled

their CS responsiveness: More BNST-AM neurons fired at higher rates during contextual freezing than movement,

whereas the opposite was seen in BNST-AL cells. These findings point to regional differences in the activity of BNST-AL

and -AM in relation to learned fear, raising the possibility that they exert opposite influences on fear output networks.

However, given the similar behavior of BNST-AM and -AL neurons in relation to cued and contextual fear, it remains

unclear why lesion and inactivation of BNST differentially affect these two types of fear. Either neurons in a different

BNST sector, not explored here, show a different activity profile in relation to the two forms of fear or inactivation/
lesion studies inadvertently affected a structure adjacent to BNST, which is involved in contextual fear.

The bed nucleus of the stria terminalis (BNST) and the central
amygdala (CeA) are major components of an anatomical entity
named the extended amygdala (Alheid and Heimer 1988; de
Olmos and Heimer 1999). This notion stems from similarities in
the morphology and transmitter content of BNST and CeA neu-
rons (for review, see McDonald 2003), shared inputs from the
basolateral amygdala (BSA) (Krettek and Price 1978a,b; Paré
et al. 1995; Savander et al. 1995; Dong et al. 2001a) as well as com-
mon projections to brainstem nuclei that generate various aspects
of fear/anxiety responses (Hopkins and Holstege 1978; Sofroniew
1983; Veening et al. 1984; Holstege et al. 1985; Dong et al. 2000,
2001b; Dong and Swanson 2003, 2004, 2006a,b,c).

Despite these anatomical similarities, however, BNST and
CeA appear to play different roles. For instance, local drug infusion
(Kim et al. 1993; Wilenskyet al. 2006), lesion (Hitchcock and Davis
1987, 1991; LeDoux et al. 1988; Campeau and Davis 1995; Jimenez
and Maren 2009), optogenetic (Ciocchi et al. 2010), and unit re-
cording (Duvarci et al. 2011) studies suggest that CeA is required
for the rapid expression of conditioned fear responses to discrete
sensory cues (however, see Koo et al. 2004; Pitts et al. 2009), func-
tions that are left intact by BNST lesions (Walker and Davis 1997;
Gewirtz et al. 1998; Sullivan et al. 2004). Instead, BNST lesions in-
terfere with the development of longer “anxiety-like” states in re-
sponse to more diffuse environmental contingencies, responses
that often persist after the threat has vanished (for reviews, see
Sullivan et al. 2004; Duvarci et al. 2009; Walker et al. 2009). In par-
ticular, BNST lesions were reported to disrupt corticosterone and
freezing responses to contextual stimuli that were previously asso-
ciated with aversive outcomes (Sullivan et al. 2004). Importantly,
dissociation between CeA and BNST functions is not only seen in

aversive learning paradigms but also in response to some uncondi-
tioned stimuli (Fendt et al. 2003).

Given their common inputs from the basolateral amygdala
and overlapping projections to fear effector neurons, the basis
for the functional dissociation between BNST and CeA is unclear.
To shed light on this question, we recorded anterior BNST neurons
in freely moving rats subjected to an auditory fear conditioning
paradigm.

Results

Nomenclature used to designate different BNST

subregions
As shown in Figure 1, all our recordings were obtained dorsal to
the anterior commissure, in the anterior third of BNST. Previ-
ously, this BNST region was divided in multiple subnuclei based
on cytoarchitectural and immunohistochemical criteria (Ju and
Swanson 1989; Ju et al. 1989). However, due to the difficulty of un-
ambiguously identifying these subnuclei in sections stained with
cresyl violet, we simply divided our recording sites in two groups,
based on their position relative to the intra-BNST component of
the stria terminalis. Indeed, this fiber bundle separates the ante-
rior BNST in two large sectors: medial (BNST-AM) and lateral
(BNST-AL). The correspondence between these two regions and
the subnuclei identified by Swanson and colleagues (Ju and Swan-
son 1989; Ju et al. 1989) is as follows: BNST-AL corresponds to
Swanson’s oval, juxtacapsular, and anterolateral subnuclei.
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BNST-AM corresponds to Swanson’s anterodorsal subnucleus.
Note that in more recent publications (Dong and Swanson
2006a), Swanson also terms the latter region BNST-AM.

Database
Histological verification of recording sites (Fig. 1B,C) revealed that
tetrodes reached their intended targets (BNST-AL and/or -AM) in
seven of the eight rats. Units recorded with misplaced tetrodes
were excluded from the analyses. Overall, samples of 47–56
BNST-AL and 65–105 BNST-AM units were recorded on each day
of the conditioning protocol. The locations of well-positioned tet-
rodes are shown in Figure 1C. Electrodes were not moved during
the behavioral protocol unless units were lost overnight across
all tetrodes within a bundle. In such rare cases, the tetrode bundle
was lowered 60 mm. Although the electrodes were generally not
moved, spike shapes varied from day to day in a proportion of
units. Therefore, below it is assumed that different cells were re-
corded on each day.

Impact of differential fear conditioning
After electrode implantation and recovery from surgery, rats were
trained on cued (auditory) fear conditioning while recording
BNST activity. As summarized in Figure 1A, the behavioral proto-
col included habituation to the training contexts (Fig. 1A, Day 0)
followed the next day by habituation to the auditory CS+ and
CS2, and then differential fear conditioning in context A (Day
1) (Fig. 1A). Twenty-four hours later, contextual fear memory
was assessed in context A for 10 min (no CS, Day 2) (Fig. 1A).
Finally, two recall tests of cued fear memory were performed on
consecutive days in context B (Days 3 and 4) (Fig. 1A).

Figure 1D illustrates the percent time rats spent freezing dur-
ing the various phases of the behavioral protocol. Red and blue cir-
cles represent freezing to the CS+ and CS2, respectively. The red
diamond represents contextual freezing in context A. Relative to
the last CS+ and CS2 of habituation, fear conditioning caused a sig-
nificant increase in freezing levels to the CS+ (CS+ 5, 81.9%+

6.5%) and CS2 (CS2 5, 78.9%+7.8%, paired t-tests, P , 0.001).
The next day, in the absence of auditory stimuli, the rats exhibited
robust freezing to the training context (A, 43.9%+8.8%, red dia-
mond). On Day 3, rats showed little freezing prior to presentation
of the auditory stimuli (pre-CS freezing, 17.9%+3.8%, black cir-
cle) in context B. However, the first few CS+ elicited large increases
in freezing (CS+ 1–5, 69.9%+3.2%) that gradually diminished
with additional CS+ presentations (CS+ 16–20: 2.8%+2.2%,
paired t-test, P , 0.001). Although discrimination between to
CS+ and CS2 was imperfect, freezing to the CS2 (CS2 1–5,
36.3%+10.5%) was significantly lower than to the CS+ (paired
t-test, P ¼ 0.002). On Day 4, the first few CS+ presentations again
elicited freezing (CS+ 1–5, 28.8%+9.5%) that extinguished with
additional presentations of the CS+ (CS+ 6–10, 6.6%+2.7%).

Overall, these results suggest that the differential auditory
fear conditioning paradigm used in this study led to the formation
of a fear memory to the training context and CS+. Although dis-
crimination between the CS+ and CS2 was imperfect, fear re-
sponses to the CS+ were clearly stronger than those to the CS2

during the first recall test.

Cellular correlates of cued fear memory in BNST-AL

and -AM
To analyze training-induced changes in auditory responsiveness,
we first computed the firing rate of each unit in 5-sec bins, from
20 sec before to 120 sec after the onset of the CS+ and CS2. We ob-
tained separate averages for the habituation phase (trials 3–5), the
first two and last three CS+ and CS2 of training, as well as the first
and last five CS+ and CS2 of the two recall tests. For each average,
we then z-scored the data to firing rate variations seen in the
pre-CS period. Next, to determine whether a CS-evoked change
in firing rate was significant, we separately averaged the z-scores

Figure 1. Experimental paradigm, location of recording sites, and
behavioral results. (A) Experimental paradigm. After implantation of tet-
rodes in BNST and recovery from surgery, rats were subjected to a differ-
ential auditory fear conditioning paradigm. On Day 0, rats were
habituated to the training contexts A and B. On Day 1, in context A,
they were first habituated to the CS+ and CS– and then subjected to
fear conditioning session where the two CSs were presented an equal
number of times in random order with only the CS+ co-terminating
with a footshock. On Day 2, they were exposed to the training context
A with no tone presentations to assess contextual fear. On Days 3 and 4,
two recall tests were conducted in context 5. (B) Histological verification
of recording site. (B1) Photomicrograph showing a coronal section at
the level of BNST-AL. The area enclosed in the dashed rectangle is expand-
ed in B2. Arrow points to small electrolytic lesion performed at the conclu-
sion of the experiment to mark a recording site. (AC) Anterior commissure,
(CC) corpus callosum, (Str) striatum, (V) ventricle. (C) Location of well-
positioned tetrodes. Three antero-posterior levels arranged from the
most rostral (C1) to the most caudal (C3). Filled and empty circles repre-
sent tetrode placements in BNST-AL and -AM, respectively. (D) Percent
time (average + SEM) the rats (n ¼ 8) spent freezing during the CS+

(red circles), CS2 (blue circles) or during exposure to the training
context (red diamond) in various phases of the behavioral protocol
(x-axis). For Day 1, we plot freezing to individual CSs. For Days 3 and 4,
blocks of five CSs were used to compute the averages. Empty black
circle indicates pre-CS freezing during recall test 1. Note that 5 min
elapsed between placement of the rats in context B and presentation of
the first CS. Pre-CS freezing was measured for the last 4 min of this period.
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of each cell during the six 5-sec bins of the CS+ or CS2 and assessed
whether it differed from the baseline period by +1.96z or more
(yielding a significance threshold of P ≤ 0.05). The results of these
analyses are shown in Figures 2–6, including group analyses and
individual examples of significantly responsive cells.

Figure 2 illustrates the proportion of cells responsive to the
CS+ (Fig. 2A) or CS2 (Fig. 2B) in the different phases of the behav-
ioral protocol, combining the results obtained in BNST-AL and
-AM. The proportion of responsive cells changed depending on
the phase of the behavioral protocol. To determine if these chang-
es were statistically significant, we used a x2 test. This analysis re-
vealed a significant dependence (P , 0.0001) between response
type to the CS+ (response, no response) and behavioral phase (ha-
bituation, CS+ 1 and 2 or 3–5 of training, first five or last five CS+

of the two recall tests).
Paralleling our behavioral observations, the proportion of

cells responsive to the CS+ (Fig. 2A) and CS2 (Fig. 2B) was low
during habituation, and it increased significantly as a result of
fear conditioning (x2 test, habituation vs. CS+ 3–5 of training,
P ¼ 0.003). The proportion of responsive cells was significantly
higher for the CS+ than the CS2 at the end of training (x2 test,
P ¼ 0.015). Without exception, all cells with significant responses
to the CS2 were also responsive to the CS+ and the two CSs elic-
ited responses of the same polarity (see below). Interestingly, the
proportion of CS+-responsive cells increased further from the end
of fear conditioning to the first recall test 2 d later (x2 test, P ¼
0.03) and was significantly higher than that to the CS2 (x2 test,
P ¼ 0.001). Additional presentation of the CS+ during the two re-
call tests caused a progressive reduction in the proportion of CS+-
responsive cells such that by the end of the second recall test it
became statistically indistinguishable from that seen during
habituation.

In the analyses presented so far, we considered all cells with
significant responses, whether these responses consisted of an in-
crease or a decrease in firing rate. We now consider the polarity of
their responses. However, because the proportion of cells with sig-
nificant responses to the CS2 was low (Fig. 2B), the following anal-
yses will focus on CS+-evoked activity. As shown in Figure 3, the
relative incidence of cells with inhibitory (blue, “Off-cells”) vs. ex-
citatory (red, “On-cells”) responses to the CS+ differed between
BNST-AL and -AM. In BNST-AL (Fig. 3A), fear conditioning caused
a large increase in the proportion of Off-cells (CS+ 1 and 2 vs. 3–5
of training, x2 test, P ¼ 0.0022) with little change in the incidence
of On-cells. Two days later, during the first five CS+ of the recall

test, the incidence of Off-cells remained similarly high, whereas
the proportion of On-cells augmented. However, the latter change
did not reach significance. With additional presentations of the
CS+, roughly equal but decreasing proportions of cells showed in-
hibitory and excitatory responses.

Figure 4A illustrates a representative example of BNST-AL
neuron with inhibitory responses to the CS+ during the first recall
test. In the top panel, each of the 20 lines shows the activity of the
cell from the first (top) to the last (bottom) CS+ (gray shading) of
recall test 1. The bottom panel shows the average firing rate of
the same cell during the first (red) and last (black) five CS+ of the
first recall test. The first five CS+ elicited a sustained decrease in fir-
ing rate, essentially silencing the cell for the entire duration of the
CS+. Across all BNST-AL cells with inhibitory responses to the CS+,
the firing rate during the first five CS+ of recall test 1 decreased to
27.3%+10.8% of baseline. Additional presentations of the CS+

caused a reduction of the CS+-evoked inhibition (CS+ 16–20, to
48.5%+12.1% of baseline; paired t-test, P ¼ 0.00011).

In contrast with the results obtained in BNST-AL, the propor-
tion of BNST-AM units with inhibitory or excitatory responses to
the CS+ did not change on the training day (compare CS+ 1 and 2
vs. 3–5 of training in Fig. 3B). Two days later, during the first five
CS+ of the recall test, a large and significant increase in the inci-
dence of On-cells was observed (CS+ 3–5 of training vs. CS+ 1–5
of recall test 1, x2 test, P ¼ 0.0021) with little change in the propor-
tion of Off-cells. Additional presentations of the CS+ reduced the
incidence of On-cells.

Figure 4B illustrates a representative example of BNST-AM
neuron with excitatory responses to the CS+ during recall test
1. Typical for these cells, the increase in firing rate elicited by
the CS+ peaked during the first 5 sec of the CS and then decreased
later on. Also typical for these cells, additional presentations of
the CS+ during the recall test caused a reduction of their respons-
es (from 137.6%+6.5% of baseline to 105.7%+4.2% during the
first five and last five CS+, respectively; paired t-test, P ¼ 0.00055).
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In thex2 analyses presented in Figures 2 and 3, we reported on
the incidence cells with significant responses to the CSs. A limita-
tion of this approach when comparing two cell groups is that it ig-
nores the magnitude of the changes in responsiveness. To address
this potential confound, we next compared the average responses
of BNST-AL (Fig. 5) and BNST-AM (Fig. 6) cells from habituation to

the end of training (left) and during the recall test (right). Separate
averages are provided (from top to bottom) for all cells combined,
On-cells, and Off-cells. Comparing the average behavior of
BNST-AL and -AM neurons during the recall test (Figs. 5B and 6B,
respectively) reveals striking differences that are consistent with
the incidence analyses presented in Figure 3. Due to response het-

erogeneity among BNST-AL neurons (Fig.
5B2,B3), no significant change in CS re-
sponsiveness is seen in the grand average
of all BNST-AL neurons from the begin-
ning (red) to the end (black) of the first re-
call test. This contrasts with the grand
average of all BNST-AM neurons (Fig.
6B1) where, due to the prevalence of On-
cells (Fig. 6B2), a significant increase in
activity is apparent at the onset of the re-
call test (Fig. 6B1, red). Unexpectedly the
neuronal responses of BNST-AL cells to
the CS+ persisted to some extent at the
end of the recall test (trials 16–20) (Fig.
5B2,B3), when freezing had fully extin-
guished (Fig. 1D). This observation might
be interpreted as evidence of a persistent
associative memory in BNST, which
could rekindle fear after extinction.

Comparison of firing rates,

patterns, and spike shapes between

CS+-responsive and unresponsive

BNST neurons
In contrast with other brain structures
such as cortex (Markram et al. 2004) or
striatum (Tepper and Bolam 2004), where
the distinctive neurochemical, morpho-
logical, and electrophysiological proper-
ties of projection cells and interneurons
are well known, there is no such clarity
in the BNST. A majority of BNST cells are
GABAergic/peptidergic and a minority
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are glutamatergic (Day et al. 1999; Poulin et al. 2009; Kudo et al.
2012). Given the pattern of results obtained in retrograde tracing
studies (Day et al. 1999; Herman et al. 2004; Kudo et al. 2012), it
is likely that a large proportion of the GABAergic cells and at least
some of the glutamatergic neurons are projection cells. Similarly,
although electrophysiological studies have distinguished three
main cell types in BNST-AL (Hammack et al. 2007; Hazra et al.
2011; Rodrı́guez-Sierra et al. 2013), it remains unclear whether all
or a subset of each class correspond to projection cells or interneu-
rons. Nevertheless, in an attempt to determine whether distinct
cell types respond differently to the CS+, we next compared the
properties of neurons with significant vs. nonsignificant responses
to the CS+ during the recall test (CS+ 1–5).

Although the spontaneous firing rates of BNST cells ranged
widely (from near zero to 32 Hz), most BNST-AL and -AM neurons
had low firing rates (AL, 82% , 4 Hz; AM, 84% ,4 Hz), with no
overall difference in the firing rate of the cells recorded at these
two sites (2.22+0.54 Hz) and BNST-AM (3.14+0.82 Hz;
Wilcoxon Rank-Sum test, P ¼ 0.43). To determine whether there
was a relationship between the CS+ responsiveness of BNST-AL
or -AM neurons (excited, inhibited, no response) and their firing
properties (baseline firing rate or spike duration), we computed
Kruskal–Wallis one-way ANOVAs. For baseline firing rates, both
ANOVAs reached significance (AL, P ¼ 0.035; AM, P ¼ 0.004).
Post-hoc Wilcoxon Rank-Sum tests with Bonferroni correction of
the significance level revealed that there was a trend for
BNST-AM On-cells to have higher baseline firing rates (5.4+1.5
Hz) than Off-cells (0.6+0.3 Hz, P ¼ 0.07) or unresponsive neurons
(2.7+0.8 Hz, P ¼ 0.05). For BNST-AL cells, none of the post-hoc
comparisons approached significance. However, it was clear that
BNST-AL cells had significantly lower baseline firing rates than

BNST-AM On cells (P ¼ 0.022). With
spike duration, the ANOVA did not reach
significance for BNST-AM cells (P ¼ 0.39)
but it did for BNST-AL cells (P ¼ 0.023).
Post-hoc Wilcoxon Rank-Sum tests re-
vealed that there was a trend for
BNST-AL Off cells to generate spikes of
longer duration (0.52+0.08 msec) than
unresponsive cells (0.39+0.03 msec,
P ¼ 0.08). Finally, since earlier patch-
clamp studies reported that a major phys-
iological class of BNST neurons generate
low-threshold spike bursts (Hammack
et al. 2007; Hazra et al. 2011;
Rodrı́guez-Sierra et al. 2013), we com-
pared the incidence of bursting and
nonbursting neurons among On-cells,
Off-cells, and unresponsive neurons of
BNST-AL or -AM but found no significant
differences (P ≥ 0.3).

Cellular correlates of contextual

fear memory in BNST-AL

and -AM
Because prior behavioral studies have re-
vealed that BNST lesions reduce contex-
tual fear (Sullivan et al. 2004; Duvarci
et al. 2009), we next studied the activity
ofBNST-AL(n ¼ 38)andAM(n ¼ 69)neu-
rons during the 10-min exposure to the
training context on Day 2, when the rats
exhibited high levels of contextual freez-
ing (Fig. 1D, red diamond). We observed
that most BNST-AM cells fired at a higher

rate during freezing than movement, whereas BNST-AL cells tend-
ed to show the opposite pattern of activity. Representative exam-
ples of BNST-AM and -AL neurons with respectively higher and
lower activity during behavioral freezing than movement are pro-
vided in Figure 7, A and B, respectively.

To address this quantitatively, we compared the firing rate of
each cell during multiple epochs of freezing vs. movement. The
spike trains were first smoothed with a Gaussian kernel with a
standard deviation of 0.25 sec. The resulting rate estimate was
then sampled at 0.5-sec intervals and periods of freezing and
movement were compared using an unpaired t-test, in each cell
independently (Fig. 8A). As shown in Figure 8B, a similar propor-
tion of BNST-AM (47.8% or 33 of 69) and BNST-AL cells (36.8% or
14 of 38) fired at significantly different rates in epochs of high vs.
low fear. However, paralleling the pattern of results seen with re-
sponses to the CS+, the majority of significant BNST-AM cells
(66.6% or 22 of 33) fired at higher rates during freezing than
movement, whereas most significant BNST-AL cells did the oppo-
site (71.4% or 10 of 14; Fisher exact, P ¼ 0.015). Yet, there were no
significant differences in the baseline firing rates (measured dur-
ing wakefulness in the home cage) of neurons with higher vs. low-
er firing rates during freezing among or between BNST-AL or -AM
neurons (Wilcoxon Rank-Sum tests, P ≥ 0.12).

Although prior lesion studies suggest that BNST plays an im-
portant role in the genesis of contextual freezing, it remains pos-
sible that the differences in firing rates described above do not
relate to the affective state of the rats but to another factor such
as proprioceptive feedback. To address this possibility, we com-
pared the spontaneous firing rates of BNST-AL and -AM neurons
while the animals were in a neutral transfer cage prior to place-
ment in context A (10-min epochs). In this environment, rats
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were generally active. Periods of immobility were almost always
followed by a shift in their behavioral state to slow-wave sleep
(SWS). This shift was easy to identify because it coincided with a
dramatic increase in the power of large amplitude slow oscilla-
tions ≤4 Hz in the local field potentials.

Thus, using the same approach as in the above, we compared
firing rates during movement vs. immobility, but excluding peri-
ods of overt SWS. Respectively, 33.3% and 39.3% of BNST-AL and
-AM neurons were found to have significantly different firing rates
in the two conditions. However, the proportion of cells with high-
er firing rates in one condition or the other did not differ signifi-
cantly (Fisher exact: AM, P ¼ 0.23; AL, P ¼ 0.43).

Discussion

We have studied the behavior of anterior BNST neurons during
cued and contextual fear. The interest of this question stems
from earlier work indicating that BNST and CeA, despite forming
similar connections with the basolateral amygdala (BLA) and
brainstem fear effectors, are differentially involved in contextual
vs. cued fear. Surprisingly, while we observed regional differences
in BNST activity in relation to fear, the pattern of results was sim-
ilar for contextual and cued fear. The significance of these findings
is considered below.

Prior lesion and inactivation studies on the role of BNST

in contextual and cued fear
There is consensus that BNST is involved in the genesis of contex-
tual, but not cued fear. Reversible inactivation (Walker and Davis
1997) as well as electrolytic (Gewirtz et al. 1998; Sullivan et al.
2004; Waddell et al. 2006) or neurotoxic (LeDoux et al. 1988;
Duvarci et al. 2009) lesions of BNST impair the expression of con-
textual but not cued fear, unless the CS is very long (Waddell et al.
2006) or the temporal relationship between the CS and US is
ambiguous (Walker et al. 2009). However, more recent reports us-
ing techniques that allow selective manipulations of different

BNST regions (Kim et al. 2013) or of dif-
ferent cell types within these regions
(Jennings et al. 2013) revealed that BNST
is functionally heterogeneous. Consis-
tent with this notion, some early stud-
ies suggested that BNST activity, while
not required for generating learned fear
to cues, exerts a tonic inhibitory influ-
ence on fear output networks. Indeed,
intra-BNST infusions of muscimol was
found to enhance fear-potentiated
startle (Meloni et al. 2006). Also, presen-
tation of a fear-eliciting CS together
with a conditioned inhibitor was found
to increase Fos expression in BNST rela-
tive to that in animals only presented
with the CS (Campeau et al. 1997). Last,
intra-BNST infusions of calcitonin
gene-related peptide (CGRP) was report-
ed to enhance startle and increase Fos ex-
pression in CeA (Sink et al. 2011).
However, a patch-clamp study found
that CGRP potentiates GABAergic inhibi-
tion in neurons of BNST-AL (Gungor and
Pare 2012), the BNST region receiving
CGRP inputs from the parabrachial nu-
cleus (Gustafson and Greengard 1990;
Dobolyi et al. 2005). Since most BNST
neurons are GABAergic (Esclapez et al.

1993; Poulin et al. 2009), these results suggest the startle enhance-
ment produced by intra-BNST infusions of CGRP is due to the
inhibition of BNST-AL neurons and consequent disinhibition
of CeA.

Activity of BNST neurons in relation to cued

and contextual fear

Overall, the findings reviewed above support the view that BNST
exerts a dual influence over fear expression. On the one hand,
BNST supports contextual fear; on the other, there is evidence
that BNST, most likely its anterolateral region, exerts an inhibito-
ry influence over fear output networks. As described below, we
propose that this apparent contradiction reflects regional
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heterogeneity in the anterior BNST. Indeed, the present study re-
vealed that BNST-AL and -AM neurons display a different activity
profile in relation to learned fear. First, during cued fear condi-
tioning, BNST-AL neurons acquired inhibitory responses to the
CS (Off-cells). Two days later, during the recall test, the propor-
tion of Off-cells remained high but an additional subset of cells
developed positive responses to the CS (On-cells). In contrast,
the CS responsiveness of BNST-AM neurons did not change dur-
ing training. However, during the recall test 2 d later, we ob-
served a large increase in the incidence of cells with excitatory
responses to the CS. Importantly, BNST-AL and -AM neurons
also displayed an opposite activity profile in relation to contex-
tual fear. Indeed, when rats were exposed to the training context
the day after fear conditioning, a third of BNST-AM neurons fired
at significantly higher rates during freezing than movement. Few
BNST-AM cells showed the opposite behavior. By contrast, in
BNST-AL, neurons with lower firing rates during freezing pre-
vailed, consistent with the pattern of CS responsiveness de-
scribed above.

These findings point to regional differences in the activity of
BNST-AL and -AM in relation to learned fear, raising the possibil-
ity that they exert opposite influences on fear output networks.
Several factors likely underlie these differences, including region-
ally heterogeneous amygdala projections to BNST as well as the in-
trinsic BNST network. Indeed, the amygdala sends strong but
neurochemically diverse projections to BNST: GABAergic/pepti-
dergic inputs from CeA and glutamatergic inputs from BLA
(Krettek and Price 1978b; Dong et al. 2001a; McDonald 2003).
Importantly, CeA contributes stronger projections to BNST-AL
than AM (Dong et al. 2001a). Conversely, a major component of
BNST-AL, the oval nucleus, is largely devoid of BLA inputs
(Dong et al. 2001a). In addition, a recent in vitro study on the in-
trinsic connections of BNST reported that BNST-AL neurons re-
ceive inhibitory inputs from other BNST neurons (Turesson
et al. 2013). Thus, CS-related BLA inputs might excite BNST cells
that send GABAergic projections to neurons of the oval nucleus,
causing a feedforward inhibition. This inhibition of BNST-AL neu-
rons might be reinforced by CeA inputs, which are much stronger
to BNST-AL than -AM (Dong et al. 2001a).

Consistent with the above, there is a correspondence be-
tween the CS responsiveness of neurons in the lateral (CeL) and
medial (CeM) sectors of CeA and BNST. In particular, most
CS-responsive CeM neurons exhibit positive responses to the CS
(Ciocchi et al. 2010; Duvarci et al. 2011), as in BNST-AM. In con-
trast, as in BNST-AL, CeL responses to the CS are heterogeneous,
with different CeL neurons exhibiting inhibitory or excitatory re-
sponses (Ciocchi et al. 2010; Duvarci et al. 2011). Perhaps not co-
incidentally, the incidence of CeL Off-cells does not increase
during training, but after a consolidation period (Duvarci et al.
2011). In parallel, an inflation of CS-evoked responses develops
in BLA (Amano et al. 2011). At present, the cellular interactions
leading to these time-dependent changes in CS responsiveness re-
main unclear. However, given the strong interconnections exist-
ing between BLA, CeA, and BNST neurons, a causal relation is
likely. Also, considering the dramatic impact of medial prefrontal
lesions on the expression of learned fear (Sierra-Mercado et al.
2011) and the preferential innervation of BNST-AM by prelimbic
afferents (for review, see McDonald et al. 1999), it is probable
that prefrontal inputs also play a role.

Preferential BNST contribution to contextual fear
The impetus for the present study was to determine why BNST le-
sion and inactivation interfere with contextual but not cued fear
given that BNST and CeA contribute similar projections to brain-
stem fear effector neurons. Yet, we found that BNST-AM and -AL

neurons show a similar differential activity profile in relation to
cued and contextual fear. These findings raise the following possi-
bilities. First, it is conceivable that neurons in a different BNST sec-
tor, not explored in the present study, show a different activity
profile in relation to the two forms of fear. Second, it is possible
that earlier inactivation or lesion studies inadvertently affected
a structure adjacent to BNST, which is involved in contextual
fear. Consistent with this possibility, recent findings implicate
components of the septal region in the regulation of fear and anx-
iety (Yamaguchi et al. 2013). Additional experiments will be re-
quired to settle this question.

Materials and Methods

Procedures were approved by the Institutional Animal Care and
Use Committee of Rutgers University, in compliance with the
Guide for the Care and Use of Laboratory Animals (DHHS). Our
subjects were male Lewis rats (310–360 g, Charles River
Laboratories, Wilmington, MA) maintained on a 12-h light–
dark cycle. They were housed individually with ad libitum access
to food and water. Prior to the experiments, they were habituated
to the animal facility and handling for 1 wk.

Surgery
Eight rats were anesthetized with a mixture of isoflurane and O2,
and administered atropine sulfate (0.05 mg/kg, i.m.) to aid
breathing. In aseptic conditions, rats were mounted in a stereo-
taxic apparatus with nonpuncture ear bars. A local anesthetic
(bupivacaine, s.c.) was injected in the region to be incised.
Fifteen minutes later, the scalp was incised and a craniotomy
was performed above BNST. Then, movable bundles of four tet-
rodes (nichrome microwires, 20-mm inner diameter, impedance
100–300 kV following gold plating) were stereotaxically aimed
to the lateral and medial parts of the anterior portion of BNST
(BNST-AL and BNST-AM, respectively). Tetrode tip positions with-
in a bundle were staggered to facilitate histological reconstruc-
tions. The rats were allowed 1 wk to recover from the surgery
and then acclimated to handling for two additional days.

Behavioral protocol
The rats were subjected to a differential fear conditioning para-
digm (Fig. 1A). Fear conditioning and recall testing occurred in
different contexts (context A and B). For fear conditioning (con-
text A), rats were placed in a rodent conditioning chamber with
a metal grid floor (Coulbourn Instruments) that was enclosed
within a sound-attenuating chamber, dimly illuminated by a sin-
gle house light. For testing recall, the chamber contained a black
plexiglass floor washed with peppermint soap (context B).

On Day 0, rats were habituated to context A and B for 20 min
each. Before and after each context exposure, the animals were
placed in their home cage. On Day 1, we performed a tone habit-
uation session (five presentations of the CS+ and the CS2, each 30
sec in duration, white noise or 2 kHz, 80 dB). The identity of the
CS+ and CS2 was varied across animals and they were presented
in a random order. The CS2 served as a nonassociative control.
Following habituation, the rats received presentations of five
CS+ and five CS2, with the CS+ co-terminating with a footshock
(US, 0.5 mA, 1 sec). On Day 2, to test for contextual fear memory,
rats were placed in context A for 10 min with no presentations of
the CS+ or CS2. On Day 3, in context B, recall of cued fear was test-
ed with 20 additional presentations of the CS2 and CS+. Another
recall test was performed on Day 4 (10 additional presentations of
the CS+ and CS2). In all phases, 5 min elapsed between placement
of the rats in context A or B and presentation of the first CS. The
duration of the CS was always 30 sec and the inter-CS intervals
varied between 3 and 4 min. This long interval was selected so
that during the recall tests, freezing elicited by one CS would
have subsided by the time the next CS is presented. However,
note that during fear conditioning, once the first US was adminis-
tered, rats froze at various times, including during the CSs and
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inter-CS intervals. Much of this freezing likely represents a nonas-
sociative response to the recent US exposure. Behavior was record-
ed by a video-camera and scored off-line. Time spent freezing
(immobility, with the exception of breathing) was measured by
an experienced observer with a stopwatch. Contextual freezing
was also measured using a custom Matlab script that compared ab-
solute differences in luminosity values between corresponding
pixels in successive video frames. Prior to carrying out this analy-
sis, the frames were filtered with a two-dimensional median base
filter to remove the so-called “salt-and-pepper” noise in luminos-
ity values of nearby pixels. To detect freezing, we used a uniform
threshold of luminosity variations (10% of maximal seen during
locomotor activity) that had to be observed in at least 30 consec-
utive frames (or 1 sec). This automated approach closely matched
the results obtained with visual scoring (r ¼ 0.9).

Unit recording, clustering, and analysis
BNST unit recordings were performed during all the phases of the
behavioral protocol described above. The signals were sampled at
40 kHz and stored on a hard drive. The data were first high-passed
filtered using a median-based filter, then thresholded to extract
spikes. We then ran PCA on the spikes and the first three com-
ponents were clustered using KlustaKwik (http://klustakwik.
sourceforge.net/). Spike clusters were then refined manually using
Klusters (Hazan et al. 2006). The reliability of cluster separation
was verified by inspecting auto- and cross-correlograms. Units
with unstable spike shapes during a given recording session
were excluded from the analyses.

To determine whether cells generated spike bursts akin to
those generated by the Type-II BNST-AL and -AM neurons report-
ed in previous in vitro patch-clamp studies (Hammack et al. 2007;
Hazra et al. 2011; Rodrı́guez-Sierra et al. 2013), we fit the tail of the
inter-spike interval (ISI) distribution (interval .100 msec) to an
exponential distribution, the form expected for a random (non-
bursting) process. If the observed rate of ISIs ,20 msec spike inter-
val was significantly greater than expected from the exponential
approximation extrapolated from high to small interval values,
the cell was classified as a bursting neuron.

To determine spike duration, we first selected the tetrode
channel where, for a given cell, action potentials had the largest
peak-to-trough amplitude. We then measured the spike’s half-
amplitude duration as the time required for the action potential
to rise from, and return to, half of its maximum amplitude (see
Barthó et al. 2004).

Statistical analyses
To assess whether CS-evoked responses were significant, we first
computed the firing rate of each unit in 5-sec bins, from 20 sec be-
fore to 120 sec after the onset of the CS+ and CS2. Separate aver-
ages were obtained for the habituation phase, the first two and
last three CS+ and CS2 of training, as well as the first and last
five CS+ and CS2 of the two recall tests. The data of each average
were then z-scored to firing rate variations seen in the pre-CS pe-
riod. A CS-evoked change in firing rate was deemed significant,
when the six 5-sec bins of the CS+ or CS2 differed from the base-
line period by +1.96z or more. This corresponds to a significance
threshold of P ≤ 0.05. To assess whether the proportion of respon-
sive cells changed significantly depending on the phase of the
behavioral protocol, we used a x2 test that analyzed whether there
was a dependence between response type (response, no response)
and behavioral phase (habituation, CS+ 1 and 2 or 3–5 of training,
first five or last five CS+ of the two recall tests). It should be noted
that there were no significant differences in the effectiveness of
the white noise vs. 2-kHz tone in eliciting significant responses
from BNST-AL and -AM cells during habituation. Indeed, a x2

test revealed no significant dependence between response type
(increased firing, decreased firing, no response) and the type of au-
ditory stimulus (white noise or 2-kHz tone) (x2 ¼ 1.03, P ¼ 0.59).
In addition, the magnitude of significant excitatory or inhibitory
responses elicited by the two auditory stimuli did not differ
(paired t-tests, P ¼ 0.4256 and P ¼ 0.1786, respectively).

Histology
At the end of the experiments, the animals were deeply anesthe-
tized and recording sites marked with small electrolytic lesions
(20 mA between a tetrode channel and the animal’s tail for 15
sec). One day later, the rats were then perfused-fixed through
the heart, their brains extracted, cut on a vibrating microtome,
and the sections counterstained with cresyl violet. An example
of histologically identified recording site is shown in Figure 1B.
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