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Abstract

Rats received NMDA lesions of the bed nucleus of the stria terminalis (BNST) and then ten
aversive conditioning trials in which exposure to a context was paired with footshock. For half the
animals, shock was presented one minute after the onset of each context exposure; for the other
half, shock was presented after 10 minutes. With the one-min context duration, aversive
conditioning (measured by freezing) was unaffected by BNST lesion. In contrast, at the 10-min
duration, lesioned animals froze substantially less than sham controls. When one-minute-
conditioned animals were left in the context for 10 minutes, freezing that was evident (though
declining) throughout the test was not affected by the BNST lesion. When freezing over 10 mins
was similarly examined in the 10-min-conditioned animals, BNST lesions caused a deficit that
was consistently evident over time. The results indicate that the BNST is involved in aversive
conditioning to long-duration, but not merely contextual, conditional stimuli. Results may be less
consistent with the view that BNST becomes activated after prolonged fear than the view that it is
involved when a cue’s onset has a remote temporal relation to shock.
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The bed nucleus of the stria termialis (BNST) has emerged as an important brain structure
associated with stress and emotional responding. Hence, BNST activity has been implicated
in anxiety-like behavior (Waddell, Bouton, & Falls, 2008; Waddell, Morris, & Bouton,
2006; Walker & Davis, 2008; Walker, Miles, & Davis, 2009; Walker, Toufexis, & Davis,
2003), depression-like behavior (Hammack, Richey, Watkins, & Maier, 2004; Stout, Mortas,
Owens, Nemeroff, & Moreau, 2000), addiction processes (e.g. (Erb, Shaham, & Stewart,
2001)), the response to stressors (see (Crestani et al., 2013) for review), stress-induced
anorexia (Roman et al., 2012), and the affective component of pain (Tran, Schulkin, &
Greenwood-Van Meerveld, 2014). A role for BNST activity in emotional behavior has also
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been observed in nonhuman primates (e.g. (Kalin, Shelton, Fox, Oakes, & Davidson, 2005))
and humans (Somerville, Whalen, & Kelley, 2010; Straube, Mentzel, & Miltner, 2007).

In an effort to delineate the behavioral systems dependent on BNST activity, Davis and
colleagues originally argued that the BNST mediates a sluggish behavioral response system
to diffuse stimuli that influences behavior long after the stimulus has terminated, which they
likened to human states of anxiety as distinct from fear (Walker et al., 2003). In support,
electrical BNST stimulation produces many of the endocrine, cardiovascular and respiratory
responses that are elicited by anxiogenic stimuli (Casada & Dafny, 1991; Dunn, 1987), the
BNST is activated following anxiogenic treatments (Choi et al., 2006; Singewald, Salchner,
& Sharp, 2003), and BNST lesions reduce anxiety-like, but not fear-like behavioral
responding (Lee & Davis, 1997; Waddell et al., 2006). Waddell et al. (2006) further clarified
that the BNST mediates behavioral responding to cues that predict a temporally-distant
threat; BNST lesions blocked fear-like responding to a 10-min clicking noise that was paired
with shock, but not a 1-min clicking noise paired with shock. The idea was that, from a
behavioral systems perspective on learning (e.g., (Domjan, 1994; Fanselow, 1994;
Timberlake, 2001)), conditioned responses that develop during Pavlovian conditioning
depend on the timescale over which conditioned stimuli predict the biologically-significant
stimulus. Conditioned responses to stimuli that predict an aversive event in the immediate
future may be more akin to a fear-like behavioral state, whereas those to stimuli that predict
an aversive event more remotely in time may be more like anxiety (Bouton, 2005; Bouton,
Mineka, & Barlow, 2001). The idea that there are two distinct (though somewhat
overlapping) aversive emotional states is consistent with analysis of the symptoms of human
participants, which can be “characterized by a subjective sense of extreme fear or impending
doom... [vs.] apprehension and worry” (e.g., Bouton et al., 2001, p. 8).

Walker and Davis (2008, 2009) subsequently also argued that the critical feature of a BNST-
dependent behavioral paradigm was temporal, suggesting that the BNST mediates
responding to threats if that response sustained for a long duration. These models are
consistent with the characterization of anxiety states as apprehension, tension and worry to
threats that may occur in the more distant future (Bouton, 2005; Bouton et al., 2001).

In contrast, Sullivan et al. (2004) found that BNST lesions reduced endocrine and behavioral
responding to contextual cues, but not discrete cues, previously paired with shock (Sullivan
et al., 2004). Since this report, several others have investigated the role of the BNST in
mediating fear conditioning to context (e.g. (Resstel et al., 2008; Sink, Davis, & Walker,
2013; Zimmerman & Maren, 2011)), and this potential role for BNST activity in the
behavioral response to threat has garnered more attention in the literature than the temporal
distinction described above. However, in studies in which the BNST has been implicated in
fear conditioning to contextual, but not discrete, cues, the duration of the cues represents a
confounding factor. That is, context exposure is typically for 8 min or more, whereas
whereas discrete cues are typically presented for 60 s or less. If the BNST mediates
responding to long-duration cues rather than context, BNST lesions should still attenuate
responding in these studies only if animals are exposed to the context for a long period of
time.
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In order to clarify whether BNST activity mediates responding to either contextual stimuli or
instead the duration in which stimuli are presented, BNST- or sham-lesioned rats were
aversively conditioned to contexts presented either for 1-min or 10-min during training.
BNST lesions attenuated context conditioning only in the 10-min group, supporting the
argument that the BNST mediates a behavioral responding to cues that predict a temporally-
distant threat, independent of whether the cue is contextual or discrete.

The subjects were 32 naive female Wistar rats purchased from Charles River Laboratories
(St. Constance, Quebec). They were between 75 and 90 days old at the start of the
experiment and were individually housed in a room maintained on a 16:8h light/dark cycle.
Animals were allowed access to food and water ad libitum. All procedures were approved
by the Institutional Animal care and Use Committee of the University of Vermont.

Upon arrival, subjects were allowed a minimum of 7 days to acclimate before undergoing
surgery. After having the incision area shaved, subjects were anesthetized with isofluane
vapor (1.5-3.5%) and secured in a stereotaxic apparatus (David Kopf Instruments,
Tujuanga, CA) with blunt earbars. The skull surface was exposed via a midline head
incision, and was leveled prior to determining stereotactic coordinates. Coordinates aiming
at the BNST were based on the Paxinos and Watson rat brain atlas (Paxinos & Watson,
2007), and were as follows; AP, —0.5 mm from bregma; ML, £1.7 mm from bregma; DV,
—7.0 mm from scull surface. While we targeted anterolateral BNST regions with these
coordinates, it is important to note that multiple BNST subregions were lesioned in the
present study. Bilateral infusions were performed by lowering a stainless steel 30-gauge
cannula that was connected to a Hamilton 10uL microsyringe (Model 701, Hamilton
Company, Reno, NV), via PE10 standard wall tubing, which was mounted on an infusion
pump (Model 310, Stoelting, Wood Dale, IL). Excitotoxic lesions of the BNST were
produced by infusions of 5.0 ug N-methyl-D-aspartate (NMDA) (Sigma-Aldrich Co., St.
Louis, MO) in 0.5 pL saline. Animals in the control group were given sham lesions, which
consisted of an infusion of saline, equal in volume. Bilateral infusions of 0.2 UL of either
NMDA or saline were given over a 4-minute period. Once infused, the cannula remained in
place for 5 minutes before being slowly removed. The midline head incision was closed with
5-6 surgical sutures. Finally, animals received a 1 mL subcutaneous injection lactated
ringers immediately after surgery, and two injections of the pain reliever meloxicam
(Metacam, Boehringer Ingelheim Vetmedica, Inc., St. Joseph, MO) at a dose of 1.5 mg/kg,
one immediately after surgery and the other the next day. All subjects were allowed to
recover for a minimum of 7 days prior to behavioral training, during which they were
weighed and handled daily.

Two sets of four conditioning chambers housed in separate rooms of the laboratory were
used. The chambers have been described elsewhere (e.g., (Bouton & Schepers, 2015), with
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operant manipulanda removed). Each was housed in its own sound attenuation chamber, and
all were of the same design (Med Associates model: ENV-008-VP). They measured 30.5 cm
x 24.1 x 21.0 cm (I x w x h). The two sets of chambers differed in ways that allowed them
to serve as different contexts, but they were not used in that capacity here (and were
counterbalanced). In both sets, the sidewalls and ceiling were made of clear acrylic plastic,
while the front and rear walls were made of brushed aluminum. Each chamber was
illuminated by a 7.5-W incandescent bulb mounted to the ceiling of the sound attenuation
chamber, approximately 35 cm from the grid floor at the front of the chamber. Observation
of each subject was provided by a video camera mounted to the wall of each experimental
room, approximately 1.2 m from the sound attenuation chambers. Clear acrylic plastic
windows in the front of each chamber permitted a view of each rat.

In both sets of boxes, a 0.5-s, 1-mA footshock delivered to the grid floor was provided by
Med Associate (Georgia, VT) Model ENV-414 shockers.

As noted above, aversive conditioning began after the animals had been handled for at least
7 days following surgery. Over 5 consecutive days, rats from each lesion condition (BNST
vs. sham) then received trials in which exposure to the context was paired with footshock.
On each of 10 trials, the rat was placed in a conditioning box and footshock was presented
either 1 or 10 min later. Rats were removed from the conditioning boxes 30 s after
footshock. There were two trials each day, with the trials separated by a least 1 hr. Thus, the
experimental design was a 2 x 2 factorial. One factor was lesion (BNST vs. Sham) and the
other factor was Context Duration (1 min vs. 10 min). There was a final performance test on
Day 6 in which rats that had been conditioned with 1 min of context exposure where placed
in the conditioning chambers for al0-minute period.

Freezing was scored by two independent observers from videotape. One observer was
unaware of the rats’ lesion condition. (It was not possible to “blind” the observer to trial
duration.) Each rat’s behavior was sampled every 4 s and scored as either freezing, defined
as body immobility with minimal vibrissae movement, or not freezing. The dependent
measure was the percentage of observations scored as freezing. Each observer’s freezing
scores were averaged for each rat over the 10 trials of conditioning; the correlation between
the two observers’ means was r (27) = .92. Only the freezing scores of the “blind” observer
are reported here.

Lesion Verification

After the last day of behavioral testing, rats were anesthetized with pentobarbital (Fatal-Plus,
Vortech Pharmaceuticals, Dearborn, MI), perfused transcardially with 4%
paraformaldehyde, and brain sections were prepared and processed for Neu-N
immunohistochemical analysis as previously described (Poulos, Ponnusamy, Dong, &
Fanselow, 2010).
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The largest and smallest lesions are shown in Figure 1. BNST lesions were centered around
the region where the anterior commissure crosses the midline of the brain, and typically
encompassed the full medial-lateral extent of the BNST at this level. While lesions varied in
the degree of spread along the anterio-posterior plane, for all rats the BNST region 0.36 to
0.48 posterior to bregma exhibited significant neuronal loss.

Freezing during conditioning trials

The groups’ freezing on each conditioning trial is summarized in Panels A and B of Figure
2. Itis apparent that the BNST lesion reduced freezing in the 10-min context condition
(Panel A), but not in the 1-min condition (Panel B). This impression was confirmed by a
Lesion x Context Duration x Trial ANOVA. The ANOVA revealed a main effect of trial, F
(9, 207) = 50.16, p < .001, no effect of Lesion (but perhaps a trend), F (1,23) =3.041,p=.
095, no main effect of Context Duration F (1,23) < 1, and a near significant Lesion x
Context Duration interaction F (1,23) = 4.024, p = .057. Neither Lesion x Trial nor the
Duration x Trial interactions approached significance, Fs (9, 207) < 1.60, although the
Lesion x Duration x Trial interaction was significant, F (9, 207) = 1.92, p = .05. To assess
the effects of the lesion at both context durations, we conducted separate Lesion x Trial
ANOVAs with the 1-min and 10-min groups. In the 10-min groups, there was a Trial effect,
F (9, 117) = 35.25, p<.001, a Lesion effect, F (1,13) = 11.620, p = .005, and a Lesion x
Trial interaction, F (9, 117) = 3.31, p =.001. In contrast, in the 1-min groups, the Trial effect
was reliable, F (9, 90) = 18.49, p <.001, but neither the lesion effect, F (1,10) < 1, nor the
Lesion x Trial interaction, F (9, 90) < 1, approached reliability. The 1-min groups did not
differ on any conditioning trial when the trials were analyzed individually, ps > .10. The
results thus suggest that freezing to a contextual CS is not affected by a BNST lesion unless
it is longer than 1 min in duration.

Effects on freezing over time—The Walker-Davis perspective predicts that the BNST
becomes increasingly important the longer an animal is frightened, whereas the Waddell et
al. (2006; (Bouton, 2005)) perspective predicts that the BNST is primarily important in early
parts of a long CS, when the CS might predict a shock that is more remote in time. These
predictions were evaluated in two ways. First, the animals conditioned with the 1-min
context were given a 10-min test trial. Freezing over minutes on this trial is shown in Panel
C of Figure 2. The lesioned and sham groups did not differ at any point as time in the CS
progressed. A Lesion x Minute ANOVA revealed a Minute effect, F (9,90) = 6.98, p <.001,
suggesting the extinction of freezing over the 10-min test, but neither the lesion effect F
(1,10) < 1, nor the Lesion x Minute interaction, F (9,90) < 1, approached reliability. Thus,
contrary to the Walker-Davis perspective, being frightened for an extended period of time
does not necessarily engage the BNST.

Second, we also examined freezing over time in the 10-min groups. Panel D of Figure 2
shows freezing over time during the final two (asymptotic) conditioning trials. Because only
the earlier parts of the trial bore a remote temporal relation with the upcoming shock,
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Waddell et al. (2006) would predict a larger BNST effect early during the trial rather than
later. In contrast, the Walker-Davis perspective again predicts a bigger disruption later rather
than earlier. As the panel suggests, however, the lesion had a roughly equivalent effect
throughout the 10-min trial. Consistent with this description, a Lesion x Minute ANOVA
revealed a reliable effect of Lesion, F (1, 13) = 16.61, p = .001, and Minute, F (9, 117) =
8.19, p <.001, but the Lesion x Minute interaction did not approach reliability, F (1, 117) =
1.00.

Discussion

The present results suggest that the status of a CS as a contextual stimulus does not
guarantee a role for BNST activity (cf. (Resstel et al., 2008; Sink et al., 2013; Zimmerman &
Maren, 2011)). The sham and lesioned 1-min groups did not differ either during the
conditioning trials or during the final test trial. The results thus suggest that a long-duration
CS, and not merely the CS’s status as a context, is important for involving the BNST. The
importance of time rather than contextual status is also suggested by the earlier results of
Waddell et al. (2006), who found that lesions of the BNST disrupted aversive responding to
a 10-min noise, but not a 1-min noise. Thus, being a context is neither necessary (Waddell et
al., 2006) nor sufficient (present results) to involve the BNST.

It is worth noting that our method of inactivating the BNST was to lesion it prior to aversive
conditioning (see also, e.g., Waddell et al., 2006). The deficits observed here could therefore
have resulted from the lesion affecting either learning processes or the expression of that
learning in performance. Performance processes have been implicated by previous work that
demonstrate the effects of temporary inactivation of the BNST during tests that were
conducted after conditioning (Resstel et al. 2008).

Both Walker and Davis (e.g., (Waddell et al., 2008; Walker et al., 2009)) and Waddell et al.
(2006) have correctly emphasized the importance of a CS’s temporal duration. However,
other aspects of the data raise challenges for both views. Contrary to Walker and Davis, the
results do not confirm that BNST activation becomes more important the longer the animal
is frightened (Waddell et al., 2008; Walker et al., 2009). First, when the context had been
conditioned with a 1-min interval preceding shock, a 10-min test exposure continuously
elicited freezing, but there was no increase in disruption of freezing associated with the
BNST lesion. Second, there was little evidence that the BNST-sham difference became
larger in the 10-min groups as a function of time within the long-duration conditioning trials.
On the other hand, because conditioning with a 10-min context caused freezing that was
equally disrupted by the lesion throughout its duration, the results also did not confirm a
decrease in importance of an intact BNST as the predicted shock became less remote and
more imminent, (Waddell et al., 2006).

Two possibilities might account for why BNST involvement was not unique to early parts of
the long CS. First, it is possible that the rats in the 10-min condition were not actually timing
the imminence of the upcoming shock very well. Although the sham rats increased their
freezing over the 10-min trial, as if they were timing the shock, the present experiment did
not include a control group for which time in the context was not predictive in order to
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indicate how much the increase was due to timing (it could be due, for example, to sluggish
recruitment of the response). Better timing might be required in order for BNST activity to
exclusively influence freezing in early parts of the CS. Alternatively, it is possible that the
present BNST lesions also compromised brain regions to which the BNST would normally
transfer control as shock became more imminent toward the end of the trial. One candidate
would the central nucleus of the amygdala (CeA). There are reciprocal connections between
the BNST subregions targeted in the present report and the CeA (Bienkowski, Wendel, &
Rinaman, 2013; Dong, Petrovich, & Swanson, 2001; Dong, Petrovich, Watts, & Swanson,
2001; Dong & Swanson, 2004).

It is worth observing that the 10-min context appeared to control as much freezing as the 1-
min context during conditioning. This contrasts with evidence that longer-duration CSs can
appear less effective than shorter ones, even in aversive conditioning (e.g., (Kamin, 1965;
Waddell et al., 2006)). However, in contrast to fear conditioning with unimodal CSs such as
tones and lights, a complex contextual CS can actually benefit from longer exposure before
shock presentation, perhaps because extra time allows the animal to form a more coherent
representation of it (e.g., (Fanselow, 1986; Ponnusamy, Poulos, & Fanselow, 2007)). Such a
process might offset any tendency for freezing to be weaker with a long-duration context.

The BNST has been divided into several subregions primarily based on afferent and efferent
connectivity (Dong, Petrovich, & Swanson, 2001), and BNST neurons display significant
heterogeneity in their cytoarchitecture, chemoarchitecture, and physiology (e.g. (Hammack,
Mania, & Rainnie, 2007; Larriva-Sahd, 2006)). Haufler et al., 2013 found that fear
conditioning led to the increased responsiveness of some BNST neurons, but decreased
responsiveness to others, depending on the BNST subregion targeted, and both responses
could be observed following exposure to both a short-duration conditioned auditory cue as
well as a long-duration conditioned context (Haufler, Nagy, & Pare, 2013). Hence, the role
of BNST activity in fear conditioning is complex, but likely does not depend on the CS
being a context.

Due to the size of the lesions in the present report, the role of specific BNST subregions in
mediating the response to a long-duration CS was not assessed. Nevertheless, the present
data suggest that BNST activity is recruited to stimuli that predict a temporally distant
threat, and that a stimulus’s duration, rather than its status as a context, is the critical factor
that recruits the BNST. These data corroborate studies that have associated BNST activity
with anticipatory anxiety-states in humans (e.g. (Somerville et al., 2010; Straube et al.,
2007)), and support a large and growing literature implicating the BNST in anxiety-like
behavioral states.
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Figure 1.
BNST Lesions. A. Extent of the largest (black) and smallest (orange) BNST lesions

accepted for analysis, ranging from +0.00 to —0.60 mm from bregma. From The Rat Brain in
Stereotaxic Coordinates (6th ed.), Pages 33-38, by G. Paxinos & C. Watson, 2007, New
York, NY: Academic Press. Copyright 2005 by Elsevier Academic Press. Adapted (or
reprinted) with permission.B. Example of a BNST lesion in a NeuN stained brain slice.
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Behavioral results of the experiment. A. Mean percentage freezing (+ SEM) on each
conditioning trial for the sham and BNST-lesioned groups given 1-min context exposures.
B. Mean percentage freezing (+ SEM) on each conditioning trial for the sham and BNST-
lesioned groups given 10-min context exposures. C. Mean percentage freezing (+ SEM)
over time during the 10-min test of the groups previously conditioned with 1-min context
exposures. D. Mean percentage freezing (+ SEM) of the groups conditioned with 10-min
context exposures over each min of the last two conditioning trials (averaged).
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