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Abstract

The amygdala and, more recently, also the bed nucleus of the stria terminalis, have been widely implicated in fear and anxiety.
Much of our current knowledge is derived from animal studies and suggests an intricate convergence and divergence in functions
related to defensive responding. In a recent paper, Klumpers and colleagues set out to examine these functions in a human fear
learning procedure using functional magnetic resonance imaging. Their main findings were a role for the bed nucleus of the stria
terminalis in threat anticipation, and for the amygdala in threat confrontation. Here, we provide a critical summary of this
interesting study and point out some important issues that were not addressed by its authors. In particular, we first take a closer
look at the striking differences between both samples that were combined for the study, and, secondly, we provide an in-depth
discussion of their findings in relation to existing neurobehavioral models.
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An organism’s survival is dependent on its ability to appropri-
ately respond to anticipated or encountered threats. For exam-
ple, total immobility might be the optimal reaction for a rat to
prevent detection by a falcon, but freezing during an actual
attack would likely have lethal consequences (Fanselow
1994). Two brain regions that have been put forward as key
mediators of a whole range of behavioral and autonomic de-
fensive responses are the bed nucleus of the stria terminalis
(BNST) and the amygdala. Although BNST and amygdala
show striking similarities in terms of connections and neuro-
chemical properties (Alheid et al. 1998), a vast number of
studies, mainly fear conditioning, suggest their functional
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distinction. In particular, seminal models have distinguished
between BNST and amygdala recruitment based on duration
of'the threat and fear response (Davis et al. 2010), while others
stress the importance of threat proximity (Perusini and
Fanselow 2015) or its temporal unpredictability (Luyten et
al. 2012; Goode and Maren 2017). These and other views
have provided excellent frameworks for studying the roles
of BNST and amygdala, although it should be noted that sev-
eral studies underline that the functional distinction between
both structures might be even more complex (Gungor and
Paré 2016; Shackman and Fox 2016).

In a recent paper Klumpers et al. (2017) aimed to shed light
on the relative contributions of the BNST and amygdala to hu-
man defensive responses, operationalized as episodes of shock
anticipation and confrontation in a functional magnetic resonance
imaging (fMRI) study. Two large, independent samples
consisting of healthy participants underwent a single-session,
cued fear conditioning procedure with partial reinforcement,
using highly uncomfortable, but not painful, electric shocks to
the fingers. The main finding was elevated bilateral BNST activ-
ity during shock anticipation in both samples, while the amyg-
dala was not recruited during this phase. During shock confron-
tation, opposite results were obtained, with stronger activity in
the bilateral amygdala as compared with BNST. Although the
distinction between both regions as observed in the whole-brain
fMRI analyses was marginal from a statistical point of view, a
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region-of-interest analysis did support these conclusions.
According to the authors, these data suggest a shift from BNST
to amygdala activity when a threat becomes imminent. In addi-
tion, BNST and amygdala showed distinct functional connectiv-
ity to other brain structures throughout the experiments, without
discerning between threat or safe cues, or shocks. Finally, the
authors suggested a role for early-life stress in amygdala, but
not BNST, recruitment during defensive responses, as partici-
pants (Sample 1 only) with high retrospective childhood mal-
treatment levels displayed stronger amygdala activation during
threat anticipation compared to those with low maltreatment
scores. Although interesting, the clinical importance of this cor-
relation (and of the absence of the correlation in BNST) is diffi-
cult to interpret, especially in light of the fact that all participants
were healthy subjects, explicitly screened to exclude those with
prior or ongoing psychiatric disorders. Moreover, the experimen-
tal procedure may not have been tailored to detect involvement
of the BNST in risk for psychopathology. For example, we can
presume that the limited threat intensity and lack of long-term
fear memories in Klumpers et al. deviate considerably from the
clinical reality, where patients are usually confronted with strong
and old emotional memories. While this does not detract at all
from human fear conditioning research in healthy subjects, it
should be acknowledged that neural activation patterns may dif-
fer between healthy participants versus patients or those at risk
(Brinkmann et al. 2017a, b; Milad et al. 2013). Beyond the
imaging data, the authors reported (in a subset of Sample 2 and
outside of the scanner) cardiac deceleration during threat antici-
pation, whereas actual shock confrontation was associated with
acceleration. This was taken as evidence for two distinguishable
defensive modes, which were then analyzed separately using
fMRI in two rather different datasets. While the combination of
fMRI and heart rate measurements is exciting, these data were
not collected simultaneously nor during the same time bins,
which could have provided more compelling evidence for a di-
rect role of BNST and amygdala in these defensive responses.

Overall, Klumpers et al. (2017) addressed a pertinent re-
search question and provided some fascinating insights by
directly contrasting BNST and amygdala involvement in hu-
man defensive responses. We especially applaud the effort that
they expended on examining the activation of the BNST, a
small, deep brain region, which has often been disregarded in
prior fMRI studies, notwithstanding the accumulating evi-
dence for its implication in psychopathology (Brinkmann et
al. 2017a, b; Lebow and Chen 2016; Luyten et al. 2016). In
addition, we praise the authors’ efforts to include not one, but
two exceptionally large fMRI samples, to enhance the robust-
ness of their findings (Button et al. 2013). In what follows, we
will primarily focus on the intriguing distinction between
BNST versus amygdala, more particularly on the differences
between both datasets and how the present findings relate to
existing models.
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First, we will discuss the use of two samples by
Klumpers et al. (2017), who highlighted it as a strength of
their study that the patterns of BNST and amygdala activa-
tion were generally consistent in two independent datasets,
and rightly so. However, while the authors have primarily
focused on the neural commonalities, it is also worthwhile
to take a closer look at why brain activity diverged substan-
tially between both samples. For instance, it seems that
considerably fewer brain regions were activated in Sample
2 compared to Sample 1 and, more importantly, that both
samples displayed conspicuously distinct functional cou-
pling patterns. One possible reason for these outcomes is
that both experimental procedures may have resulted in dif-
ferent levels of threat anticipation. Shocks were adminis-
tered at the offset of a 4-s cue in Sample 1, while they
could occur at any time during presentation of a 6-to-12-s
cue in Sample 2. Combined with differences in instructions
and reinforcement rates (33 and 16% for Sample 1 and 2,
respectively), shock unpredictability presumably differed
substantially between both procedures. This is especially
relevant given the role of the BNST in processing tempo-
rally unpredictable threat cues (Alvarez et al. 2011; Goode
and Maren 2017; Luyten et al. 2012). Consistent with the
hypothesis that unpredictability might have been greater in
Sample 2, BNST activity during shock anticipation ap-
peared higher in Sample 2 than Sample 1 (Klumpers et al.
2017, Fig. 3B-C), although this was not statistically evalu-
ated by the authors and it should be kept in mind that there
were many procedural differences between both samples.
Next, it is noteworthy that some of the participants overlap
with those of a separate psychophysiological study, which
included startle measurements (Klumpers et al. 2015). It is
important to identify which subjects were already exposed
to a similar conditioning procedure before imaging, because
this may impact fear acquisition data in the scanner.
Although it has been suggested that re-exposure to a fear
conditioning procedure may have limited influence on threat
anticipation as measured by fear-potentiated startle and skin
conductance (Klumpers et al. 2010; Zeidan et al. 2012),
there are also indications that psychophysiological measures
such as skin conductance and neural activation do not al-
ways converge (Klucken et al. 2009; LaBar and Cabeza
2006; Tabbert et al. 2006). In addition, startle probes per
se can be perceived as rather aversive (Lissek et al. 2005)
and may even increase self-reported anxiety (Grillon and
Ameli 1998). In other words, re-exposure to a procedure
with shocks or startle probes may in itself result in an
overall increase in anticipatory anxiety and general stress
levels, and thus impact neural activity patterns, which could
be especially relevant when investigating BNST recruitment
(Crestani et al. 2013; Daniel & Rainnie 2016). Additionally,
the authors could have increased the uniformity of their
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fMRI data analyses across both samples by reporting the
same contrasts for shock anticipation, which was compared
with safe cues, and confrontation, which was compared
with intertrial intervals. Furthermore, given the existing evi-
dence for a distinct time course of BNST and amygdala acti-
vation with regard to stimulus onset (Brinkmann et al. 2017b;
Daldrup et al. 2016; Luyck et al. 2018), it would have been
preferable to analyze the responses in both samples across the
same response duration (either onset data or 4-s periods for
both samples). Finally, Sample 2 included both female and
male participants (n =70; 49 female), which might induce
additional heterogeneity in the imaging data compared to
those of all-male Sample 1 (» = 108). This is particularly rel-
evant for brain regions with clear sexual dimorphism, such as
the BNST and amygdala (Stefanova and Ovtscharoft 2000).
Therefore, it would have been informative to evaluate imaging
data for both sexes separately.

Our second overarching point concerns the authors’ sugges-
tion that their data are in line with existing neurobehavioral
models. Before getting to this, we should emphasize that
fMRI responses were assessed during a single session of cued
fear conditioning, which predominantly reflects acquisition,
rather than retrieval and expression of consolidated fear mem-
ories. This is quite different from animal studies which often
evaluate consolidated fear responses in the absence of shocks.
While only briefly mentioned by the authors, this distinction is
not trivial. Whereas basolateral and central amygdala have
been implicated in various stages of fear acquisition, consoli-
dation, and expression (Fanselow 1994), little is known regard-
ing the role of BNST during fear acquisition (Asok et al. 2017).
It is important to note here that, although the participants in
Klumpers et al. were given rather explicit instructions about
the cue-shock contingencies (particularly in Sample 2), the
imaging period cannot be readily equated to the acquisition
or retrieval phase of a typical rodent fear conditioning experi-
ment. Whereas instructions in human fear conditioning studies
usually give rise to very rapid and robust fear acquisition
(Lonsdorf et al. 2017), the recruited neural networks may not
be identical to those activated by experience-based associative
learning (Mechias et al. 2010) and even differ in the regions of
interest examined by Klumpers et al. (e.g. amygdala activation
in Atlas et al. 2016). Moreover, apart from the difficult discus-
sion of whether the obtained imaging data may mainly cover
acquisition or retrieval, there is no question that the cue-shock
association was not fully consolidated on a neural level in this
human study (which took less than 30 min). Consolidation into
long-term memory presumably takes several hours (McGaugh
2000), which is one of the main reasons for having at least one
day in between training and test in most rodent fear condition-
ing studies. Moreover, the fact that shocks were administered
throughout the imaging study makes it more akin to the acqui-
sition than retrieval phase of a typical rodent experiment, at

least on a procedural level. Keeping this in mind, we would
like to contrast their findings with two important models of
amygdala and BNST function (1) the phasic-versus-
sustained-fear model of Davis and colleagues, and (2) the pred-
atory imminence model of Fanselow and colleagues.
According to Davis and colleagues, BNST activity is evoked
by exposure to a long-duration threat cue, but not by short cues
such as those used by Klumpers et al. (2017), which would be
central amygdala-dependent (Davis et al. 2010).

In our opinion, this discrepancy may be resolved by emerg-
ing indications for BNST involvement in certain forms of
cued fear (Daldrup et al. 2016), as well as recent conceptual-
izations of the role of the BNST in temporal unpredictability,
regardless of cue duration (Goode and Maren 2017), especial-
ly given the pronounced ambiguity inherent to the procedures
of Klumpers et al. (2017). The authors themselves already
pointed out that their amygdala findings might have been in-
fluenced by the low reinforcement rates. Moreover, we hy-
pothesize that the fMRI results in the BNST would also have
been very different had the CS undergone 100% reinforce-
ment (see also Alvarez et al. 2011). Additionally, it would be
useful to compare BNST or amygdala responses during early
and late phases of conditioning to observe whether these re-
sponses are consistent during the process of learning. When
turning to the second, predatory imminence model, which is
based on spatial and temporal threat proximity (Fanselow
1994), the amygdala is recruited upon threat detection
(“post-encounter”), whereas actual threat confrontation
(“circa-strike™) engages different circuits, but not the amyg-
dala. While BNST involvement is less defined, it has been
postulated that it may mediate the vigilant pre-encounter
phase (Perusini and Fanselow 2015). In contrast, Klumpers
et al. (2017) showed BNST, but no amygdala, recruitment
during shock anticipation, while shock confrontation resulted
in significant amygdala activation. One possible explanation
for these inconsistencies might be that the shocks were not as
aversive as those used in animal studies, thereby minimizing
the contributions of circa-strike circuitry. In apparent contrast,
the observations of bradycardia and tachycardia during threat
anticipation and confrontation were actually in line with pre-
vious findings within the predatory imminence framework
(Lang et al. 2000). An interesting approach for future studies
might be to use fear-relevant stimuli (e.g., snake pictures)
rather than neutral cues (Ohman and Mineka 2001). Such
stimuli may produce a shift along the threat imminence con-
tinuum, and a different brain activity pattern.
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