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Although generalization to conditioned stimuli is not a
new phenomenon, renewed interest in understanding its
biological underpinning has stemmed from its association
with a number of anxiety disorders. Generalization as it
relates to fear processing is a temporally dynamic pro-
cess in which animals, including humans, display fear in
response to similar yet distinct cues or contexts as the
time between training and testing increases. This Review
surveys the literature on contextual fear generalization
and its relation to several views of memory, including sys-
tems consolidation, forgetting, and transformation
hypothesis, which differentially implicate roles of the hip-
pocampus and neocortex in memory consolidation and
retrieval. We discuss recent evidence on the neurobiologi-
cal mechanisms contributing to the increase in fear gen-
eralization over time and how generalized responding
may be modulated by acquisition, consolidation, and
retrieval mechanisms. Whereas clinical perspectives of
generalization emphasize a lack of fear inhibition to CS–

cues or fear toward intermediate CS cues, the time-
dependent nature of generalization and its relation to tra-
ditional views on memory consolidation and retrieval are
often overlooked. Understanding the time-dependent
increase in fear generalization has important implications
not only for understanding how generalization contributes
to anxiety disorders but also for understanding basic
long-term memory function. VC 2016 Wiley Periodicals, Inc.
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Classical fear conditioning is a widely used and
powerful model for studying the neural basis of associa-
tive learning and memory (Maren and Fanselow, 1996;
Davis, 1992; LeDoux, 2000). However, long before Pav-
lov, associative learning evolved because it allowed ani-
mals to predict life-threatening circumstances in their
environment and ensure survival. How then do animals,
including humans, react appropriately to a dynamic envi-
ronment in which stimuli are almost never encountered
in exactly the same form twice? The answer is stimulus
generalization. In response to life threatening cues or con-
texts, generalization also serves an adaptive purpose. As

was astutely noted by Roger Shepard (Shepard, 1987),
“Because any object or situation experienced by an indi-
vidual is unlikely to occur in exactly the same form or
context, psychology’s first general law should. . .be a law
of generalization.” The evolutionary significance of gen-
eralization is clear. However, what happens when this
process goes awry? For example, if one were attacked
and bitten by a dog while on a daily run, this may even-
tually lead to wariness of all dogs of similar size. Perhaps
fear, anxiety, or worry occurs later at the sound of any
dog barking, and the sight of the neighborhood in which
the attack occurred also elicits a fear response. Eventually,
the person may become fearful of their neighbor’s harm-
less Chihuahua. This series of events, perhaps in the
extreme, illustrates not only the spread of cues that comes
to elicit fear responses but also the temporally dynamic
nature of stimulus generalization and its potential contri-
bution to the development of anxiety disorders. Although
clinical perspectives of generalization emphasize a lack of
fear inhibition to safety (CS–) cues or fear toward inter-
mediate CS cues during fear discrimination tasks (Lissek
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et al., 2005, 2008, 2010, 2014; Dunsmoor et al., 2009,
2011a; Lissek, 2012; Vervliet et al., 2010; Onat and
Buchel, 2015), the time-dependent nature of generaliza-
tion and its relation to memory consolidation and retriev-
al are often overlooked in these studies. We think that an
integration of current clinical views on generalization and
traditional theories on the dynamic nature of memory
might provide a more comprehensive understanding of
the etiology of anxiety disorders, particularly related to
the spreading of cues or situations that initiate anxiety
symptoms

GENERALIZATION IS A TEMPORALLY
DYNAMIC PROCESS

Stimulus generalization was noted by both Pavlov (1927)
and Watson and Rayner (1920), but its temporally
dynamic nature was not discovered until 1958 when it
was demonstrated that generalization changed as a func-
tion of the retention interval (Perkins and Weyant, 1958).
In that experiment, performance deficits were discovered
when the color of the apparatus in a runway task was
changed 1 day after training but not 1 week after training.
It was noted that subjects did not forget the motor
response after the long interval but instead responded
equally well in both contexts. We should note that
“context” is used as a very general term that often consists
of a number of different stimuli including spatial, olfacto-
ry, auditory and visual cues that can be encoded in a
memory trace.

In the case of context fear conditioning, placing ani-
mals in a novel context (i.e., distinct from the training
context) shortly after training results in little expression of
learned fear (e.g., lower levels of freezing behavior; Fein-
berg and Riccio, 1990; Riccio et al., 1992; Zhou and
Riccio, 1996; Wiltgen and Silva, 2007; Wiltgen et al.,
2010; Ruediger et al., 2011; Jasnow et al., 2012). Howev-
er, as the retention interval between training and testing
increases, there is a loss of memory precision (i.e., fear
responses to the training context generalize over time)
such that animals exhibit equivalent levels of fear expres-
sion in both the training context and the novel context
(Perkins and Weyant, 1958; McAllister and McAllister,
1963; Richardson et al., 1984; Gisquet-Verrier and Alex-
insky, 1986; Zhou and Riccio, 1996; Metzger and Ric-
cio, 2009; Lynch et al., 2013; Cullen et al., 2015). These
studies revealed that generalization also applies to contex-
tual fear and indicated that the novel contextual test cues
had come to function as retrieval cues. Generalization for
contextual attributes has also been demonstrated with pas-
sive avoidance, a task in which the avoidance response is
particularly well retained over time. Zhou and Riccio
(1996) examined different components that make up the
training context and found that changes in either the
passive-avoidance apparatus or the room (or both) pro-
duced a profound reduction in step-through latencies
with a 1-day retention test interval (i.e., animals did not
display fear responses). However, after 2 weeks, the
groups with only one component changed displayed

similar step-through latencies as the group tested in the
training context (i.e., both displayed high levels of fear
memory). The reduced fear persisted in the condition in
which both components were changed, presumably
because the extremely different stimuli either did not
serve as retrieval cues or generalization would take longer
than the 2-week delay used in that experiment. Impor-
tantly, the increase in fear responses to distinct yet similar
contexts as a function of time is not the result of fear
incubation (Wiltgen and Silva, 2007). Although much of
the extant literature on contextual generalization has used
classical fear conditioning as a means to study long-term
memory function, the same phenomenon is found for
positively reinforced learning (Bouton et al., 1999; Wino-
cur et al., 2007).

CONTEXTUAL FEAR GENERALIZATION: A
CASE OF MEMORY (IM)PRECISION

We are beginning to understand some of the mechanisms
contributing to generalized fear and how it can be sup-
ported by neural systems associated with memory func-
tion. Generalization that occurs with the passage of time
can also be considered a loss of memory precision for
contextual cues. Thus, it is important to consider how
changes in memory precision might fit within the current
views of the neural systems supporting the consolidation
and storage of memories over time.

One view of what happens to memories over time
is called systems consolidation (Zola-Morgan and Squire,
1990; Squire and Alvarez, 1995). According to systems
consolidation theory, the hippocampus is involved in the
consolidation and retrieval of new memories until they
are ultimately represented by the neocortex. At later time
points, retrieval of those original memories no longer
requires the hippocampus. Thus, the hippocampus plays a
time-limited role in the retrieval of memory traces that
are permanently stored in the neocortex. Many studies
support systems consolidation in which temporally graded
retrograde amnesia is reported with hippocampal damage
(e.g., Scoville and Milner, 1957). This has been extended
in the rodent literature implicating the hippocampus in
the retrieval of recent context-dependent memories (Kim
and Fanselow, 1992; Maren et al., 1997) and the neocor-
tex in remote memory retrieval (Suzuki et al., 2004;
Frankland et al., 2006; Corcoran et al., 2011, 2015; Vet-
ere et al., 2011). In systems consolidation, memory traces
stored in the neocortex are considered identical to those
originally dependent on the hippocampus and, therefore,
it does not explicitly address changes in memory specific-
ity (Fig. 1).

A traditional theoretical view of increased generali-
zation (or loss of memory precision) as a function of time
has been that memory for cues present in the training
context are forgotten more rapidly than the conditioned
fear response itself, a phenomenon referred to as the forget-
ting of stimulus attributes (Thomas and Riccio, 1979; Ric-
cio et al., 1984, 1992, 1994; Zhou and Riccio, 1994;
Anderson and Riccio, 2005; Riccio and Joynes, 2007;
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Jasnow et al., 2012). Thus, it is thought that generaliza-
tion at remote time points is the result of the novel con-
textual test cues functioning as retrieval cues. This view
of forgetting is supported by a study that used context fear
conditioning and different pre-exposure durations to the
conditioning context. In that study, reduced fear
responses were observed in a context different from the
training context at recent retrieval tests but not at remote
tests. Exposing rats to the context prior to contextual fear
training eliminated generalization to the novel context at
a 15-day retention interval (Biedenkapp and Rudy,
2007). Moreover, because representations of context are
highly dependent on hippocampal function (e.g., Matus-
Amat et al., 2004), Beidenkapp and Rudy (2007) con-
cluded that, as context memories age, the conjunctive
representation of context supported by the hippocampus
degrades and leads to generalization. Thus, older memo-
ries are harder to retrieve than newer ones. Moreover,
the activity observed in the neocortex during remote
memory retrieval (Frankland et al., 2004) that has tradi-
tionally been interpreted as support for systems consolida-
tion instead reflects the demand on the hippocampus in
retrieving an old degraded memory (Biedenkapp and
Rudy, 2007). The forgetting view is also supported by
data showing that brief reminder exposures to a training
context eliminate generalization (Zhou and Riccio,
1994). These findings support the idea that stronger rep-
resentations of context increase the persistence of memory
precision. Exactly how hippocampal memories may

degrade and how the neural signature might differ from
that supporting systems consolidation, however, have not
yet been addressed. One proposal is an active decay pro-
cess that leads to forgetting over time (Hardt et al., 2013).
This proposal of forgetting along with other similar pro-
posals (Besnard and Sahay, 2016) draws on hippocampal
indexing theory and its role in pattern separation (Teyler
and DiScenna, 1986; Teyler and Rudy, 2007). Pattern
separation normally allows similar yet overlapping cortical
memory traces to be distinctly activated through connec-
tions with a specific hippocampal index, allowing precise
memory recall. Theoretically, a time-dependent degrada-
tion of a hippocampal index would increase interference
among partially overlapping cortical memory traces,
thereby increasing generalization (Hardt et al., 2013; Bes-
nard and Sahay, 2016; Fig. 2B). Although these are
intriguing explanations for time-dependent generaliza-
tion, cellular and molecular signatures of active forgetting
have not yet been established; it is also not clear that
interference with pattern separation is causally linked to
remote fear generalization. In addition, most experimental
manipulations with rodents to examine generalization
would not theoretically involve similar yet overlapping
contextual memory traces. Rodents are not typically
exposed to several similar contexts in the intervening time
between training and testing that would establish multiple
similar overlapping traces; they are trained in one context
and later tested in either the same context or a different
context. Although interference of pattern separation is a

Fig. 1. Systems (standard) consolidation. According to systems consoli-
dation theory, the hippocampus plays a time-limited role in the
retrieval of memory traces that are permanently stored in the neocor-
tex. In this case, the hippocampus is involved in the consolidation and
retrieval of new memories (green circles) until they are ultimately rep-
resented in their original form by the neocortex. At later time points,
retrieval of those original memories no longer requires the hippocam-
pus. Interconnections among components of the neocortical trace pre-
sumably strengthen over time. Systems consolidation helps explain
temporally graded retrograde amnesia that is reported with

hippocampal damage (e.g., Scoville and Milner, 1957). This has been
extended in the rodent literature, implicating the hippocampus in the
retrieval of recent context-dependent memories (Kim and Fanselow,
1992; Maren et al., 1997) and the neocortex in remote memory
retrieval (Suzuki et al., 2004; Frankland et al., 2006; Corcoran et al.,
2011, 2015; Vetere et al., 2011). In systems consolidation, memory
traces stored in the neocortex are considered identical to those origi-
nally dependent on the hippocampus and therefore does not explain
how memories generalize or become less specific with the passage of
time.
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plausible explanation for human forgetting, it is an unlike-
ly neurobiological explanation for generalization in typical
experimental manipulations with rodents.

An alternative to forgetting for explaining the loss of
memory precision over time is the transformation
hypothesis (Winocur et al., 2007, 2013). Recent studies
have reported nongraded retrograde amnesia following
hippocampal lesions (Nadel and Moscovitch, 1997; Cipo-
lotti et al., 2001; Lehmann et al., 2007; Goshen et al.,
2011; Broadbent and Clark, 2013; Cullen et al., 2015),
and this effect is inconsistent with systems consolidation.
Winocur and colleagues (2007) proposed that detailed
context-specific episodic memories are initially dependent
on the hippocampus but are transformed into schematic

(semantic) memories as they are stored in the neocortex
(Winocur et al., 2007, 2013; Fig. 3). Importantly, both
context-specific episodic memories and schematic memo-
ries are accessible in the normal functioning brain without
regard to their age. According to the transformation view,
context-specific episodic memories will always be depen-
dent on the hippocampus, whereas schematic memories
can be accessed without the hippocampus. Thus, two
memory traces exist at remote time points, one that is
context specific and dependent on the hippocampus and
one that is schematic and supported by extrahippocampal
structures (Winocur et al., 2009). Transformation theory
differs from the interpretation by Biedenkapp and Rudy
(2007) in the theoretical changes to the memory trace

Fig. 2. Pattern completion, pattern separation, and forgetting. Pattern
completion and pattern separation are ideas represented in hippocam-
pal indexing theory. The hippocampus does not store memory traces
but rather contains indexes of the specific pattern of activity in the
neocortex that represent memory traces (Teyler and DiScenna, 1986;
Teyler and Rudy, 2007). A: Pattern completion can serve as an expla-
nation for fear generalization in which a partial memory trace can
activate the hippocampal index, which in turn projects to the neocor-
tex to activate the entire pattern. For instance, overlapping features of
a similar yet distinct fear-testing context can activate the original

memory trace of the training context, resulting in fear expression in
the altered context. B: Hippocampal indexing theory also supports the
idea of pattern separation. Hippocampal indices help maintain distinct
representations of similar but overlapping episodes (green and grey
circles in the neocortex). Hippocampal decay severs the connection
between hippocampal traces and their associated neocortical represen-
tations. In the absence of the hippocampal trace, neocortical represen-
tations are poor at distinguishing among similar yet distinct episodes,
which leads to generalization at the behavioral level.
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over time. In the forgetting view, the hippocampal trace
degrades over time, leading to a broad generalization gra-
dient. In transformation theory, the trace does not
degrade, but different components are consolidated and
retrieved by different regions over time. Transformation
theory also differs from systems consolidation on the
dynamic nature of memory as well as the duration and
nature of hippocampal involvement in memory retrieval.

Although the studies by Winocur and colleagues
(2007, 2009, 2013) suggest transformation, alternative
interpretations of their findings are possible. The most
convincing support for the transformation view, however,
is provided by a recent study by Wiltgen et al. (2010)
who showed that successful discrimination between train-
ing and novel contexts at a remote testing time in a con-
textual fear paradigm was dependent on activity of the
hippocampus. Importantly, they showed that when
rodents generalize fear, the memory is no longer depen-
dent on the hippocampus, suggesting that the cortex sup-
ports generalized contextual fear memories. After the
memory becomes independent of the hippocampus, the
precision or specificity of that memory is lost, resulting in
increased rates of fear generalization. Two more-recent
studies also have supported the transformation view of
memory generalization. The first showed that inactivation
of the anterior cingulate cortex (ACC) only at a remote
time point after re-exposure to the training context selec-
tively disrupted fear to a novel context (Einarsson et al.,
2015). This suggested that the ACC plays a selective role

in generalized fear memories. In another study, inactiva-
tion of the ACC at recent and remote time points selec-
tively disrupted generalized fear memory only at remote
testing, without the requirement for reactivation in the
training context (Cullen et al., 2015). These findings are
inconsistent with the systems consolidation view of long-
term memory and, instead, support the transformation
view of memory consolidation.

Most existing literature on consolidation and gener-
alization has focused solely on cortical sites or dorsal hip-
pocampus, overlooking the potentially important role of
the ventral hippocampus. The study cited above by
Cullen et al. (2015) also used activity-dependent neural
activation and reversible inactivation to assess brain
regions involved in generalized context fear memory.
First, they found that expression of a contextually precise
memory was associated with increased activity of the
ACC, infralimbic cortex (IL), and prelimbic cortex (PL).
The ventral hippocampus was also consistently active dur-
ing recent and remote contextually precise memory recall,
but the activity declined as a function of time. Activity of
the ACC and ventral hippocampus remained more stable
over time when animals were tested in a novel context,
suggesting that activity of these regions supported expres-
sion of generalized fear. As noted above, pharmacological
inactivation of the ACC selectively reduced fear to a nov-
el context at remote time points only. In other words, the
memory was returned to a more precise state by inactiva-
tion of the ACC, supporting a selective role of this region

Fig. 3. Transformation hypothesis. Transformation is based on the
multiple trace theory (Nadel and Moscovitch, 1997) and suggests that
detailed context-specific episodic memories are initially dependent on
the hippocampus but are transformed into schematic (semantic) mem-
ories as they are stored in the neocortex. In the figure, stars in the
hippocampus represent contextually rich information that is trans-
formed as it is stored in the neocortex as something with points (trian-
gles). Both context-specific episodic memories and schematic

memories are accessible without regard to their age. According to the
transformation view, context-specific episodic memories will always
be dependent on the hippocampus, whereas schematic memories can
be accessed without the hippocampus. The task demands (contextually
rich or schematic) determine which trace is required to perform the
appropriate behavior. After the memory becomes independent of the
hippocampus, the precision or specificity of that memory is lost,
resulting in increased rates of fear generalization.
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in generalized memory (Cullen et al., 2015; also see
Einarsson et al., 2015). This is in contrast to other reports
demonstrating that the ACC and other cortical regions
play a critical role in memory retrieval of the training
context at both recent and remote time points (Frankland
et al., 2004; Teixeira et al., 2006; Ding et al., 2008; Cor-
coran et al., 2011). These studies, however, never tested
animals in an alternate context for precision of memory
retrieval. Given the persistent activity of the ventral hip-
pocampus, a subsequent experiment pharmacologically
inactivated the ventral CA1 hippocampus prior to recent
or remote context memory retrieval tests in either the
training context or a novel context. Similar to the results
observed for the ACC, inactivation of the ventral CA1 at
a remote testing point returned the context memory to a
more precise state (i.e., rodents did not freeze in the novel
context). Inactivation of ACC or ventral CA1 regions
had no effect on fear memory in the training context at
either time point. The interpretation of these results is
that the dorsal hippocampus supports remote contextually
precise memories and that the ACC supports remote gen-
eralized contextual fear memories. These results are in
line with the transformation hypothesis. Indeed, Cullen
et al. (2015) showed that the dorsal CA1 was involved in
context specific fear memory recall at remote testing, yet
the finding that concurrent activity of the ventral CA1
was associated with generalized contextual fear memory
was not predicted by the transformation hypothesis. This
seems to suggest that, in addition to recruitment of corti-
cal sites as memories age and are transformed, the ventral
CA1 is also recruited, further contributing to generalized
memory. These data also support a continued role of the
hippocampus in remote memory regardless of specificity.

Are the activities of the ACC and the ventral CA1
during remote recall directly linked? The ACC and ven-
tral CA1 do not share robust direct projections (Fanselow
and Dong, 2010), and, therefore, their activity is likely
connected through another structure. One possibility is
that “transformed” contextual information from the ACC
and the ventral CA1 during remote testing converges
concurrently on the amygdala, resulting in generalized
fear in the novel context. Alternatively, at remote testing
points, the ACC may activate the ventral hippocampus
through the nucleus reuniens, resulting in generalized fear
(Dolleman-Van der Weel et al., 1997; Davoodi et al.,
2011; Loureiro et al., 2012; Xu and S€udhof, 2013). These
predictions must be systematically tested to determine the
direction of information flow among brain regions during
generalized fear responding. Given that transformation
cannot completely account for the results described
above, it is possible that additional processes underlie the
dynamic nature of fear generalization. There is evidence
that, at some level, rodents can perceive differences
between the training context and a novel context at
remote time points even though they show similar fear
responses in both (Winocur et al., 2009). This would sug-
gest that generalization is not only based on perceptual
similarities among the contexts but may also be an active
response to an uncertain environment. Given the role of

the ACC in interpreting contextual cues (Xu et al., 2012;
Xu and S€udhof, 2013), this region and its concurrent
activity with the ventral hippocampus may support active
fear at remote time points.

Although we are making great strides in understand-
ing the cellular and circuit level mechanisms contributing
to generalized fear, it is difficult to integrate all the extant
data into a single current interpretation of long-term
memory. As a result, the debate remains open with regard
to whether time-dependent generalization is a function of
disrupted consolidation, storage, or retrieval. As we dis-
cuss in the next sections, multiple mechanisms exist that
influence generalization during both memory consolida-
tion and retrieval and may provide some alternative inter-
pretations on time-dependent generalization.

HOW ARE PRECISE CONTEXTUAL
MEMORIES FORMED?

Most of the studies discussed above examined generaliza-
tion during the retrieval stage and inferred changes in
long-term memory storage through posttraining manipu-
lations. But, how do animals encode and consolidate pre-
cise fear memories? This is particularly relevant for many
anxiety disorders in which a pre-existing difference in
brain function can significantly contribute to the develop-
ment of psychiatric disease. A recent study by Ruediger
et al. (2011) demonstrated that context fear learning indu-
ces a specific increase in filopodial contacts onto
parvalbumin-expressing fast spiking interneurons in the
CA3 region of the hippocampus. These filopodial con-
tacts emanated from large mossy fiber terminals of dentate
gyrus neurons and functioned to enhance feedforward
inhibition. The number of filopodial contacts diminished
as a function of time, and this correlated with the mice
exhibiting fear (freezing) to a novel context (i.e., behav-
ioral fear generalization). Deletion of key synaptic plastici-
ty genes Rab3a and Add2 in two separate mouse lines
eliminated both long-lasting long-term potentiation
(LTP) and feedforward inhibitory growth from large
mossy fibers. Both lines of mice were able to learn con-
text fear normally but generalized fear to a novel context
after 1 day. These data suggest that synaptic plasticity is
required for the growth of feedforward inhibitory filopo-
dia and that feedforward inhibition likely contributes to
the consolidation of a precise contextual fear memory.
Additionally, presynaptic inhibition within the hippocam-
pus may play an essential role in the consolidation of pre-
cise contextual memories, thereby limiting fear
generalization. Two g-aminobutyric acid (GABA)B1 sub-
unit isoforms are expressed in the brain, GABAB1(a),
which is selectively associated with presynaptic terminals,
and GABAB1(b) which is associated with postsynaptic
membranes (Vigot et al., 2006). GABAB1(a) receptors
contribute to GABA-mediated presynaptic inhibition in
the hippocampus (Gassmann and Bettler, 2012), and
genetic deletion of these receptors in mice results in con-
textual fear generalization 1 day after training (Cullen
et al., 2014). These knockout mice were able to acquire
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contextual fear normally and express contextual discrimi-
nation up to 2 hr after training (Cullen et al., 2014). This
effect was also not limited to contextual fear; knockout
mice showed similar discrimination deficits on hippocam-
pally dependent novel object recognition and location
tasks. Overall, these data suggest that feedforward inhibi-
tory growth in the CA3 region of the hippocampus is
essential for consolidating and potentially maintaining
precise contextual fear memories over time but not essen-
tial for establishing the memory itself. These data seem to
fit with the forgetting view of memory generalization
(Rudy, 2005; Biedenkapp and Rudy, 2007; Riccio and
Joynes, 2007), suggesting that, during consolidation, a
type of trace degradation occurs in the hippocampus. This
results in imprecise memory retrieval at test and is exhib-
ited as fear generalization in the novel context. These data
also fit with the idea that the hippocampus is always
involved in memory, especially when that memory is
context specific (Wiltgen et al., 2010; Ruediger et al.,
2011).

An interesting recent finding is that pretraining inac-
tivation of the medial prefrontal cortex (mPFC) that
included the ACC induced generalization of fear
responses to novel contexts at recent time points but
impaired contextual fear in both the training and novel
contexts at remote time points (Xu et al., 2012). Further-
more, pretraining inactivation of neurons within the
nucleus reuniens receiving synaptic input from the mPFC
induced fear generalization at a recent time point (Xu and
S€udhof, 2013), but posttraining infusions had no effect on
fear memory. These data suggest that the mPFC is
involved in encoding the specificity of contexts and relays
that information to the hippocampus through the nucleus
reuniens. The neural activity data of Cullen et al. (2015)
also seem to support this idea; the ACC was highly active
when mice were in a novel context, whether it was at a
recent or remote time after training. This is further sup-
ported by electrophysiological (Dolleman-Van der Weel
et al., 1997) and functional inactivation experiments in
behaving rats (Loureiro et al., 2012). One study did, how-
ever, find that immediate pretesting inactivation of the
nucleus reuniens impaired memory recall in a passive
avoidance task (Davoodi et al., 2011), suggesting that the
nucleus reuniens may be essential for both the acquisition
of memory and its recall. If the mPFC is involved in
encoding specificity of the context then it is not currently
clear why activity of the ACC (part of the mPFC)
becomes associated with generalized fear at remote time
points. In addition, activity of the ACC does not appear
to be associated with recall of recent precise contextual
memory; inactivation at a recent time point had no effect
on fear in the training or novel context (Cullen et al.,
2015). One possibility for the shift over time in the role
of the ACC from one of memory specificity to one of
generalization may be due to a shift in its outputs.
Remote contextual generalization may be due to con-
verging outputs of the ACC and ventral hippocampus
through the amygdala rather than through the nucleus

reuniens to the dorsal CA1 during acquisition or recent
retrieval.

MODULATION OF MEMORY RETRIEVAL:
ESTRADIOL-INDUCED FEAR

GENERALIZATION?

In the preceding section, we discussed the emerging
understanding of the neural control of fear generalization
as it relates to its temporally dynamic nature. Over the past
several years, our laboratory has investigated gonadal hor-
mone modulation of fear generalization in female rodents.
This is particularly relevant because fear generalization is a
key symptom of nearly all anxiety disorders, in which
females represent a disproportionately large percentage
(McLean et al., 2011). Unlike the time-dependent gener-
alization discussed above, we find that fear generalization
can be induced relatively rapidly in females (within 24 hr),
placing this type of generalization outside the realm of sys-
tems consolidation or transformation theory.

In our initial studies, we found that female rats dis-
played a faster rate of fear generalization to a neutral con-
text after passive avoidance training than male rats (Lynch
et al., 2013). Subsequent experiments revealed that this
effect was due, in part, to the presence of estradiol.
Importantly, chronic estradiol treatment in ovariecto-
mized female rats caused contextual fear generalization
without increasing overall fear and anxiety levels (Lynch
et al., 2013). The use of chronic estradiol treatment in
these experiments did not allow us to determine if estro-
gens increased fear generalization through an effect on
fear acquisition, consolidation, or retrieval. The consensus
is that the processes involved during acquisition/consoli-
dation and retrieval of fear memory involves distinct
molecular and cellular mechanisms, with some manipula-
tions affecting either acquisition/consolidation or retrieval
but not necessarily both (Miserendino et al., 1990; Abel
and Lattal, 2001; Matus-Amat et al., 2004; Walker and
Davis, 2008; Antoniadis et al., 2009). An extensive set of
experiments found that acute estradiol increased fear gen-
eralization through an effect on memory retrieval but not
acquisition or consolidation of contextual memory
(Lynch et al., 2014). This study also found that estradiol
induced fear generalization primarily through its activity
at estrogen receptor-b (ERb). From these results, particu-
larly the timing of the effect, the interpretation was that
estradiol had a genomic effect on retrieval, but this would
require further confirmatory experiments. In addition,
estradiol-induced generalization was temporally limited,
lasting approximately 48 hr, suggesting that whatever
genomic or structural changes had taken place as the result
of acute estradiol treatment subsided as the effect of estra-
diol subsided.

A subsequent series of experiments characterized the
specific brain regions and downstream mechanisms
through which estrogens modulated the precision of con-
textual memory retrieval and generalization. Considerable
data indicate that estrogens have classical genomic effects
occurring within a time frame of hours to days that are
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driven by cytosolic estrogen receptors (O’Malley and
Means, 1974; Etgen, 1984; Couse and Korach, 1999; Fal-
kenstein et al., 2000; McKenna and O’Malley, 2002). In
addition to classical activation, estrogens can also have
rapid signaling through membrane-bound receptors, with
effects occurring within a time frame of seconds to
minutes (Vasudevan and Pfaff, 2007). Several recent stud-
ies have suggested that estradiol enhances object recogni-
tion through activation of membrane-bound ERs within
the hippocampus and through subsequent metabotropic
glutamate receptor signaling (Gresack and Frick, 2006;
Fernandez et al., 2008; Lewis et al., 2008; Fan et al.,
2010; Zhao et al., 2010). As discussed above, however,
the timing of estradiol-induced fear generalization sug-
gested genomic actions of classical estrogen receptors
rather than an effect driven by membrane-bound receptor
activation. This hypothesis was verified through a series
of experiments demonstrating the importance of cytosolic
ERs in estradiol-induced fear generalization. In an initial
experiment, intracerebroventricular infusions of the cyto-
solic estrogen receptor antagonist ICI 182,780 blocked
fear generalization when estradiol was administered either
peripherally or locally in the dorsal CA1 hippocampus.
This effect again required ERb but not ERa (Lynch
et al., 2016) and also established the hippocampus as an
important locus for the effects of estradiol on fear general-
ization. These results, however, did not rule out the con-
tribution of membrane-bound receptors to fear
generalization. Subsequent experiments with estradiol
conjugated to bovine serum albumin activating only
membrane-bound receptors failed to induce fear generali-
zation, and intrahippocampal coinfusions of an MEK
inhibitor (blocking membrane-bound ER intracellular
signaling) with estradiol failed to block fear generalization.
Overall, the results of these experiments suggest that estra-
diol induces fear generalization through activation of hip-
pocampal cytosolic ERb and that membrane-bound ERs
do not contribute significantly to estradiol-induced fear
generalization in females.

Through what mechanisms does estradiol induce
fear generalization? ERb activation promotes increased
glutamate release through presynaptic mechanisms (Smej-
kalova and Woolley, 2010), but this rapid effect does not
match the timing of behavioral fear generalization we
have observed. Alternatively, ERb activation enhances
postsynaptic glutamate signaling mechanisms such as
PSD95 and AMPA and NMDA receptor subunits (Wei-
land, 1992; Gazzaley et al., 1996; Waters et al., 2009).
These postsynaptic effects may be the genomic mecha-
nisms through which estradiol functions to induce fear
generalization. Recent experiments functionally tested
whether increased glutamate signaling in the dorsal CA1
contribute to estradiol-induced fear generalization and
appear to confirm this mechanism. Immediate pretesting
infusions of low doses of NBQX (AMPAR antagonist) or
APV (NMDA antagonist) significantly attenuate estradiol-
induced fear generalization without impairing memory
recall to the training context (Lynch et al., 2015). Addi-
tionally, administration of either antagonist had no effect

on generalization when administered alone. Thus, rapid
estradiol-induced fear generalization may be due, in part,
to enhanced postsynaptic glutamatergic signaling within
the dorsal CA1.

The findings above describing estradiol-induced fear
generalization add to the growing literature on the effects
of estrogens on the inhibition of fear to neutral or safety
cues (Toufexis et al., 2007; Nofrey et al., 2008). Overall,
these findings suggest that high levels of estrogens disrupt
the ability of animals to inhibit a fear response to a neutral
environment or a discrete neutral stimulus. Unlike the
well-established effect of estrogens enhancing extinction
retention, in which new learning occurs with regard to
the relationship between the conditioned stimulus and
absence of the unconditioned stimulus (Milad et al., 2009;
Graham and Daher, 2015; McDermott et al., 2015), the
present findings are not a result of estrogens enhancing
memory formation, as has been demonstrated repeatedly
(Packard et al., 1996; Packard and Teather, 1997; Pack-
ard, 1998; Daniel and Dohanich, 2001; Frye and Rhodes,
2002; Gibbs, 2002; Rhodes and Frye, 2004; Sandstrom
and Williams, 2004; Daniel et al., 2005; Walf et al., 2006,
2008; Frye et al., 2007; Fernandez et al., 2008; Fan et al.,
2010; Zhao et al., 2010; Fortress et al., 2013), but rather
changing the cues that elicit the fear memory response.
Given that the timing of estradiol-induced fear generaliza-
tion does not fit within transformation or systems consoli-
dation, it is possible that estradiol interferes with the rats’
ability to inhibit a previously learned response despite the
shift in context. Although clearly speculative, this might
suggest that, in addition to the hippocampus, estradiol
acts on the dorsomedial striatum, a region critical to
action–outcome learning (Yin et al., 2004, 2005). There
is evidence that the dorsomedial striatum is also important
for active and passive avoidance learning (Mazzucchelli
et al., 2002). Alternatively, estradiol may enhance pattern
completion or impair pattern separation, two processes
that depend on the hippocampus (Matus-Amat et al.,
2004; Rudy et al., 2004; Nakashiba et al., 2008, 2012;
Rudy, 2009; Besnard and Sahay, 2016). In pattern com-
pletion, a subset or portion of the contextual cues present
during the initial learning can activate the original memo-
ry trace as a whole. This could explain estradiol-induced
fear generalization, in which a similar yet distinct context
activates the fear memory. On the other hand, pattern
separation normally allows similar yet overlapping cortical
memory traces to be distinctly activated, allowing precise
memory recall. If estradiol administration interferes with
the process of pattern separation, a similar yet distinct
context may activate the original fear memory trace, pro-
moting fear generalization (but see above). These possibil-
ities have yet to be systematically tested, which will be
required to determine the exact mechanisms through
which estradiol promotes generalized fear in females.

CUED FEAR GENERALIZATION

It has generally been recognized that cue-dependent and
context fear memory are regulated by overlapping yet
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different neurobiological mechanisms (Phillips and
LeDoux, 1992; Frankland et al., 1998; Maren and Holt,
2004; Fanselow, 2010). Specifically, the amygdala is
essential in the acquisition, consolidation, and extinction
of cue-dependent and context fear, whereas the hippo-
campus is generally thought to be essential in the regula-
tion of contextual fear (Kim and Fanselow, 1992;
Fanselow and Kim, 1994; Helmstetter and Bellgowan,
1994; Maren et al., 1996; Davis, 1992; Schafe et al.,
2001; Ressler et al., 2002; Phelps et al., 2004; Myers
and Davis, 2006). Most studies examining generalization
of cued fear conditioned responses use discrimination
training. This is both experimentally and conceptually
different from contextual generalization studies, in
which animals normally are not exposed to the novel
context until testing. In cued discrimination experi-
ments, animals are assessed for fear to the CS–, which
represents a learned safety cue. These studies have
shown that mice lacking the 65-kD form of glutamic-
acid decarboxylase (GAD65–/– mice), the biosynthetic
enzyme for GABA, display reduced freezing compared
with their wild-type littermates, suggesting reduced fear
memory. These knockout mice, however, were unable
to distinguish the CS– from the CS1 during testing
24 hr or 14 days later, suggesting that GABA synthesis is
critical not only for forming fear memory but also for
stimulus-specific fear memory (Bergado-Acosta et al.,
2008). As described above for contextual fear generaliza-
tion, presynaptic GABAB receptors also play an impor-
tant role in cued fear generalization. In the lateral
amygdala, GABAB1(a) receptors seem to be responsible
specifically for presynaptic LTP at corticoamygdala affer-
ents, whereas GABAB1(b) receptors are responsible for
LTP at thalamic afferents, suggesting pathway-specific
regulation of LTP in the lateral amygdala (Shaban et al.,
2006). Moreover, GABAB1(a) knockout mice display
stimulus intensity-dependent generalization of fear to
CS– cues when tested after discrimination training.
These data suggest that presynaptic inhibition in the
corticoamygdala pathway is important to preserve stimu-
lus discrimination during discrimination training. Addi-
tionally, it was concluded that the lack of presynaptic
inhibition in GABAB1(a) knockout mice resulted in a
shift in the threshold for generalization of fear responses
to lower US intensities. However, if this were the case,
it would be expected that GABAB1(a) knockout animals
trained with high shock intensities would fail to discrim-
inate contextual cues at any posttraining interval. In the
experiments describing a rapid generalization of contex-
tual memory, GABAB1(a) knockout mice were able to
discriminate among contexts up to 2 hr posttraining but
not at 1 day (Cullen et al., 2014). Furthermore, a similar
rapid decline in memory precision was observed with
nonfear tasks, providing additional support against a
threshold shift phenomenon and suggesting a more
integral role in regulating the precision of contextual,
spatial, and potentially auditory cued memories.

In addition to the lateral and basolateral amygdala
(BLA), the central nucleus of the amygdala (CeA) has

been identified as an essential structure undergoing plas-
ticity in support of fear learning (Jasnow and Huhman,
2001; Samson and Pare, 2005; Wilensky et al., 2006).
The CeA is composed predominantly of GABAergic
inhibitory neurons, of which the medial subdivision of
the CeA (CeM) is under tonic inhibition by the lateral/
capsular CeA (CeL; Cassell et al., 1986; Sun and Cassell,
1993; Ciocchi et al., 2010; Haubensak et al., 2010). Using
a discrimination task and in vivo electrophysiological
recordings, Ciocchi et al. (2010) showed that a decrease
in tonic activity of CeM neurons was associated with gen-
eralization to the CS–. The opposite was true for the
CeL; an increase in tonic activity was associated with gen-
eralization. In addition, changes in tonic activity of the
CeL were higher in generalizing mice. However,
increased CeL activity associated with generalization
might be cell-type specific. Mice with precise cell-specific
ablation of NMDA receptor function exclusively in corti-
cotropin releasing factor (CRF)-expressing neurons,
which are localized to the CeL, show generalized
responding to CS– cues in fear discrimination tasks (Gil-
man et al., 2015). These data suggest that specificity of
fear responses may be partially regulated by changes in
activity within the inhibitory neural circuitry of the CeA.
A similar generalization to frequency-modulated cues is
observed in mice with targeted ablation of NMDA recep-
tor function in the mPFC, which presumably dampens
responses to excitatory input (Vieira et al., 2015). Evi-
dence also suggests that dysfunctional communication
between the BLA and the mPFC, a circuit that is critical
for discrimination learning, results in fear generalization.
In this case, the top–down communication (mPFC-to-
BLA) is disrupted, resulting in greater fear responses to
CS– cues (Likhtik and Paz, 2015).

Generalization to fearful cues may also recruit activi-
ty of additional brain regions, including the bed nucleus
of the stria terminalis (BNST). BNST-lesioned rats freeze
less to CS– cues and are able to discriminate between a
CS1 and CS–, whereas sham-lesioned rats display a con-
tinuum of responses ranging from high to low fear gener-
alization (Duvarci et al., 2009). From the limited available
data, it appears that the inhibitory network within the
amygdala plays an essential role in regulating stimulus-
specific behavioral responses and ultimately limits general-
ization. This could be cell-type specific within the CeA.
For instance, the role of CRF in response to stressors may
actually be a homeostatic attempt to diminish reactivity
and reduce hypervigilance. In addition, recruitment of
the BNST, which is involved in regulating anxiety-like
behavior, may contribute to fear generalization. Alterna-
tively, generalization of auditory cued fear may be due to
changes in afferent or efferent structures containing direct
connections with the amygdala, such as the auditory thal-
amus or auditory cortex (Weinberger, 2007). In the case
of the auditory thalamus, enhanced fear generalization to
alternative tones that were not previously paired with
shock has been observed following increased cAMP-
response element binding protein overexpression in the
medial geniculate nucleus (Han et al., 2008). This would
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allow relatively quick generalization of fear responses to
alternate cues because broadening of auditory thalamus
tuning may occur during or shortly after conditioning.

The time-dependent nature of contextual fear gen-
eralization most likely involves reorganization of synaptic
connections involved in the consolidation, storage, and
retrieval of a contextual memory trace. Given the current
evidence, systems consolidation, the forgetting view, and
the transformation hypothesis each in isolation do not
necessarily account for contextual fear generalization. The
most recent evidence suggests that there may be an inter-
action between cortical structures and the ventral hippo-
campus during remote contextual fear generalization
(Cullen et al., 2015; Einarsson et al., 2015). What then,
happens to cued fear memories as they age? One interpre-
tation is that the hippocampus initiates pattern completion
from similar cues present during training and during test-
ing, resulting in fear generalization (Lissek, 2012; Lissek
et al., 2014). The problem with applying this view to the
temporally dynamic nature of fear generalization is that
the same cues result in pattern separation (i.e., little fear
generalization) at recent time points and pattern comple-
tion (i.e., considerable fear generalization) at remote time
points (Fig. 2). Similarly, Onat and Buchel (2015) suggest
that stimulus generalization is an active process based on
the identification of threat and ambiguity of intermediate
CS cues, allowing flexible behavioral responses. However,
this also cannot explain why the threat assessment of cues
changes as a function of time; the same cues (or context)
are interpreted as safe and nonambiguous at recent tests and
dangerous and ambiguous at remote testing.

It must be noted that many of the studies examining
cued fear generalization used discrimination training,
which does not address the question of generalization to
novel cues. It is likely, however, that generalization to
novel cues involves similar neurobiological mechanisms,
as described in these studies. In the case of the loss of con-
textual memory precision over time (i.e., increased gener-
alization), perception is still intact but the memory for
that which was perceived has changed (Riccio et al.,
1994; Zhou and Riccio, 1996; Anderson and Riccio,
2005; Jasnow et al., 2012; Cullen et al., 2014, 2015).
With auditory cued fear conditioning, several studies have
shown that, in rodents, the lateral and/or basolateral com-
plex of the amygdala may be the locus of fear memory
storage (Schafe et al., 2005; Kwon and Choi, 2009; Pou-
los et al., 2009). In fact, there is evidence that specific
neurons within the lateral amygdala itself switch from
responding to a CS1 (cue-specific) to responding to a
CS– (generalization) when the animals shift from fear dis-
crimination to generalization (Ghosh and Chattarji,
2014). In this experiment, however, animals were always
tested at recent time points after training, so it is unclear
what might happen in the lateral amygdala at remote time
points. Alternatively, the amygdala may modulate memo-
ries that are stored in the cortex (McGaugh, 2004; Chavez
et al., 2009), or circuit reorganization may occur for audi-
tory fear memories as a function of time (Do-Monte
et al., 2015). For instance, the paraventricular nucleus of

the thalamus and its connections to the CeA are involved
in retrieval of remote but not recent auditory fear memo-
ries. Inhibition of prelimbic axons to the BLA, normally
important for fear retrieval at recent testing, had no effect
on fear memory retrieval at remote time points, indicating
a time-dependent shift away from involvement of the
BLA in fear memory retrieval (Do-Monte et al., 2015).
Although this study does not directly address cued fear
generalization as a function of time, it illustrates the time-
dependent circuit reorganization that occurs for remote
cued fear memory retrieval, which seems to mirror that
which is happening for remote contextual fear memory.
A final possibility is that a time-dependent loss of feedfor-
ward inhibition onto parvalbumin-expressing interneur-
ons in the BLA occurs similarly to that which has been
observed in the hippocampus (Ruediger et al., 2011).
Thus, it is possible that cued fear memories undergo a
transformation from cue-specific to cue-general represen-
tation within the same region and may occur at a faster
rate than context memories.

FEAR GENERALIZATION AND ANXIETY
DISORDERS

In the previous sections, we have discussed the neural cir-
cuitry and memory systems currently identified in regulat-
ing generalized fear responses with traditional Pavlovian
fear conditioning paradigms. Fear conditioning has also
been implicated in the etiology of anxiety disorders
( €Ohman and Mineka, 2001; Bouton, 2002; Mineka and
Zinbarg, 2006). In addition, generalization has been
linked to anxiety pathology and has recently been consid-
ered a biomarker for many anxiety disorders (Lissek et al.,
2005, 2008, 2010, 2014; Dunsmoor et al., 2009, 2011a,b;
Lissek, 2012; Morey et al., 2015). The story above with
regard to the dog is an example of how generalization
relates to anxiety disorders; anxiogenic properties are asso-
ciated with stimuli that are similar yet distinct from the
original conditioning stimulus, thereby eliciting and
maintaining anxiety responses long after the original con-
ditioning occurred. In humans, increased generalization
to fear cues is one the most common findings among
studies of anxiety patients (Lissek et al., 2005, 2008; Lis-
sek, 2012). Support for this is derived from a meta-
analysis of 20 laboratory-based studies that examined Pav-
lovian fear conditioning and simple discrimination in
patients with anxiety disorders and in healthy controls
(Lissek et al., 2005). Among the fear discrimination stud-
ies, the findings implicated increased fear responding to
CS– cues. A more detailed analysis has shown that studies
of posttraumatic stress disorder (PTSD) patients largely
account for this pattern of results (Lissek et al., 2008). To
characterize the link between fear generalization and anx-
iety disorders further, recent studies have begun investi-
gating fear generalization in clinical populations using
gradients of stimuli that resemble the CS1 or CS– in
either perceptual similarity or intensity (Lissek et al.,
2008, 2014; Dunsmoor et al., 2009; Lissek, 2012; Morey
et al., 2015). The reason for including a gradient of cues
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that resembles the CS1 and CS– during the test phase is
that anxiety triggers rarely resemble the exact cues present
during a traumatic event and may differ on a variety of
dimensions. For example, in a study with fearful faces
along a gradient of intensity, PTSD patients more often
misidentified an intensely fearful face as the CS1 even
when it was never paired with the aversive stimulus, sug-
gesting a bias toward generalization (Morey et al., 2015).
In that study, PTSD patients also exhibited greater activa-
tion compared with controls in a number of brain regions,
including the fusiform gyrus, insula, visual cortex, locus
coeruleus, and thalamus. In another study with a gradient
of shape stimuli, this time differing in size resembling the
CS1 and CS–, panic disorder patients generalized their
fear responses much further along the gradient of test cues
compared with healthy controls (Lissek et al., 2010).
Altogether, these data suggest that generalization is a path-
ogenic biomarker of anxiety disorders and can be used in
laboratory settings to examine the neural substrates of
generalization and its contribution to anxiety disorders.

In a recent study examining neural substrates of gen-
eralization in healthy subjects with cued discrimination
and functional MRI, the general finding was that the
insula responded most strongly to the CS1, whereas the
ventral hippocampus and ventromedial prefrontal cortex
(vmPFC) responded most strongly to the CS– (Lissek
et al., 2014). Activation gradients exist within each of
these regions that are related to the degree of similarity of
generalized cues to the CS1 or CS–. It should be noted
that the insula has also been reported to respond when
healthy individuals generalize to stimuli that vary on an
intensity gradient (Dunsmoor et al., 2011a). Nevertheless,
the findings from Lissek et al. (2014) can be interpreted to
suggest that neural activation and behavioral generaliza-
tion are linked to the perceptual similarity of cues to the
CS1. More recently, evidence in humans has emerged
indicating that fear generalization is not solely dependent
upon perception but is more active and complex, involv-
ing higher order cognitive processes (Dunsmoor and
Murphy, 2014). Using discrimination fear conditioning to
face stimuli along a circular gradient, Onat and Buchel
(2015) showed the expected hippocampal and vmPFC
responses to the CS1 and CS–; the hippocampus and
vmPFC responded most robustly to the CS–, and these
related to the degree of behavioral output. That is, these
regions were tuned to the CS–, and their activity was
associated with less fear, presumably because they play a
role in safety learning. However, they found other areas
not tightly linked to behavioral output. Most notably,
activity of the anterior insula and inferotemporal cortex,
which is involved in object and facial processing, did not
match the degree of behavioral generalization. The insula
displayed “hypersharp” tuning to the CS1, meaning its
activity was more selective than behavioral responses. The
inferotemporal cortex, however, displayed the greatest
activity to intermediate CS stimuli, and this was inter-
preted to mean that it responds to the ambiguity of the
stimuli. Thus, activity of the insula and inferotemporal
cortex did not match behavioral generalization. The

authors interpreted this to mean that fear generalization is
the result of integration of hypersharp responses to threat
in the insula and uncertainty-based responses in the infer-
otemporal cortex rather than perceptual differences
among stimuli. They suggest that pathological generaliza-
tion may stem from an inability to identify the specific
source of fear (insula) and a dysfunctional uncertainty
evaluation system (inferotemporal cortex). These recent
studies have important implications for understanding
how an adaptive response, such as stimulus generalization,
contributes to pathological conditions in humans.

CONCLUSIONS

Stimulus generalization is not a new phenomenon, but
the recent attention paid to the neural mechanisms under-
lying fear generalization has revealed some important
findings and highlighted the complex nature of this phe-
nomenon. Understanding the time-dependent increase in
contextual fear generalization has important implications
not only for understanding how generalization contrib-
utes to anxiety disorders but also for understanding basic
long-term memory function. From the existing literature,
the dorsal hippocampus plays an essential role in memory
traces that involve specific contextual information. Spe-
cific structural changes within the hippocampus leading
to increased feedforward inhibition may underlie the
mechanism by which this structure maintains a precise
memory trace. However, debate remains with regard to
the involvement of the hippocampus in the retrieval of
remote memories and whether those memories are con-
text specific or generalized. The most recent data suggest
that the relevant structures involved in generalization
change as a function of time and can be modulated by sex
steroids. Estradiol can induce rapid fear generalization in
females by acting directly on the dorsal hippocampus and
may partially underlie the large sex difference in rates of
anxiety disorders between males and females. At remote
time points, the emphasis shifts to the ACC and the ven-
tral hippocampus, especially when retrieval cues are nov-
el, leading to generalized fear. It is unclear why the ACC
is important for contextual specificity during acquisition
but then shifts to controlling generalization at remote
time points. It is not likely to be the result of perceptual
inaccuracies because rodents seem able to distinguish
between the training and novel contexts even though
they freeze equivalently to both. This may relate to recent
findings in humans suggesting that cued fear discrimina-
tion is an active and integrative process between identifi-
cation of threat and uncertainty of the context. These
recent findings in humans are particularly intriguing
because they suggest a more complex, top–down process-
ing model that accounts for stimulus generalization. Giv-
en that generalized fear is strongly linked to many anxiety
disorders, understanding the neurobiological mechanisms
of generalized fear and its expansion with the passage of
time will be critical for developing effective treatments
for these disorders. Convergent data from both nonhu-
man animal models of fear and concurrent studies in
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humans will allow a more robust understanding of the
environmental, genetic, and neurobiological mechanisms
underlying generalized fear and its contribution to a num-
ber of neuropsychiatric disorders of emotion.
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