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There is growing interest in generalization of learned contextual fear, driven in part by the hypothesis that mood and
anxiety disorders stem from impaired hippocampal mechanisms of fear generalization and discrimination. However,
there has been relatively little investigation of the behavioral and procedural mechanisms that might control generalization
of contextual fear. We assessed the relative contribution of different contextual features to context fear generalization and
characterized how two common conditioning protocols—foreground (uncued) and background (cued) contextual fear con-
ditioning—affected context fear generalization. In one experiment, mice were fear conditioned in context A, and then
tested for contextual fear both in A and in an alternate context created by changing a subset of A’s elements. The
results suggest that floor configuration and odor are more salient features than chamber shape. A second experiment com-
pared context fear generalization in background and foreground context conditioning. Although foreground conditioning
produced more context fear than background conditioning, the two procedures produced equal amounts of generalized
fear. Finally, results indicated that the order of context tests (original first versus alternate first) significantly modulates
context fear generalization, perhaps because the original and alternate contexts are differentially sensitive to extinction.
Overall, results demonstrate that context fear generalization is sensitive to procedural variations and likely reflects the op-

eration of multiple interacting psychological and neural mechanisms.

[Supplemental material is available for this article.]

When a traumatic event occurs, the context typically becomes a
conditioned stimulus (CS), and returning to the same or a similar
context evokes fear. Overgeneralizing or inappropriately retriev-
ing learned contextual fear may contribute to the pathogenesis
of anxiety disorders. For instance, panic disorder is hypothesized
to originate when the internal or external context in which a pan-
ic attack occurred becomes a CS, and the conditioned fear trans-
fers—or generalizes—to other similar contexts (Lissek et al.
2010). Patients suffering from panic disorder display elevated
fear generalization in a laboratory-based fear conditioning task,
suggesting that excessive generalization may indeed underlie
the disorder (Lissek et al. 2010). Such examples implicating fear
generalization in pathogenesis of anxiety disorders have generat-
ed interest in understanding the neural and psychological mech-
anisms of fear generalization, particularly with respect to contexts
(Sahay et al. 2011b; Kheirbek et al. 2012a).

Whereas fear conditioning to discrete cues such as simple
tones can be supported by the amygdala and other subcortical
structures, fear conditioning to a context typically recruits plastic-
ity in both the amygdala and hippocampus. The hippocampus is
hypothesized to form a conjunctive representation that binds to-
gether multiple elements of the context (Sutherland and Rudy
1989; Phillips and LeDoux 1992; Fanselow 2000). Post-training le-
sions to the hippocampus or its outputs impair expression of con-
textual fear, suggesting that hippocampal conjunctive encoding is
the default learning strategy for contextual fear conditioning
(CFC; Anagnostaras et al. 1999; Biedenkapp and Rudy 2009).
CFC procedures evoke synchronized rhythmic activity between
the amygdala and the hippocampus, suggesting coordinated mu-
tual involvement in this form of learning (Seidenbecher et al.
2003). However, pretraining lesions to the hippocampus usually

Corresponding author: drew@mail.cim.utexas.edu
Article is online at http://www.learnmem.org/cgi/doi/10.1101/Im.042374.116.

23:703-709; Published by Cold Spring Harbor Laboratory Press
ISSN 1549-5485/16; www.learnmem.org

have little to no effect on CFC (Wiltgen et al. 2006; Biedenkapp
and Rudy 2009), indicating that context fear learning can also be
accomplished by hippocampus-independent mechanisms. In
the absence of a functional hippocampus, animals may adopt an
elemental strategy in which the context is encoded as a collection
of independent elements or features (Anagnostaras et al. 2001).
Generalization occurs when a learned response is evoked by
stimuli similar to the original CS. Although some level of general-
ization is adaptive because it allows a learned response to transfer
to other relevant situations and stimuli, overgeneralization of fear
can be debilitating. The neural mechanisms underlying generali-
zation of fear are thus an area of intense investigation. Studies
have implicated the hippocampus (Rudy and O'Reilly 1999) and
more specifically, the hippocampal processes of pattern separa-
tion and pattern completion (Sahay et al. 2011b; Kheirbek et al.
2012a; Besnard and Sahay 2016) in controlling contextual fear
generalization. For instance, the large number of cells and sparsity
of firing within the dentate gyrus (DG) are believed to support pat-
tern separation, which is hypothesized to limit context generali-
zation by providing different contexts with more unique neural
codes (Jung and McNaughton 1993; Leutgeb et al. 2007;
McHugh et al. 2007; Nakashiba et al. 2012; Niibori et al. 2012).
Consistent with this view, perturbations of DG function are asso-
ciated with impaired context discrimination and increased con-
text fear generalization (McHugh et al. 2007; Sahay et al. 2011a;
Kheirbek et al. 2012b; Tronel et al. 2012; Wu and Hen 2014).
Conversely, the strong auto-associative network of CA3 is thought
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Mechanisms of fear generalization

to support pattern completion, the process by which partial cues
can evoke retrieval of a complete memory. Impairing CA3 func-
tion can also alter fear generalization (Cravens et al. 2006).

Despite the extensive recent work on the neural mechanisms
of generalization, there has been relatively little investigation of
behavioral and sensory influences on context generalization. For
instance, CFC can be produced through background (cued) proce-
dures, in which context conditioning occurs as a consequence of
pairings between a discrete conditioned stimulus (CS) and shock,
and foreground (uncued) procedures in which the context is the
only explicit CS. Although these procedures are hypothesized to
recruit different learning mechanisms (Phillips and LeDoux
1994; Calandreau et al. 2005; Trifilieff et al. 2006), their effects
on context generalization have not been explicitly compared.
Furthermore, while it is generally believed that rodents remember
multiple features of conditioning contexts, to our knowledge, the
relative contribution of particular context features to generaliza-
tion and discrimination has not been investigated. Here we char-
acterize context fear generalization in male C57BL/6] mice. After
establishing two discriminable contexts, we compare the relative
contribution of specific contextual features to context fear gener-
alization. We also compare the extent to which background and
foreground context fear conditioning engender generalized con-
textual fear. Finally, we explore the effect of test order (alternate
first versus original first) on generalized context freezing.

Results

Experiment I: Establishing discriminable contexts

First, we sought to establish two highly discriminable contexts
and to confirm that freezing behavior in each context was attrib-
utable to the context-shock training rather than to intrinsic (non-
associative) features of the context. Mice received three-shock
background contextual conditioning in context A (n= 10) or B
(n = 10), and then received test sessions in both A and B in coun-
terbalanced order (Fig. 1A). Mice froze significantly more in their
training context than in the alternate context, regardless of the
identity of each (P’s < 0.004; Fig. 1B). Data were analyzed using
a three-way ANOVA with Training Context (A versus B) and Test
Order (Original and Alternate versus Alternate and Original) as
between-subject factors and Test Context (Original versus Alter-
nate) as a within-subject factor. The analysis confirmed a sig-
nificant effect of Test Context (F(;,16) = 32.20, P <0.001), but
the other main effects and interactions did not reach significance
(full results are reported in Supplemental Table 1). This result con-
firms that Contexts A and B are discriminable and that freezing in
each context is associative in nature. For comparison with Exper-
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iments 2 and 3, Supplemental Figure 1 shows context test perfor-
mance as a function of test order (Original-Alternate versus
Alternate—Original), which is discussed further below.

Experiment 2: Which contextual features support

context fear generalization?

Context B was created by altering Context A in three ways: insert-
ing a triangular roof, changing the floor configuration, and
changing the scent. Experiment 2 was designed to assess the ex-
tent to which each of these changes contributed to context fear
generalization. Mice received three-shock background contextual
fear conditioning in Context A followed by two tests of context-
elicited fear. One test occurred in A and the other in an altered
context, in counterbalanced order. There were four alternate con-
texts, each created by changing a single feature of A (Roof [n = 7],
Floor [n = 8], or Scent [n = 8]) or by changing all three features
(RFS; n = 12; Fig. 2A).

The data for the context tests were analyzed using a three-
way ANOVA with Alternate Context (RFS, F, S, or R), and
Context Order (A — Alternate versus Alternate — A) as between-
subjects factors and Test Context (A versus Alternate) as a
within-subject factor. The full ANOVA results are reported
in Supplemental Table 2. The ANOVA detected a significant
Alternate Context x Test Context interaction (F3 7 = 4.46, P =
0.011), confirming that the different alternate contexts elicited
different levels of generalized fear. Our a priori predictions were
that animals would freeze more in the original than the alternate
context. Thus, within each group, planned comparisons were used
to compare freezing in A and in the altered context (Fig. 2B). In
groups Floor and RFS, freezing in A exceeded freezing in the altered
context (P's <0.003); in groups Scent (P =0.137) and Roof (P =
0.482), the freezing levels did not differ. The data indicate that
changing only the floor was sufficient to render the two contexts
discriminable, whereas changing only the scent or the roof may
not be sufficient to support discriminated freezing.

The overall ANOVA also detected a significant Context
Order x Test Context interaction (F; 27, = 10.18, P = 0.004), indi-
cating that the order of context tests influenced generalization
between A and the alternate contexts. Post hoc comparisons indi-
cated that freezing to A exceeded alternate context freezing when
A was tested first (P < 0.001) but not when A was tested second
(P=0.556). Other pairwise comparisons did not reach signifi-
cance. Experiment 3 will address potential explanations for this
order effect.

To more explicitly compare the effectiveness of the different
contextual alterations in promoting generalized freezing, we com-
puted a discrimination ratio by expressing context A freezing as a
proportion of summed freezing to both A
and the alternate context [A/(A + Alt.)].
A higher discrimination ratio indicates
less generalized freezing to the alternate
context (Fig. 2C). One-way ANOVA com-
paring the discrimination ratios among
the four alternate contexts was signifi-
cant (F3 31y = 4.487, P = 0.010). Pairwise
comparisons indicated that RFS exceeded
Roof (P =0.006) and that the difference
between Scent and Roof approached sig-
nificance (P = 0.083). All other compari-
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Figure 1.

contexts. Error bars represent £1 SEM. (*) P < 0.05.
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Establishing discriminable contexts. (A) Mice were trained in either Context A (n=10) or
Context B (n = 10) and tested in both contexts in counterbalanced order. (B) Mean freezing to the test

sons failed to reach significance (P's >
0.215). We also evaluated our a priori pre-
diction that the discrimination ratios
should exceed the 0.5 chance level.
T-tests revealed that the discrimination
ratios for Groups RFS (P < 0.001), Floor

Learning & Memory


http://www.learnmem\.org/lookup/suppl/doi:10.1101/lm.042374.116/-/DC1
http://www.learnmem.org/lookup/suppl/doi:10.1101/lm.042374.116/-/DC1
http://www.learnmem\.org/lookup/suppl/doi:10.1101/lm.042374.116/-/DC1

Mechanisms of fear generalization

Train Test Test

24h
—
24h

4 or

Alt
or
A 5 ih,
A Alt

!

B RFS Floor Scent Roof Order:
80 o . * . 7 —e— Orig.-Alt.
o604 | | | Alt.-Orig.
=
N
$ 40 ] ] .
i \
3% 20 . . é - :E
C L] Ll L] L] L] ] L] L]
& @ & 5@ & 5@ & @
OA‘@Q \?}(\(b O;‘@Q \Q}(\rb O;‘\Q’\Q \?}(@ OA‘\Q\Q \?}{&
& & ® ®
Context
c o 1.00
T *
o
S 075
T
£
£
‘5 Chance-- |j|jli|
2
a
A B B E—
= S

LA
& ((\oo :‘9&0 <°

Figure 2. Determining the extent to which different contextual features
contribute to context fear generalization. (A) Mice were trained in Context
Aand tested both in the original contextand an alternate context. Alternate
contexts were created by changing either a single feature of Context A
(Roof [n= 7], Floor [n= 8], or Scent [n = 8]), or all three features (RFS;
n=12). (B) Individual freezing data during test sessions as a function of
alternate context. Mice froze more in Context A than in Floor or RFS
(P's < 0.003), but freezing did not differ between Context A and Scent or
Roof (P's > 0.137). Black dots/lines indicate Context A was tested first,
and gray dots/lines indicate the Alternate Context was tested first. (C)
Discrimination ratios [A/(A + Alt.)] as a function of alternate context.
Discrimination was better than chance (0.5) for the RFS (P < 0.001),
Floor (P =0.033), and Scent (P = 0.018) alternate contexts but did not
exceed chance for the Roof alternate context (P = 0.919). Gray line at 0.5
denotes chance performance. Error bars represent =1 SEM. (*) P < 0.05.

(P =0.033), and Scent (P = 0.018) exceeded 0.5, whereas the ratio
for Group Roof (P = 0.919) did not.

In summary, changing either the floor configuration or the
scent was sufficient to produce discriminated freezing, whereas
changing the roof only was not sufficient to support discriminat-
ed freezing. Although the effect of the scent change did not reach
significance in all of our analyses, the effect is validated in
Experiment 3, which had more power. The results suggest that
the visual characteristics of a context, which were changed dras-
tically by insertion of the roof, may exert a smaller influence
on context fear generalization than do the tactile (floor) and olfac-
tory characteristics. However, we are unable to rule out the possi-
bility that the visual components of the floor changes also
contributed to discrimination.

Experiment 3: Fear generalization after foreground versus
background context conditioning

Next, we asked whether the two major categories of context con-
ditioning procedures are differentially conducive to fear generali-
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zation. Context fear can be produced by background context
conditioning, in which the US is explicitly paired with a discrete
auditory or visual CS, and by foreground context conditioning,
in which the context is the only explicit CS. These procedures typ-
ically generate different levels of contextual fear (Phillips and
LeDoux 1994) and have been hypothesized to recruit different
neural mechanisms (Phillips and LeDoux 1994; Calandreau
et al. 2005; Trifilieff et al. 2006). In this experiment, we compared
context fear generalization after either foreground or background
context conditioning. Because foreground conditioning gener-
ates more contextual fear than background conditioning, we in-
cluded two foreground conditioning procedures. One procedure
(three-shock foreground conditioning) was equated with back-
ground conditioning with respect to the number and timing of
shocks. The other procedure (one-shock foreground condition-
ing) was equated with background conditioning in terms of the
amount of contextual fear produced.

An additional aim of Experiment 3 was to systematically ex-
plore the effects of test order on context freezing. In the previous
experiments, we observed a consistent trend toward higher alter-
nate context freezing when the alternate context was tested before
rather than after the original context (Fig. 2B; Supplemental Table
2). However, the previous experiments did not provide sufficient
statistical power to investigate this effect. Experiment 3 permitted
us to analyze how test order affects freezing in both the original
and alternate contexts.

Mice were trained using the three-shock background
(Background; n = 23), three-shock foreground (Foreground x3;
n = 24), or one-shock foreground (Foreground x1; n = 24) con-
textual conditioning procedure in Context A (Fig. 3A), and
context-elicited fear was tested in both A and an alternate context,
in counterbalanced order (Fig. 3A,B). The alternate context was ei-
ther Context RES or Context Scent (S), as described in Experiment
2. On the basis of Experiment 2, Context S was expected to elicit
significantly more generalized freezing than Context RFS.

Our analysis focused on mean freezing during the test
sessions in the original and alternate contexts (Supplemental
Fig. 2). These data were analyzed using ANOVA with Training
Protocol, Alternate Context (RFS versus S), and Context Order
(A — Alternate versus Alternate — A) as between-subjects factors
and Test Context (A versus Alternate) as a within-subject factor.
The full ANOVA results are reported in Supplemental Table 3.
The ANOVA detected significant effects of Training Protocol, the
Test Context x Alternate Context interaction, and the Test
Context x Context Order interaction. These effects are discussed
in turn in the following paragraphs.

The significant main effect of Training Protocol indicates
that Foreground x 3 conditioning produced higher levels of freez-
ing than the other protocols (Fig. 3C,D). Pairwise post hoc com-
parisons confirmed that mice receiving Foreground x3 training
froze more in both the original and alternate contexts than did
mice receiving either of the other two protocols (P's < 0.001).
Importantly, Training Protocol did not interact with any of the
other variables (P’s > 0.278), including Test Context (F < 1), indi-
cating that Training Protocol did not significantly affect the
extent to which fear generalized between the original and alter-
nate contexts. That is, the elevated freezing observed in the
Foreground x 3 group was no larger in the alternate contexts than
in the original context. To further explore whether Training
Protocol influenced context fear generalization, we computed dis-
crimination ratios as in Experiment 2 (Supplemental Fig. 3). The
effects of Training Protocol and Alternate Context on discrimina-
tion ratios were analyzed using ANOVA, which yielded a highly
significant effect of Alternate Context (F ¢s)=22.650, P <
0.0001), confirming that generalization between Contexts A and
S was stronger than that between Contexts A and RES. The effects
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Figure 3. Fear generalization as a function of conditioning procedure. (A) Three training procedures

were compared in Experiment 3. Three-shock foreground conditioning (Fore. x 3; n = 24) was equated
with background conditioning (Back.; n = 23) with respect to the number and timing of shocks, while
one-shock foreground conditioning (Fore. x 1; n = 24) was equated with background conditioning in
terms of the amount of contextual fear produced. (B) Mice were trained in Context A and tested in both
A and an alternate context (S or RFS). (C) Mean freezing during test sessions for mice tested with alter-
nate context RFS as a function of training procedure. Mice froze more in A than in RFS, and Foreground
x 3 conditioning produced higher levels of freezing than did the other procedures (P's < 0.001). (D)
Mean freezing during test sessions for mice tested with alternate context S as a function of training pro-
cedure. Mice froze more in A than in S, and Foreground x 3 conditioning produced higher levels of
freezing than did the other procedures (P's < 0.001). (E) Mean freezing during test sessions as a func-
tion of alternate context. Pairwise post hoc comparisons confirmed that freezing was higher in Context
S than in Context RFS (P = 0.042), but freezing in Context A did not differ between groups (P = 0.125).
(F) Mean freezing during test sessions as a function of test order. Pairwise post hoc comparisons con-
firmed that freezing in the alternate contexts was lower in mice receiving the A — Alt. order than in
those receiving the Alt — A order (P = 0.033), whereas freezing in A was not affected by test order
(P =0.998). Error bars represent =1 SEM. (*) P < 0.05.

first context test has a stronger effect on
subsequent alternate context freezing
than on subsequent original context
freezing.

In summary, Experiment 3 indicates
that foreground conditioning produces
more freezing than background condi-
tioning (when the number of shocks is
equal), but these two training procedures
produce approximately equal amounts
of generalized context freezing. In addi-
tion, results provide evidence of an asym-
metrical effect of test order. Whereas
freezing in the alternate context was
higher when the alternate context was
tested first than when it was tested sec-
ond after the original context, freezing
in the original context was less affected
by test order.

Discussion

We characterized how sensory features of
fear conditioning influence the generali-
zation of conditioned fear from a trained
context to an alternate context. We
found that changing three physical fea-
tures—shape, floor configuration, and
scent—was sufficient to generate two dis-
tinct contexts that generated little cross-
generalization of fear. We compared the
contributions of each of these three fea-
tures to context fear generalization.
Mice displayed complete generalization
when two contexts differed only by the
addition of a roof that altered the cham-
ber shape, color, and lighting level. If
two contexts differed only in floor con-
figuration or scent, mice discriminated
between the contexts, suggesting that
floor configuration and scent are more
salient contextual features than context
shape. The relative effectiveness of the
floor (tactile and visual) and ineffective-
ness of the roof (primarily visual) as con-
textual cues are consistent with findings
in the conditioned place preference para-

of Training Protocol (F sy < 1) and the interaction (F6s) < 1)
were not significant, supporting the conclusion that Training
Protocol did not affect context generalization.

The ANOVA of the freezing data also yielded a significant Test
Context (A versus Alt.) x Alternate Context (RFS versus S) interac-
tion (Fig. 3E). Pairwise post hoc comparisons confirmed that freez-
ing was higher in the S alternate context than in the RFS alternate
context (P =0.042), but freezing in the original context did not
differ between groups that received different alternate contexts
(P=0.125).

Finally, the ANOVA on the freezing data yielded a significant
Test Context (A. versus Alt) x Order (A — Alt. versus Alt — A) in-
teraction (Fig. 3F), suggesting that the order of context tests had a
stronger effect on alternate context freezing than on original con-
text freezing. Pairwise post hoc comparisons confirmed that freez-
ing in the alternate contexts was lower in mice receiving the A —
Alt. order than in those receiving the Alt — A order (P = 0.033),
whereas freezing in A was not affected by test order (P = 0.998).
This finding may indicate that any fear extinction caused by the
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digm indicating that tactile cues are more salient than visual cues
as CSs for rodents (Cunningham et al. 2006).

Our experiments also assessed whether two common varie-
ties of context conditioning—background and foreground—
are differentially conducive to context fear generalization.
Foreground and background conditioning have been hypothe-
sized to recruit distinct neural mechanisms under some circum-
stances. For instance, pretraining lesions to the hippocampus
have been reported to impair acquisition of background context
fear conditioning while leaving foreground context fear condi-
tioning intact (Phillips and LeDoux 1994; Gerlai 1998). The data
have given rise to the idea that background conditioning favors
formation of conjunctive context representations, which require
the hippocampus (O’Reilly and Rudy 2001). Conversely, fore-
ground conditioning may permit use of hippocampus-indepen-
dent elemental representations, in which only a small number
of experienced context features are remembered (Fanselow
1986). There is some indirect evidence that elemental context
coding is more conducive to context fear generalization than is
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conjunctive encoding. Although pretraining lesions to the hippo-
campus do not prevent acquisition of context fear, context fear
acquired in the absence of a hippocampus is overgeneralized
(Frankland et al. 1998; Antoniadis and McDonald 2000).
Similarly, as time passes after acquisition, context fear memories
become hippocampus-independent (Anagnostaras et al. 1999)
and context fear generalization increases (Biedenkapp and Rudy
2007; Wiltgen and Silva 2007; Wiltgen et al. 2010). If it is true
that extrahippocampal context memories are coded elementally,
then the data from these earlier papers suggest that elemental en-
coding may be more conducive to generalization than is conjunc-
tive encoding.

The current experiments did not support this hypothesis that
background and foreground conditioning promote different con-
text encoding strategies. Although Foreground (x 3) conditioning
produced more context fear than did background conditioning,
the two procedures produced approximately equal amounts of
context generalization. These data suggest that in mice with intact
hippocampi at the time of fear acquisition, background and fore-
ground context conditioning recruit similar learning mecha-
nisms. Consistent with this idea, post-training hippocampal
lesions impair both foreground (Wiltgen et al. 2006) and back-
ground (Anagnostaras et al. 1999) context conditioning, suggest-
ing that rodents with intact hippocampi at the time of acquisition
preferentially use the hippocampus-dependent conjunctive en-
coding strategy regardless of the conditioning procedure
(Fanselow 2010). The primacy of conjunctive encoding is also sup-
ported by the finding that the immediate shock deficit is rescued
by preexposure to the conditioning context but not by preexpo-
sure to individual elements of the context (Rudy and O’Reilly
1999). Presumably background and foreground conditioning
produce different amounts of context conditioning (Fig. 3;
Phillips and LeDoux 1994) not because they recruit different
learning mechanisms but because the discrete CS in background
conditioning competes with the context for associative strength
(Rescorla and Wagner 1972) and/or attention (Mackintosh
1975), thereby reducing context conditioning in that procedure.

Our final observation was an effect of test order on context
generalization, such that generalization was stronger when the al-
ternate context was tested first than when it was tested after the
original context, an effect observed in both Experiments 2 and
3. Experiment 3 suggests that the order effect is primarily attribut-
able to a change in freezing to the alternate context: namely, alter-
nate context freezing was lower when it was tested second than
when it was tested first. Notably, the order effect was asymmetri-
cal: freezing to the alternate but not to the original context was af-
fected by test order. The reduced freezing in the second context
test may reflect extinction caused by the first context test in the
original context. Generalized conditioned responses have been re-
ported to extinguish more rapidly than conditioned responses to a
trained CS (Hovland 1937). Alternatively, reexposure to the orig-
inal context during the first test might reinforce the precision
of the memory of the original context. In fact, Winocur et al.
(2009) demonstrated that reexposure to the original but not to a
distinct context 28 d after training enhanced rats’ ability to dis-
criminate by reactivating the hippocampus-dependent memory.

From a learning perspective, we can envision two accounts of
the asymmetric order effect. An account based on an elemental
model of context learning would assume that each alternate con-
text elicits freezing by virtue of sharing some of A’s elements, each
of which has associative strength. During exposure to the alter-
nate context, each of these shared elements undergoes extinction.
Because the shared elements represent only a fraction of A’s
associative value, exposure to the alternate context has less effect
on A’s associative value than does exposure to A itself. Conversely,
exposure to A would have a comparatively larger effect on
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alternate context freezing because exposure to A extinguishes all
the shared elements from which the alternate context derives its
associative value. Although this account appears compatible
with our data, other lines of research (discussed above) favor the
hypothesis that context representations are conjunctive rather
than elemental.

A conjunctive account of extinction generalization was dis-
cussed by Bouton et al. (2012) in a paper reporting an asymmetri-
cal extinction effect similar to what is reported here. Using an
appetitive conditioning procedure with tone and light cues as
CSs, Bouton et al. demonstrated that extinction transfers more
readily from a compound stimulus to one of its elements than
from an element to acompound. Although that effect could be ex-
plained using an elemental model, the authors also discussed a
conjunctive account, based around the idea that unexpected ex-
posure to an element independent from its compound evokes
the formation of a new conjunctive representation. Thus, when
an element is presented alone during extinction, this new con-
figuration becomes associated with nonreinforcement, thereby
protecting the original compound from extinction. Conversely,
when the compound itself is extinguished, the extinction atta-
ches to the original conjunctive representation. According to
this hypothesis, testing in the original context would extinguish
the original context representation, whereas testing in the similar
context might evoke the formation of a new conjunctive repre-
sentation associated with safety. The idea that extinction training
can evoke the formation of new context representations is com-
patible with evidence that both tone and contextual fear extinc-
tion involve plasticity not only in brain regions thought to
control associative value but also within hippocampal circuits be-
lieved to generate context memory representations (Corcoran and
Maren 2001; Tronson et al. 2009; Wang et al. 2015). Regardless of
the mechanism, our data suggest that test order can have a signifi-
cant effect on context generalization, particularly when highly
similar contexts are used. Moreover, when multiple context tests
are administered to the same animal, generalized freezing may
reflect a mixture of context fear generalization and context fear
extinction.

Recent studies have begun to identify the neural mecha-
nisms underlying fear generalization. Recordings in the lateral
amygdala (LA) following discrimination training to two discrete,
simple cues identified separate populations of neurons that sig-
naled either generalized or cue-specific associations. Increasing
generalized fear by increasing the US intensity altered the propor-
tions of these cell populations, and manipulations increasing the
excitability of LA neurons increased generalized fear (Ghosh and
Chattarji 2015). Meanwhile, in CFC, generalization is regulated
by both hippocampal and prefrontal mechanisms. Pattern separa-
tion in the DG is thought to be important for generating unique
ensemble representations of similar contexts (Leutgeb et al.
2007). Indeed, context discrimination is impaired by perturba-
tions to the DG, including knockout of DG NMDAR function
(McHugh et al. 2007), ablation of adult hippocampal neurogene-
sis (Sahay et al. 2011a; Nakashiba et al. 2012; Niibori et al. 2012;
Tronel et al. 2012), and knockout of NMDARs in adult-born
neurons (Kheirbek et al. 2012b). Recently, a circuit comprising
prefrontal cortex, thalamic nucleus reuniens (NR), and hippocam-
pal CA1 was implicated in bidirectionally modulating context fear
generalization. Silencing of prefrontal inputs to the NR or the NR
inputs to hippocampal CA1 increased context fear memory gener-
alization, whereas tonic activation of the NR neurons during fear
acquisition reduced context fear generalization (Xu and Siidhof
2013). The data suggest that fear generalization is regulated by
multiple mechanisms within the amydala, thalamus, prefrontal
cortex, and hippocampus. However, previous studies have not ex-
plicitly analyzed potential effects of test order, nor have they
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parametrically varied differences between the original and alter-
nate contexts. Thus, there remains the question whether the iden-
tified neural mechanisms are dedicated to regulating fear
specificity or, instead, modulate factors that contribute indirectly
to observed fear generalization. For instance, in the Xu and
Sudhof study, the alternate context was always tested after
the original context, leaving open the possibility that the PFC-
NR-CA1 circuit modulates resistance to extinction rather than
generalization per se.

The asymmetrical extinction effect we observed in
Experiment 3 may be relevant to clinical treatments for disorders
like PTSD that are characterized by inappropriate responses to
contextual cues (Levy-Gigi et al. 2015). Exposure therapy is
commonly used to treat PTSD and other anxiety disorders. For in-
stance, virtual reality devices are being used to treat combat veter-
ans by simulating contexts associated with trauma (Rothbaum
et al. 1999; Reger et al. 2011). Although our experiments did not
address extinction or exposure therapy per se, our data suggest
that exposure to a context different from the trauma context—
even if the two are very similar—may be relatively ineffective in
attenuating fear of the trauma context. This idea is in line with
work suggesting that exposure therapy in a context different
from—albeit similar to—a trauma context may not be effective
unless it includes all of the salient stimuli (Andreano et al.
2009). However, our data also suggest that if all the salient condi-
tioned stimuli are included in an extinction treatment, then gen-
eralized fear will be greatly reduced, thereby enhancing the
efficacy of therapy.

Together our results identify procedural variables that influ-
ence the amount of contextual fear generalization and suggest
that context generalization is a multidetermined process. The
amount of generalization observed in any given experiment is
likely to reflect a complex interaction among the contextual stim-
uli used, the order of context tests, and extinction produced by re-
peated testing. As a result, context generalization is likely to
recruit multiple interacting neural mechanisms.

Materials and Methods

Subjects

One hundred and twenty-six male C57BL/6] mice aged 8—-11 wk
were used. Mice were group-housed (four per cage maximum) in
plastic cages with wood chip bedding and maintained on a 12-h
light—dark cycle. Food and water were available ad libitum. All
procedures were approved by the University of Texas at Austin’s
Institutional Animal Care and Use Committee.

Apparatus

Training and testing took place during the light cycle in a room
lighted with red bulbs. Fear conditioning was conducted in Med
Associates conditioning chambers (30.5 cm wide x 24.25 cm
deep x 21.5 cm high) with two aluminum sidewalls, a Plexiglas
door and ceiling, and a white vinyl back wall. These chambers
were housed within a larger, sound-attenuating chamber
equipped with a fan providing ~65 dB ambient noise. During
all procedures, chambers were illuminated from above with white
light (141 lux) and infrared light. An infrared digital camera
mounted on the side of the outer chamber recorded animal
behavior during all sessions.

The conditioning chambers could be configured as two dis-
tinct contexts, A and B (aka RES). Context A consisted of a straight
stainless steel rod floor (36 stainless steel rods evenly spaced 8 mm
from center to center) with a white paper towel covering the waste
tray underneath. It was cleaned and scented with 70% ethanol.
Context B had a floor comprised of steel rods in staggered config-
uration (36 stainless steel rod floor spaced 8 mm from center to
center with alternating heights), a brown paper towel in the waste
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tray, and a black, acrylic triangular roof placed over the floor. The
addition of the roof created a tent shape, and the “tent” walls in-
tersected the floor at an angle of 50°. Addition of the roof also re-
duced the peak height of the chamber to 18 cm and the ambient
white light to 11 lux. Context B was cleaned and scented with
Clorox Fresh Scent antiseptic wipes.

In addition to Contexts A and B, three intermediate contexts
were created by altering a single feature of Context A. In the
“Floor” context only the floor was changed (Context A’s floor
and white paper towel were replaced with the staggered floor
and brown paper towel). In the “Roof” context, the triangular
roof was placed inside of Context A. In the “Scent” Context A’s
scent was changed (the chamber was cleaned and scented with
Clorox Fresh Scent wipes rather than 70% ethanol).

Behavioral procedures

General

All mice were gently handled for ~2 min per day for 5 d prior to
experimentation. Mice were transported from the vivarium to a
dimly lit holding room adjacent to the testing room a minimum
1 h prior to experimentation. For each session, mice were moved
individually to and from the testing room in opaque white con-
tainers with clear lids. These containers were cleaned with 70%
ethanol between uses.

The testing procedures occurred over 3 consecutive days.
Conditioning took place on day 1. Mice received 3-min context
test sessions in the original (A) and alternate contexts on days 2
and 3. The order of these test sessions was counterbalanced,
such that half of all subjects received the original context test first
and half received the alternate context test first. Because tone-
elicited fear was not of interest in these experiments, the tone
was not presented during any of the test sessions.

Contextual fear conditioning protocols

Training for three-shock background (cued) CFC consisted of
three tone-shock pairings during a 300 sec session. The tone
(5000 Hz, 85 dB tone) was presented for 20 sec at 121, 160, and
220 sec into the session. Each tone coterminated with a foot shock
(1sec, 0.75mA). The training protocol for three-shock foreground
(uncued) CFC was identical to the three-shock background CFC
protocol, except tones were not presented. In one-shock fore-
ground CFC, training consisted of a single shock (2 sec, 0.75
mA) occurring 180 sec into the 212-sec session (Wiltgen et al.
2001; Drew et al. 2010; Bernier et al. 2014).

Statistical analysis

Freezing was quantified with a pixel-change algorithm based on
videos recorded at 30 frames/sec (VideoFreeze, Med Associates
Inc.). Statistical analysis was performed using Prism 6 (GraphPad
software) and JMP PRO 11 (SAS Institute Inc.). Significant interac-
tion effects were probed using pairwise Sidak’s multiple compari-
son tests (post hoc comparisons) or t-tests (planned comparisons).
Alpha was set at 0.05 for all analyses.
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