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Individual differences in the expression of conditioned
fear are associated with endogenous fibroblast growth
factor 2
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These experiments examined the relationship between the neurotrophic factor fibroblast growth factor 2 (FGF2) and indi-

vidual differences in the expression of conditioned fear. Experiments 1 and 2 demonstrated that rats naturally expressing low

levels of contextual or cued fear have higher levels of hippocampal FGF2 relative to rats that express high levels of condi-

tioned fear and nonconditioned rats. Experiment 3 demonstrated that hippocampal FGF2 is not increased in rats that

exhibit pharmacological-induced amnesia of conditioned fear. Together, these experiments provide evidence that FGF2

may be an endogenous regulator of fear responses to conditioned stimuli.

Only a small subset of people who experience trauma develop
anxiety or trauma- and stressor-related disorders, such as post-
traumatic stress disorder (PTSD) (Yehuda and LeDoux 2007).
Identifying the factors associated with variations in response to
adversity could aid the development of early interventions de-
signed to augment resilience in vulnerable individuals. One ap-
proach to this issue has been to examine individual differences
in trait anxiety in rodents, by measuring fear responses during
anxiety-provoking situations such as novel environments, or
bright and open spaces (Cryan and Holmes 2005; Graham et al.
2011). In these procedures, rats with high trait anxiety exhibit
greater levels of avoidance and reduced exploration relative to
rats with low trait anxiety. Recent investigations have explored
the neurobiological correlates of trait anxiety in rodents. For ex-
ample, Perez et al. (2009) selectively bred rats to exhibit high or
low trait anxiety, and demonstrated that these phenotypic differ-
ences correlated with the neurotrophic factor fibroblast growth
factor 2 (FGF2), where low anxiety rats had significantly greater
hippocampal FGF2 gene expression than high anxiety rats. They
further demonstrated that environmental enrichment decreased
trait anxiety in highly anxious rats, an effect that was associated
with an increase in hippocampal FGF2 gene expression. A reduc-
tion in trait anxiety in highly anxious rats was also achieved via
chronic administration of FGF2 during adulthood (Perez et al.
2009), or a single FGF2 injection on the first day of life (Turner
et al. 2011). The same correlation between trait anxiety and hip-
pocampal FGF2 gene expression was later observed in outbred
rats, in whom selective knockdown of hippocampal FGF2 activity
increased anxiety (Eren-Koçak et al. 2011). Together, these find-
ings suggest that FGF2 may be an endogenous regulator of trait
anxiety, as well as a novel pharmacological anxiolytic (Graham
and Richardson 2015).

The type of fear responses measured in research on trait anx-
iety does not require the rodent to have had any prior aversive
experience, and so is considered “unlearned.” In contrast, the ex-
pression of “learned fear” is contingent upon a prior aversive
experience. Learned fear is commonly examined via Pavlovian
fear conditioning, in which a neutral conditioned stimulus (CS,
such as an auditory stimulus) is paired with an aversive uncondi-

tioned stimulus (US, such as a footshock), until the CS alone elicits
fear responses. Fear conditioning processes are directly relevant to
the etiology of trauma and stressor-related disorders, such as PTSD,
which by definition develops following exposure to trauma, and
involves heightened fear responses in the presence of stimuli asso-
ciated with that event (Mineka and Zinbarg 2006). Just as there are
large individual differences in trait anxiety, there are also individ-
ual differences in the expression of learned fear, echoing the het-
erogeneity of humans’ responses to trauma (Bush et al. 2007;
Camp et al. 2009; Duvarci et al. 2009). Exploring the neurobiolog-
ical factors underlying variability in learned fear expression may
prove useful in identifying specific variables that foster vulnerabil-
ity or resilience following traumatic experiences.

Although a role for FGF2 in trait anxiety has been estab-
lished, it is unknown whether individual differences in learned
fear are similarly associated with FGF2. However, we have previ-
ously demonstrated that systemic administration of FGF2 reduces
fear expression in the presence of a feared CS (Graham and
Richardson 2009), similar to its anxiolytic effects during innately
fear-provoking situations (Perez et al. 2009). Therefore, it is possi-
ble that rats with naturally lower levels of learned fear expression
may have greater endogenous levels of FGF2, similar to what has
been reported in rats with naturally low trait anxiety (Perez
et al. 2009). In the present study, we assessed this possibility by ex-
amining FGF2 protein levels in several neural structures following
the expression of learned fear induced by a mild conditioning
event, involving a single, low-intensity footshock. In all experi-
ments, the percentage of time spent freezing was used as an index
of fear expression. Sprague-Dawley male rats, aged 8–10 wk and
maintained on a 12 h light–dark cycle (lights on at 0700), were
sacrificed 2 h after behavioral testing and brains were rapidly re-
moved, snap frozen, and punch dissected for analysis of FGF2 us-
ing Western Blotting. Tissue was homogenized in lysis buffer
containing protease inhibitors and total protein was quantified
using a Bradford Assay. Equal amounts of protein were separated
by electrophoresis on 10%–20% tricine SDS-polyacrylamide
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gels. Proteins were transferred to nitrocellulose membranes, and
nonspecific immunoreactivity was blocked with 5% nonfat dry
milk/3% BSA in TBST for 60 min. Membranes were incubated
overnight at 4˚C with anti-FGF2 antibody (1:500; Abcam) or
anti-GAPDH antibody (1:500; Millipore). After incubation in sec-
ondary antibody (HRP-conjugated goat anti-rabbit/anti-mouse
IgG; BioRad) visualization was conduct-
ed using the ECL detection method in
an ImageQuant LAS 500. The intensity
of each FGF2 protein band was nor-
malized to that of the corresponding
GAPDH band, and an integrated density
value was calculated using NIH Image J
software. Data were analyzed using one-
way Analysis of Variance and post hoc
tests were conducted using Student–
Newman–Keuls.

Experiment 1 assessed the relation-
ship between FGF2 and the expression
of contextual fear. On Day 1, rats were ex-
posed to a novel context for 2 min prior
to receiving a single 1-sec, 0.6-mA foot-
shock. On Day 2, they were placed in
the same context for 3 min and tested
for contextual fear. Rats were divided
into two groups on the basis of a median
split in freezing at test (High fear and Low
fear). Two additional control groups were
included in this experiment: one that re-
ceived an equivalent amount of context
exposure on Day 1, without shock (group
“expose only”), and one that received an
equivalent footshock immediately upon
being placed in the novel context, after
which they were immediately removed
(group “imm shock”). Previous research

has demonstrated that immediate shock
in a novel context produces negligible
fear responses at test, due to the inability
to form a mental representation of the
context, which prevents a learned associ-
ation between the context and the shock
(Blanchard et al. 1976). Freezing levels
on Day 2 are shown in Figure 1A. There
were group differences (F(3,26) ¼ 58.57,
P , 0.0001), with High fear rats exhibit-
ing significantly greater freezing than
all other groups (P , 0.05), and no differ-
ences between Low fear rats and the two
control groups (P ¼ 0.14). There were
group differences in hippocampal FGF2
expression (F(3,26) ¼ 4.12, P ¼ 0.018; Fig.
1B), with Low fear rats exhibiting signifi-
cantly greater hippocampal FGF2 rela-
tive to High fear rats, as well as both
control groups (P , 0.05). There were
no differences between High fear rats
and the two control groups (P ¼ 0.9). In
conditioned rats (i.e., Low and High
fear rats), there was a significant negative
correlation between freezing and hippo-
campal FGF2 (r ¼ 20.61, P ¼ 0.047; Fig.
1C). This correlation was no longer sig-
nificant when nonconditioned rats (i.e.,
the two control groups) were included
(r ¼ 20.12, P ¼ 0.53). The medial pre-

frontal cortex and amygdala were also examined for potential dif-
ferences in FGF2 expression; however there were no group
differences in either region (Ps . 0.83, data not shown).

Experiment 2 assessed whether the relationship between hip-
pocampal FGF2 levels are also associated with learned fear expres-
sion in the presence of a previously conditioned discrete cue. In

Figure 1. (A) Mean (+SEM) percent freezing during test for contextual fear in Experiment 1. Rats
were in one of four groups: High fear (n ¼ 5), Low fear (n ¼ 6), imm Shock (n ¼ 8), expose only
(n ¼ 8). (B) Mean (+SEM) FGF2/GAPDH immunoreactivity in Experiment 1. Data are presented as a
percentage of mean data from group expose only. (C) Correlation between FGF2/GAPDH immunore-
activity and percent freezing for Experiment 1. (D) Representative blots for each group.

Figure 2. (A) Mean (+SEM) percent CS-elicited freezing in Experiment 2. Rats were in one of three
groups: High fear (n ¼ 8), Low fear (n ¼ 9), CS only (n ¼ 5). (B) Mean (+SEM) FGF2/GAPDH immuno-
reactivity in Experiment 2. Data are presented as a percentage of mean data from group CS only. (C)
Correlation between FGF2/GAPDH immunoreactivity and percent freezing for Experiment 2. (D)
Representative blots for each group.
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this experiment, rats were placed in a
novel context, and after 2 min, were ex-
posed to a single 10-sec white-noise CS,
which coterminated with a single 1-sec,
0.6-mA footshock. Another group of
rats received the CS in the absence of
the footshock (group “CS only”). All
rats were tested for CS-elicited freezing
in a different context the following day,
in which the CS was presented for 2
min following a 1-min adaptation peri-
od. The conditioned rats were then divid-
ed into groups “High fear” and “Low
fear” as in Experiment 1. While there
were no group differences in pre-CS freez-
ing during the adaptation period
(F(2,21) ¼ 0.52, P ¼ 0.6; data not shown),
groups differed in CS-elicited freezing
(F(2,21) ¼ 45.17, P , 0.0001; Fig. 2A).
High fear rats exhibited significantly
greater freezing than Low fear and CS
only groups, and Low fear rats exhibited
slightly, but significantly, greater freezing
than group CS only (Ps , 0.05). There
were group differences in hippocampal
FGF2 (F(2,21) ¼ 23.25, P , 0.0001; Fig.
2B), with Low fear rats exhibiting signifi-
cantly greater hippocampal FGF2 relative
to High fear rats, as well group CS only
(P , 0.05); the latter two groups did not
differ (P ¼ 0.83). In conditioned rats (i.e., High and Low fear
groups), there was a significant negative correlation between freez-
ing and hippocampal FGF2 (r ¼ 20.66, P ¼ 0.004; Fig. 2C). This
correlation was no longer significant when rats from group CS
only were included (r ¼ 20.31, P ¼ 0.16). The amygdala was also
examined for potential differences in FGF2 expression, however
there were no group differences (F(2,21) ¼ 1.67, P ¼ 0.21, data not
shown).

In Experiments 1 and 2, the low level of freezing in Low fear
rats may reflect a failure in the acquisition or consolidation of the
association between the context/CS and the US. Thus, it is possi-
ble that higher levels of FGF2 are indicative of poor associative
memory, as opposed to greater resilience, following fear condi-
tioning. If so, then rats that have been subjected to a manipula-
tion that produces amnesia for conditioned fear should also
exhibit increased FGF2 expression. In Experiment 3, this possibil-
ity was assessed by giving rats a subcutaneous injection of the
NMDA receptor antagonist MK801 (0.1 mg/kg) prior to contextu-
al fear conditioning as in Experiment 1. Rats treated with MK801
prior to fear conditioning typically exhibit low fear at test due to a
failure to acquire and/or consolidate the fear memory (Graham
and Richardson 2011a). Another group of rats received a vehicle
injection prior to contextual fear conditioning, and were divided
into High and Low fear groups following test for contextual fear
on Day 2 as in the previous experiments. There were group differ-
ences in freezing during test (F(2,37) ¼ 97.39, P , 0.0001; Fig. 3A).
High fear rats exhibited significantly greater freezing than Low
fear and MK801 groups, and MK801-treated rats showed slightly,
but significantly, lower freezing than Low fear rats (Ps , 0.05).1

There were group differences in hippocampal FGF2 (F(2,37) ¼

9.52, P ¼ 0.001), with Low fear rats exhibiting significantly great-
er hippocampal FGF2 relative to High fear rats as well as
MK801-treated rats (P , 0.05). There were no differences in hippo-
campal FGF2 between High fear and MK801-treated rats (P ¼
0.31). In vehicle-treated rats (i.e., High and Low fear groups), there
was a significant negative correlation between freezing and hippo-
campal FGF2 (r ¼ 20.645, P ¼ 0.001). This correlation reduced
substantially, but remained significant, when MK801-treated
rats were included (r ¼ 20.398, P ¼ 0.013).

Together, these experiments demonstrate that rats with nat-
urally low contextual or cued conditioned fear expression exhibit
higher hippocampal FGF2 relative to rats with naturally high con-
ditioned fear expression. Hippocampal FGF2 does not appear to
be negatively associated with mere freezing behavior, because
Low fear rats had higher FGF2 relative to (1) rats that merely re-
ceived exposure to the context without shock (Experiment 1),
(2) rats that received an immediate shock with minimal context
exposure (and thus exhibit negligible fear responses at test;
Experiment 1), and (3) rats that were presented the CS without
shock (Experiment 2). All these groups exhibited similar, or
even lower, freezing relative to Low fear conditioned rats, yet their
FGF2 was comparable to that of High fear rats. Furthermore, great-
er FGF2 in Low fear rats does not appear to reflect a failure to learn
or consolidate the conditioned association, because rats that were
given MK801 prior to contextual fear conditioning (which dis-
rupts the consolidation of learned fear) had comparable FGF2 ex-
pression to High fear rats, although they exhibited even lower
freezing than Low fear rats. A relationship between FGF2 and
learned fear expression, as opposed to mere freezing behavior, is
also supported by our three correlational analyses, which demon-
strated a consistent significant negative correlation between FGF2
and freezing only in rats that received the conditioning procedure
(in the absence of MK801).

We have previously demonstrated that FGF2 facilitates the
consolidation of fear extinction, which is the reduction in learned

Figure 3. (A) Mean (+SEM) percent freezing during test for contextual fear in Experiment 3. Rats
were in one of three groups: High fear (n ¼ 13), Low fear (n ¼ 13), MK801 (n ¼ 12). (B) Mean
(+SEM) FGF2/GAPDH immunoreactivity in Experiment 3. Data are presented as a percentage of
mean data from group MK801. (C) Correlation between FGF2/GAPDH immunoreactivity and
percent freezing for Experiment 3. (D) Representative blots for each group.

1An additional control group (n ¼ 8) that received MK801 prior to both train-
ing and test was included (mean freezing at test ¼ 10.75%, SEM ¼ 7.3), which
confirmed that the freezing deficit observed in MK801-treated rats was not due
to state-dependent effects (no difference in context-elicited freezing compared
with group MK801; P ¼ 0.29).
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fear that occurs following repeated presentations of a CS in the
absence of the US (Graham and Richardson 2009, 2010, 2011b).
Therefore, it is possible that Low fear rats, facilitated by high
FGF2, exhibited very rapid extinction during test. However, we
view this possibility as unlikely for several reasons. First, while sys-
temic FGF2 reduces overall freezing during extinction, it does not
increase the rate of extinction, but rather, enhances its long-term
consolidation, which is evident by reduced freezing in the pres-
ence of the extinguished CS 24 h after extinction training
(Graham and Richardson 2009). Second, FGF2 facilitates extinc-
tion when infused directly into the amygdala (Graham and
Richardson 2011b), and yet our results show a relationship be-
tween learned fear expression and hippocampal FGF2, but not
the amygdala. Third, an analysis of freezing in High and Low
fear rats across the 3-min test revealed that both groups exhibited
low freezing initially, which was maintained in Low fear rats,
whereas freezing in High fear rats increased across test (i.e., as op-
posed to freezing in Low fear rats decreasing more quickly across
test, as would occur with rapid extinction; data not shown).

Rather than facilitating rapid extinction, our findings suggest
that FGF2 may be an endogenous regulator of emotional responses
to previously conditioned contexts and cues. It may be considered
surprising that differential FGF2 expression was observed in the
hippocampus, and not the amygdala, even in rats that had under-
gone cued conditioning (Experiment 2). However, it is possible
that the individual differences in cued and contextual fear expres-
sion observed in the present experiments reflect differences in
“conditionability” more generally (as opposed to differential asso-
ciative learning), which could be driven by broader trait-like differ-
ences in anxiety propensity. This interpretation is consistent with
previous findings (e.g., Perez et al. 2009, Turner et al. 2011) indicat-
ing that hippocampal FGF2 is negatively associated with trait anx-
iety. The increase in FGF2 in Low fear conditioned rats may reflect
an innate ability to inhibit fear in the presence of conditioned con-
texts and cues. Such a role for endogenous FGF2 is consistent with
our previous finding that systemic administration of FGF2 leads to
reduced CS-elicited freezing (Graham and Richardson 2009).
Future studies in which the impact of blocking FGF2 activity using
a neutralizing antibody (e.g., Hafenbreidel et al. 2015) are required
in order to determine FGF2’s causative role in learned fear expres-
sion. Nevertheless, these preliminary findings raise the intriguing
possibility that the ability to recruit FGF2 in the presence of condi-
tioned feared contexts and stimuli may in part underlie risk or re-
silience in the development of pathological anxious responses
following traumatic experiences.
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