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Individual differences in fear extinction

and anxiety-like behavior
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There is growing appreciation for the substantial individual differences in the acquisition and inhibition of aversive associ-
ations, and the insights this might give into identifying individuals particularly vulnerable to stress and psychopathology.
We examined whether animals that differed in rate of extinction (i.e., Fast versus Slow) were different in their response to an
acute stress in adulthood or following a chronic stress that occurred either early or later in life. We found that Slow
Extinguishers had significantly poorer extinction retention than Fast Extinguishers, but an acute stressor did not differen-
tially affect anxiety-like behavior in the two groups. Further, while exposure to chronic stress in adulthood did not impact
on the extinction phenotypes or anxiety-like behavior, exposure to chronic stress early in life affected both extinction re-
tention and anxiety-like behavior. These findings have implications for the development of a more nuanced approach to

identifying those most at risk of anxiety disorders.

Epidemiological evidence shows that most people who experi-
ence trauma recover while a smaller subset of individuals go on
to develop some sort of psychopathology like anxiety and/or
depression (e.g., Galea et al. 2005). For example, the U.S.
National Comorbidity Survey Replication estimated the lifetime
prevalence of post-traumatic stress disorder among adult
Americans to be 6.8% (Kessler et al. 2005). Even among popula-
tions characterized by the experience of multiple traumas, such
asrescue workers and refugees, prevalence rates for post-traumatic
stress disorder are estimated at just 30%-40% (Steel et al. 2009;
Berger et al. 2012). Such findings have led to considerable interest
in what determines, and what can be used to predict, resilience
versus susceptibility to trauma.

Research with animal models can, and have, contributed to
this effort. That is, there is growing appreciation for the substan-
tial individual differences in both the acquisition of aversive asso-
ciations as well as the inhibition of those associations. For
example, using a large sample of outbred rats Bush et al. (2007) ob-
served striking individual differences in the rate of learning an
aversive association that was associated with the strength of mem-
ory expression in subsequent tests. In that study rats were given
five pairings of a white noise conditioned stimulus (CS) with a
footshock unconditioned stimulus (US), and CS-elicited freezing
during conditioning was used to classify animals as either a
“Fast” conditioning phenotype (top 20%) or a “Slow” condition-
ing phenotype (bottom 20%). Those animals with a Fast condi-
tioning phenotype had significantly higher levels of CS-elicited
freezing when later exposed to the CS alone in both the condition-
ing context and a novel context compared with animals with a
Slow conditioning phenotype. Differences in the expression of
aversive associations to both a discrete CS and to a context have
also been observed using a single conditioning trial (Graham
and Richardson 2016).

There is also evidence that there are individual differences
in the inhibition of learned aversive associations. For example,
Bush et al. (2007) first conditioned rats with a white noise CS
and then gave them extinction training, which consisted of 20
presentations of the CS in the absence of the US. The amount of
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CS-elicited freezing was used to classify animals into either a
“Fast” extinction phenotype (top 20%) or a “Slow” extinction
phenotype (bottom 20%). When tested for extinction retention
the following day animals with a Fast extinction phenotype ex-
hibited better extinction retention than those with a Slow extinc-
tion phenotype. Interestingly, rate of conditioning was not a good
predictor of the rate of extinction. That is, animals with a Fast or
Slow extinction phenotype exhibited no differences in the rate of
acquisition during conditioning or in the levels of CS-elicited
freezing at the start of extinction training.

Consistent with Bush et al. (2007), Reznikov et al. (2015)
found that animals with a Fast extinction phenotype exhibited
better extinction retention than those with a Slow rate of extinc-
tion. Furthermore, Reznikov et al. (2015) found that animals with
a Slow rate of extinction displayed more anxiety-like behavior
than animals with a Fast rate of extinction when tested on the el-
evated plus maze (EPM) after the extinction retention test.
However, if animals were tested on the EPM prior to conditioning
then no such differences were observed. Reznikov et al. (2015)
suggested that the stress induced by the conditioning procedure,
which involved shock, revealed an anxious temperament in ani-
mals with a Slow rate of extinction. These findings suggest impair-
ments in the extinction of learned aversive associations might be
a useful model for identifying stress-vulnerable individuals. Given
it is generally accepted that stress plays a causal role in activating
or exacerbating psychopathologies such as anxiety and depres-
sion (e.g., Schumm et al. 2005; Leonardo and Hen 2008), we
were interested in further exploring whether Fast and Slow extinc-
tion phenotypes differed in their response to stress. There is a large
body of evidence suggesting that stress has different behavioral
and physiological effects depending on whether it is acute or
chronic and the time at which it is experienced (i.e., early in life
versus later in life). Thus, we examined whether the Fast and
Slow Extinction phenotypes differed in their response to an acute
stress in adulthood (Experiment 1), following a chronic stress
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Individual differences in extinction and anxiety

early in life (Experiment 2), and following a chronic stress later in
life (Experiment 3).

One limitation with the past work examining naturally oc-
curring individual differences in the rate of extinction is that it
has involved giving all animals the same number of extinction tri-
als. As such, during extinction training those animals with a Fast
rate of extinction receive more trials where they display low levels
of freezing than those animals with a Slow rate of extinction.
Indeed, Reznikov et al. (2015) had significant differences in freez-
ing levels between Fast and Slow extinguishers at the end of ex-
tinction training (i.e., 2%-15% versus 70%-90%, respectively).
Therefore, it is unclear whether the observed differences in extinc-
tion retention and anxiety-like behavior reflected the rate at
which these animals extinguished or their levels of fear at the
end of extinction training. To address this issue, in the present
study we gave extinction trials until an animal reached a predeter-
mined criterion such that all animals had equivalent low levels of
freezing at the end of extinction training, regardless of their rate of
extinction.

Results

Experiment 1. Fast and Slow extinction phenotypes differ in
extinction retention but not anxiety-like behavior before
or after an acute stressor

In this experiment, all animals were first tested on the EPM, which
is frequently used to measure anxiety-like behavior in rodents,
and then on the following day given repeated pairings of a white
noise CS with a shock US. On the day following these pairings, all
animals were exposed to the CS by itself (i.e., extinction training)
until levels of CS-elicited freezing had reduced to a predetermined
criterion. Based on the number of trials taken to reach the criteri-
on animals were designated as either Fast or Slow extinguishers.
The next day animals were tested for extinction retention, and
~24 h later retested on the EPM. Past work has shown that expo-
sure to an acute stress, such as a forced swim stress, increases
anxiety-like behavior (i.e., more time spent in the closed arms
of the EPM; Hogg 1996), and so we also asked whether Fast and
Slow extinguishers differed in terms of their response to an acute
stressor. As such, on the day after the second EPM test animals
were exposed to 2 min of a forced swim stressor and were then test-
ed again on the EPM 1 min, 2 h, and 10 d later. Performance at the
1-min interval would reveal whether the Fast and Slow extin-
guishers differed in their immediate response to the acute stressor.
The 2-h test was included in order to determine if the two groups

differed in their rate of recovery from the acute stressor while the
10 d interval was included because some research has shown that
the effects of an acute stressor can increase over time (Mitra et al.
2005). The question here was whether any such increase might
differ between Fast versus Slow extinguishers.

There were low levels of baseline freezing prior to condition-
ing, extinction, and test (all means < 4.6%, all SEMS < 1.9%; larg-
est 30y = 1.89, P = 0.08). Those animals subsequently classified as
being either Fast or Slow extinguishers exhibited comparable lev-
els, and rate of increase, of CS-elicited freezing across the repeated
pairings of the CS and US (see Fig. 1, panel A). Statistical analysis
of these data yielded an effect of Trial (F(4,30) = 112.26, P < 0.001);
the effect of Group, and the Group-by-Trial interaction, was not
significant (Fs < 1.0). There were individual differences in the
number of blocks required for animals to reach criterion during
extinction training (see Fig. 2). Across the extinction training tri-
als there was a decrease in levels of CS-elicited freezing (see Fig. 1,
panel B), with those levels being significantly less on the last block
of extinction in comparison to the first block of extinction
(F(1,30) = 264.85, P<0.001). Although both groups exhibited
high levels of CS-elicited freezing on the first block of extinction
training trials, the Fast extinguishers had slightly lower levels
compared with the Slow extinguishers (f30) = 2.01, P=0.053,
95% CI: [-26.21, —0.17]). The groups did not differ on levels of
freezing on the last block of extinction training (f30, = 0.32, P =
0.75, 95% CI: [—7.10, 5.18]), which is not surprising given that
both were extinguished to a common criterion. When tested for
extinction retention (see Fig. 1, panel C) animals that had a
Slow rate of extinction the day before had higher levels of
CS-elicited freezing than animals that had a Fast rate of extinction
(t29.09) = 2.88, P < 0.01, 95% CI: [-50.53, —8.60]). That is, con-
sistent with Bush et al. (2007) and Reznikov et al. (2015) rats
with a Fast rate of extinction displayed better extinction retention
(i-e., less CS-elicited freezing) compared with rats with a Slow rate
of extinction. However, it is important to note that unlike those
previous studies, in the current study animals with a Fast and
Slow extinction phenotype were given different numbers of trials
such that both were expressing the same low levels of CS-elicited
freezing for the same number of trials at the end of extinction
training.

There were no group differences in anxiety-like behavior
between animals classified as being either Fast or Slow extinguish-
ers, averaging across EPM performance prior to and after condi-
tioning (F(1,30) = 1.75, P=0.20; see Fig. 3), nor was the main
effect or interaction involving Time (i.e., prior to or after condi-
tioning) significant (Fs < 1.0). The acute swim stress affected
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Figure 2. Number of Blocks required for animals to reach criterion during extinction training in

Experiment 1.

EPM performance, as indicated by a significant effect of Time (i.e.,
1-min, 2-h, or 10-d delay; F 26,37.73y = 18.02, P < 0.001; see Fig.
3), reflecting a marked increase in time spent in the closed arms
of the EPM compared with baseline levels at the test 1 min later.
However, time in the closed arms returned to baseline levels at
the 2-h interval and the 10-d interval. The effect of the stressor
was comparable for the Fast and Slow extinguishers, with neither
the effect of Group nor the Group-by-Time interaction statisti-
cally significant (both Fs < 1.0). Taken together, these findings
show that the Fast and Slow extinguishers do not differ on at least
one common measure of anxiety either (1) before or (2) after con-
ditioning/extinction, or (3) when tested at three time points fol-
lowing an acute swim stress.

Experiment 2. Effects of early-life maternal separation
on the extinction phenotypes and on anxiety-like behavior
in adulthood
In this experiment, we examined the effects of early-life stress on
the extinction phenotypes as well as on a measure of anxiety-like
behavior. We also examined whether a “two-hit effect” might fur-
ther reveal underlying vulnerability following maternal separa-
tion (MS) (e.g., Eiland and McEwen 2012; Uchida et al. 2010).
That is, the question here was whether MS affected the expression
of the Fast and Slow extinction phenotypes in terms of extinction
retention, baseline anxiety-like behavior, or anxiety-like behavior
following an acute stressor. The EPM, conditioning and extinc-
tion, and swim stress protocols used in the previous experiment
were used again to examine these questions.

There were low levels of baseline freezing prior to condition-
ing, extinction, and test for all groups (all means < 12.5%, all
SEMS < 4.0%; largest F(; 31y = 2.61, P = 0.12). During condition-
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Figure 3.

tically significant (Fq,31y=6.67, P=
0.015). Follow-up t-tests showed that
this was due to MS animals having sig-
nificantly lower levels of CS-elicited
freezing than SR animals on the last con-
ditioning trial (f33 =3.96, P=0.001,
95% CI: [12.09, 39.09]); the two groups did not differ on any other
conditioning trial (largest ¢33y = 1.45, P = 0.16).

There were individual differences in the number of blocks re-
quired for animals to reach criterion during extinction training
(see Fig. 5). As expected, CS-elicited freezing levels decreased
from the first block to the last block of extinction (F(131)=
232.30, P < 0.001). While there was a difference between MS
and SR animals on the last conditioning trial, during extinction
training there was no significant effect of rearing condition
(Fa1,31) = 2.36, P=0.13; see Fig. 4, panel B). Further, there was
no effect of rate of extinction (i.e., Fast versus Slow; F(y31) =
3.98, P = 0.06), nor were any of the interaction effects during ex-
tinction significant (largest F(; 31, = 1.79, P = 0.19). When tested
for extinction retention (see Fig. 4, panel C) there were significant
main effects for rearing condition (F(;,31)=9.84, P <0.01) and
rate of extinction (F,31) = 36.19, P < 0.001). The rearing condi-
tion by rate of extinction interaction was also significant
(F1,31)=5.07, P=0.03), such that MS animals with a Slow rate
of extinction displayed significantly poorer extinction retention
compared with both MS rats that had a Fast rate of extinction
(tas) = 5.59, P <0.001, 95% CI: [—84.21, —37.53]) and SR rats
with a Slow rate of extinction (t14)=3.16, P <0.01, 95% CI:
[-66.62, —12.71]). Consistent with Experiment 1, the Slow extin-
guishers in the SR condition had poorer extinction retention than
did the Fast extinguishers (t10.41)=2.95, P=0.01, 95% CI:
[—48.58, —6.87]).

Averaging across rate of extinction and EPM performance pri-
or to and after conditioning, MS animals displayed heightened
anxiety-like behavior compared with SR animals (F,30) = 9.38,
P < 0.01; see Fig. 6). Consistent with Experiment 1 the main effect
and interactions involving Time (i.e., prior to or after condition-
ing) were not significant (largest F 30, = 1.66, P = 0.21). There
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Figure 4. Levels of CS-elicited freezing in Experiment 2. (A) Mean (£ SEM) CS-elicited freezing during Conditioning, (B) Extinction (First Block and Last

Block), and (C) Extinction Retention Test for SR and MS animals, Fast and Slow extinction phenotypes.

was no significant effect of rate of extinction on anxiety-like
behavior averaging across EPM tests prior to and after condition-
ing (F < 1.0), nor were any of the rearing condition or rate of ex-
tinction interaction effects significant (largest F(; 30y = 1.66, P =
0.21). The acute swim stress affected EPM performance, as indicat-
ed by a significant effect of Time (i.e., 1-min, 2-h, or 10-d delay;
F.20,39.05y = 37.29, P <0.001), reflecting a marked increase in
time spent in the closed arms of the EPM compared with baseline
levels at the test 1-min later. However, time spent in the closed
arms returned to baseline levels at the 2-h interval and the 10-d
interval. Averaging across time points, the effect of the stressor
was comparable for all groups (Fs< 1.0; largest interaction
F.20,39.05) = 2.32, P=0.13). Taken together these findings sug-
gest that, relative to SR rats, MS rats with a Slow rate of extinction
display poor extinction retention and increased baseline anxiety-
like behavior, however do not differ in their response to, or recov-
ery from, an acute stressor.

Experiment 3. Effects of exposure to a chronic stressor

in adulthood on the extinction phenotypes

and on anxiety-like behavior

In the final experiment in this study we examined whether a
chronic stressor in adulthood had the same effects on the extinc-
tion phenotypes and anxiety-related behavior as was observed fol-
lowing an early-life stressor in Experiment 2. A chronic stressor
that is commonly used in adult rats is exposure to the stress-
related hormone corticosterone (CORT). As such, in this experi-
ment animals were exposed to either 3
wk of CORT or Vehicle in their drinking
water before being tested for individual

differences in extinction and anxiety-like ";: Iil
behavior using the same procedures and
design as was used in Experiment 2. i i
There were low levels of baseline ® 77
freezing prior to conditioning, extinc- E 6+
tion, and test (all means < 10.5%, all S 5
SEMS < 5.3%). While there were no sig- 2 4
nificant group or interaction effects for E 3.
baseline freezing during conditioning z |
and extinction (largest F(j 42 =3.32, ol
P =0.08), at test animals in Fast extinc- o

tion group had significantly lower levels
of baseline freezing than animals in the
Slow extinction group (F(1,42) = 5.08,
P =0.03). However, it should be noted
that baseline levels of freezing were very
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low in both groups (Mg = 1.54, Msow = 8.00). Nonetheless,
the effect of including baseline freezing as a covariate in the anal-
ysis of CS-elicited freezing at the extinction retention test was ex-
amined. During conditioning, there was an increase in CS-elicited
freezing across training trials (F(2.61,100.48) = 185.78, P < 0.001)
which was comparable across groups (largest between group effect
F,42)=1.55, P = 0.22; see Fig. 7, panel A). There were individual
differences in the number of blocks required for animals to reach
criterion during extinction training (see Fig. 8). During extinc-
tion, CS-elicited freezing decreased from the first block to the
last block (F(1,42) = 609.18, P < 0.001). There was no effect of
CORT-exposure on freezing during extinction (F < 1.0), however
there was a significant effect of rate of extinction (F; 42y = 5.36,
P = 0.03). That is, while Fast and Slow extinguishers had compara-
ble levels of freezing during the first block of extinction (f44) =
1.14, P=0.26, 95% CI: [—15.87, 4.41]), Fast extinguishers had
lower levels of freezing during the last block of extinction
(taay=2.50, P=10.02, 95% CI: [-15.17, —1.50]). However, it
should be noted that due to the low levels of freezing in both
groups in the last block of extinction (Mpst =2.12, Msjow =
10.45), this difference is unlikely to be meaningful. Regardless,
we examined CS-elicited freezing during the extinction retention
test with freezing levels during the final block of extinction reten-
tion included as a covariate.

Consistent with Experiments 1 and 2, when tested for extinc-
tion retention the following day the rats with a Fast rate of extinc-
tion displayed significantly lower levels of CS-elicited freezing
than did rats with a Slow rate of extinction (F( 42 = 15.01, P <

Slow

17 18 19 20 21 22 23
Blocks to Criterion

39 40 41 42 43

Figure 5. Number of Blocks required for animals to reach criterion during extinction training in
Experiment 2 for SR and MS rats.
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Performance on the EPM for SR and MS animals, Fast and Slow extinction phenotypes in Experiment 2. (A) Mean (£ SEM) percentage of time

spent in the Closed Arms of the EPM prior to conditioning and after conditioning. (B) Mean Change from Baseline (%) (+ SEM) of time in the Closed Arms
(%) at the 1-min, 2-h, and 10-d delay after the 2-min forced swim stress. Baseline was time in the Closed Arms of the EPM after conditioning.

0.001). There was no main effect of CORT and no significant
CORT by rate of extinction interaction (both Fs < 1.0). This pat-
tern of results was still observed if baseline freezing or freezing
during the last block of extinction was included as a covariate.
So, unlike chronic stress early in life (i.e., MS), chronic stress in
adulthood did not differentially affect extinction retention for
rats with a Fast or Slow rate of extinction.

There were no differences in anxiety-like behavior between
any of the groups when averaging across EPM performance prior
to and after conditioning (largest Fq 42 =1.98, P=0.17; see
Fig. 9). Consistent with Experiments 1 and 2 the main effect
and interactions involving Time (i.e., prior to or after condition-
ing) were not significant (all Fs < 1.0). The acute swim stress af-
fected EPM performance, as indicated by a significant effect of
Time (F(2 42) = 82.82, P < 0.001), reflecting a marked increase in
time spent in the closed arms of the EPM compared with baseline
levels at the test 1-min later. However, time spent in the closed
arms returned to baseline levels at the 2-h and the 10-d interval.
Averaging across time points, the effect of the stressor was compa-
rable for all groups (largest group main effect F; 45y = 2.11, P =
0.15; largest interaction F(3 47y = 2.71, P = 0.07). Taken together
these findings suggest that exposure to CORT in adulthood does
not differentially affect Fast versus Slow extinguishers on extinc-
tion retention or anxiety-like behavior.

To determine whether the orally administered CORT had any
effect, animals were sacrificed 48—72 h after the final EPM test and
their adrenal glands were extracted and weighed. As can be seen
in Table 1, there were no differences in body weight between
groups, nor did rate of extinction affect the average adrenal gland
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Extinction

weight. However, the average weight of the adrenal glands from
CORT-exposed animals was significantly less than those of the
VEHICLE-exposed animals (t44) = 2.26, P = 0.02, 95% CI: [0.35,
6.07]). There were no significant differences in average fluid
consumption between CORT-exposed and VEHICLE-exposed an-
imals largest F(19,95) = 1.09, P = 0.375; Mcort = 312.88 mL/box,
MVEH =325.35 mL/bOX).

Discussion

In the present study, we explored individual differences in the in-
hibition of learned aversive associations (i.e., Fast versus Slow ex-
tinguishers), with a particular focus on the effects of stress on
these phenotypes. Specifically, we examined whether the Fast
and Slow Extinction phenotypes differed in their response to an
acute stress in adulthood (Experiment 1), following a chronic
stress early in life (Experiment 2), and following a chronic stress
later in life (Experiment 3).

Consistent with Bush et al. (2007) and Reznikov et al. (2015),
across all three experiments we found that Slow Extinguishers had
significantly poorer extinction retention than Fast Extinguishers.
However, it is important to note that unlike those previous stud-
ies, in the current study animals with a Fast and Slow extinction
phenotype were given different numbers of trials in order to en-
sure that both were expressing the same low levels of CS-elicited
freezing at the end of extinction training and that both experi-
enced the same number of trials with this lower level of freezing.
Importantly, the effect of rate of extinction on extinction
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Il \VVEHICLE-Slow
HH CORT-Fast

[ CORT-Slow

Last Block

Extinction Retention

Levels of CS-elicited freezing in Experiment 3. (A) Mean (£ SEM) CS-elicited freezing during Conditioning, (B) Extinction (First Block and Last

Block), and (C) Extinction Retention Test for VEHICLE and CORT-exposed animals, Fast and Slow extinction phenotypes.
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Figure 8. Number of Blocks required for animals to reach criterion during extinction training in

Experiment 3 for VEHICLE and CORT rats.

retention cannot be attributed to differences in conditioning or
extinction; there were no group differences during conditioning,
and while there was a marginal difference between Fast and Slow
Extinguishers during the first block of extinction in Experiment 1,
in Experiments 2 and 3 there was no significant difference.
Similarly, there was no difference between groups in the last block
of extinction in Experiments 1 and 2, and while there was a slight
difference between Fast and Slow Extinguishers in the last block of
extinction in Experiment 3 this had no effect on the pattern of re-
sults when included as a covariate.

Across all three experiments we found no effect of Fast and
Slow Extinction phenotypes on the EPM either before or after con-
ditioning; the latter result is in contrast to those reported by
Reznikov et al. (2015). Specifically, Reznikov et al. (2015) suggest-
ed that a difference in EPM performance between Fast and Slow
Extinction phenotypes emerged as a result of the stress of condi-
tioning. However, even following an acute stressor (i.e., the forced
swim stress) we found no differences between Fast and Slow
Extinction phenotypes on EPM performance. While the forced
swim stress increased anxiety-like behavior 1-min later, this oc-
curred equally for the Fast and Slow Extinction phenotypes in
all three experiments. Further, in all three experiments anxiety-
like behavior returned to baseline 2 h and 10 d after the acute
swim stress. As at the 1-min test interval, the effect of the stressor
was comparable across all groups at these longer intervals. That is,
there was no effect of Fast and Slow Extinction phenotypes on
EPM performance following the forced swim stress.
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5 tioning). Perhaps a more likely explana-

tion of this discrepancy is that the high
levels of freezing displayed by the Slow
Extinguishers in Reznikov et al. (2015)’s
study (i.e., these animals were still freez-
ing at 70%-90% at the end of extinction
training) may have generalized to the
EPM tests. In contrast, in the current study all animals were extin-
guished to the same low level of freezing, such that there was no
residual fear that could be generalized to a different test setting
(i.e., the EPM).

While in contrast to the findings reported by Reznikov et al.
(2015), our findings are conceptually similar to those reported by
Bush et al. (2007). That is, we did not find any evidence of a rela-
tionship between the Fast and Slow Extinction phenotypes with
anxiety (as measured by performance on the EPM), in three exper-
iments and across multiple test conditions. Similarly, Bush et al.
(2007) reported that the Extinction phenotype was orthogonal
to the Conditioning phenotype. In other words, their results
showed that the Fast and Slow extinguishers acquired the
noise—shock association at the same rate, indicating that they
did not differ in their susceptibility to acquiring aversive associa-
tions. A similar effect was observed in the current study. Taken to-
gether these findings suggest that the rate at which an individual
learns to extinguish an aversive association seems to be orthogo-
nal to both acquiring such associations and anxiety. This finding
has implications for our understanding of anxiety disorders,
which can be conceptualized as being due to an increased likeli-
hood of developing extreme negative reactions (i.e., a Fast condi-
tioning phenotype) and/or reduced ability to recover following a
negative reaction (i.e., a Slow extinction phenotype; Yehuda et al.
2006). The current findings suggest that rather than a general vul-
nerability to anxiety (i.e., an individual that displays a Fast condi-
tioning phenotype, a Slow extinction phenotype, and high

B

100+

-0~ VEHICLE-Fast

e -e~ VEHICLE-Slow
@
% 4} CORT-Fast
§ - CORT-Slow
£
L]
[=2
L]
£
(&)

-40

T T T
1 Minute 2 Hours 10 Days

Performance on the EPM for VEHICLE and CORT animals, Fast and Slow extinction phenotypes in Experiment 3. (A) Mean (£ SEM) percent-

age of time spent in the Closed Arms of the EPM prior to conditioning and after conditioning. (B) Mean Change from Baseline (%) (£ SEM) of time in the
Closed Arms (%) at the 1-min, 2-h, and 10-d delay after the 2-min forced swim stress. Baseline was time in the Closed Arms of the EPM after conditioning.
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Table 1. Mean (*SEM) body weight (g) and average adrenal gland weight (mg) for Fast
and Slow extinction phenotypes given Vehicle or CORT in their drinking water in Experiment 3

ior returned to baseline 2 h and 10 d after
the acute swim stress. As at the 1-min test

interval, the effect of the stressor was

VEHICLE CORT
comparable across all groups at these lon-

Fast Slow Fast Slow ger intervals. That is, there was no effect

Body weight (g) 489 (11.8) 488 (14.5) 475 (9.1) 470 (16.1y  Of Fast and Slow Extinction phenotypes
Adrenal gland weight (mg)® 27.3(1.4) 29.1(1.1) 25.6 (1.7) 23.8(1.1)  (Experiments 1- 3), chronic stress early

in life (Experiment 2), or chronic stress

“Significant difference between VEHICLE and CORT animals in adrenal gland weight (Mcorr = 24.8 mg,

Myen = 28.01 Mg; teaay = —2.26, P=0.02).

baseline anxiety-like behavior), there are different mechanisms by
which an individual can develop an anxiety disorder. Further, this
suggests that if these mechanisms can be identified, different ap-
proaches to treating anxiety might be indicated.

Finding reliable predictors for these phenotypes may have
implications for identifying those at risk of developing anxiety
disorders, and will be an interesting issue for future research to ex-
plore. For instance, variations in endogenous fibroblast growth
factor-2 (FGF2) have previously been shown to be associated
with vulnerability or resilience to expressing aversive associations
(Graham and Richardson 2016; Walters et al. 2016). Given there is
conservation in the neural and molecular mechanisms underpin-
ning conditioning and extinction (Quirk and Mueller 2008;
Graham and Milad 2011; Graham and Richardson 2011) it is pos-
sible FGF2 might also predict extinction phenotypes. However,
with the apparent orthogonality of the conditioning and extinc-
tion phenotypes (Bush et al. 2007; the present study) this might
not be the case.

Another issue for future research to explore is whether the
Fast and Slow extinction phenotypes observed here for inhibiting
aversive associations are similarly observed for other tasks. Given
it has been suggested that there is overlap in the neural circuits in-
volved in aversive and appetitive tasks (Peters et al. 2009), it would
be interesting to examine whether Fast and Slow extinction phe-
notypes are observed for tasks involving inhibiting appetitive as-
sociations, and what the concordance rate is. For example, do
animals that have a Slow extinction phenotype for inhibiting
aversive associations also have a Slow extinction phenotype for in-
hibiting appetitive associations?

The current experiments also looked at the effects of chronic
stress, both early in life and later in life, on the Fast and Slow
Extinction phenotypes. Interestingly, early life stress, modeled
by maternal separation during infancy (MS), resulted in poorer
extinction retention only for Slow Extinguishers: MS-Fast
Extinguishers were comparable to SR-Fast Extinguishers but
MS-Slow Extinguishers had significantly poorer extinction reten-
tion than SR-Slow Extinguishers. In contrast, chronic stress in
adulthood, modeled by CORT in the drinking water, did not affect
extinction retention for either Extinction phenotype. That is,
there was an interaction between chronic stress and extinction
phenotype only if the chronic stress was experienced early in life.

We found that MS animals displayed more anxiety-like
behavior than SR animals, as indicated by more time in the closed
arms of the EPM (Experiment 2), replicating past results (e.g.,
Vallée et al. 1997; Kalinichev et al. 2002; Lupien et al. 2009).
Consistent with past findings (Andreatini and Leite 1994;
Kalynchuk et al. 2004; Gregus et al. 2005), we did not observe
an effect of CORT exposure in adulthood on anxiety-like behavior
(Experiment 3). As previously mentioned, while the forced swim
stress increased anxiety-like behavior 1 min later, this occurred
equally for the Fast and Slow Extinction phenotypes in all three
experiments. In addition, chronic stress, either early in life
(Experiment 2) or in adulthood (Experiment 3) did not impact
on thisresult. Further, in all three experiments anxiety-like behav-
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in adulthood (Experiment 3) at these in-
tervals, showing that recovery from the
acute swim stress did not differ across
these various groups.

In the current experiments we found that while exposure to
chronic stress in adulthood did not impact on either the extinc-
tion phenotypes or on anxiety-like behavior (Experiment 3), ex-
posure to chronic stress early in life affected both extinction
retention and anxiety-related behavior (Experiment 2). It should
be noted that the effects of stress during development and adult-
hood cannot be equated, so it could be the case that the lack of ef-
fect of chronic stress in adulthood is because it is “milder” than
maternal separation. However, these findings are consistent
with a large body of work demonstrating that the effects of stress
on the brain and behavior varies across the lifespan (for review, see
Lupien et al. 2009). For instance, Conrad et al. (1999) found that,
in contrast to the long-lasting effects of chronic stress early in life,
morphological changes in the hippocampus following chronic
stress in adulthood were reversed within 10 d of the termination
of the stressor. In contrast, stress early in life leads to a reprogram-
ming of the HPA axis, morphological and functional changes in
the brain, and increased anxiety-like behavior, effects that last
into adulthood (for review, see Kaufman et al. 2000; Teicher
et al. 2003). Interestingly, the results of the current study suggest
that the experience of early-life stress is only associated with vul-
nerability to anxiety if the individual is also a Slow Extinguisher;
MS-Fast animals showed comparable extinction retention to
SR-Fast animals. Given early life stress is considered a risk factor
for developing psychopathology (Heim and Nemeroff 2001) these
findings have important implications for developing a more nu-
anced approach to identifying those most at risk of anxiety
disorders.

Materials and Methods

Subjects

Experimentally naive male Sprague-Dawley rats either bred at the
School of Psychology at The University of New South Wales
(UNSW) or purchased from the Animal Resources Centre (ARC)
Western Australia were used (the breeders were purchased from
this source as well). Rats were housed in groups of eight in plastic
boxes (63 cm long x 42 cm wide x 22 ¢cm high) with a wire lid.
Animals were maintained on a 12-h light-dark cycle (lights on a
07:00 h), and food and water was available ad libitum. Animals
were treated in accordance with The Australian Code of Practice
for the Care and Use of Animals for Scientific Purposes (8th Edition,
2013) and all procedures were approved by the Animal Care and
Ethics Committee at UNSW.

Apparatus

Conditioning, extinction, and test sessions were conducted in ex-
perimental chambers located within separate wood cabinets in or-
der to minimize external noise and visual stimulation. Each
chamber was fitted with a ventilation fan that produced a low
and constant background noise (50 dB, measured by a digital
sound level meter, Tenma model #72-942) and a mounted infra-
red camera was used to record the animal’s behavior during the
experiments. Chambers were cleaned with tap water between
each session.
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Conditioning occurred in a set of two identical rectangular
chambers (13.5 cm long x 9 cm wide x 9 cm high), referred to
as context A. The floor and side walls consisted of 3-mm stainless
steel rods set 1-cm apart. The front wall, rear wall, and ceiling con-
sisted of clear Plexiglas. A custom-built, constant-current shock
generator could deliver shock through the chamber floor. Two
high-frequency speakers were mounted on either side of the
chamber. These chambers had no source of illumination apart
from infrared lighting.

Rats received extinction training and the extinction reten-
tion test in Context B. The chambers in this context differed to
those in Context A in both size and visual characteristics. The
chambers in Context B consisted of a set of two identical rectangu-
lar chambers (30 cm long x 30 cm wide x 23 cm high), with two
opposing side walls consisting of 2-cm wide vertical black and
white stripes. The ceiling, floor, and back wall consisted of clear
Plexiglas. Two high-frequency speakers were mounted in the ceil-
ing of the chamber. A white LED light provided illumination (~12
lux; as measured by Digitech light meter QM1587) in Context B.

The Elevated Plus Maze (EPM) consisted of a plus-shaped
wood platform with two open arms (50 cm long x 12 cm wide)
and two closed arms (50 cm long x 12 cm wide). The walls of
the open arms were 1-cm high while the walls of the closed
arms were 39-cm high. The EPM was located in a brightly lit
room (265 cm long x 185 cm wide x 260 cm high; 510 lux) and
was wiped clean with 70% ethanol solution between each animal
to remove any scent trails.

Procedures

Conditioning

Following a 2-min adaptation period (baseline), the CS (white
noise, 8-dB above background noise levels) was presented for 10
sec and coterminated with the foot shock US (0.4 mA, 1 sec).
Animals received five CS—US pairings, and were returned to their
home cage ~20 sec after the final CS-US pairing.

Extinction training

One day after conditioning, animals were given extinction train-
ing. Following a 2-min adaption period (baseline), the CS was
repeatedly presented (10-sec duration) with a 10-sec inter-trial in-
terval (ITI). Extinction training terminated once an animal
reached a criterion of <35% freezing for eight out of nine consec-
utive blocks of CS presentations, where one block was three 10-sec
CS presentations. Animals were returned to their home cage ~20
sec after the final CS presentation.

The number of CS blocks required to reach extinction criteri-
on was used to classify animals as having either a “Fast” or “Slow”
rate of extinction. Rather than using a median-split procedure to
categorize animals as Fast or Slow extinguishers, rats that reached
criterion on <13 CS blocks were classified as the Fast extinction
phenotype, and those that reached criterion on >16 CS Blocks
were classified as the Slow extinction phenotype. Rats that reached
extinction criterion on 14 or 15 CS Blocks were excluded from
subsequent analyses (5 rats from Experiment 1, 12 rats from
Experiment 2, and 8 rats from Experiment 3). This procedure was
followed to maximally differentiate the two phenotypes and to
also avoid the situation where, depending on what the median val-
ue was in any given experiment, an intermediate number of trials
to reach criterion could be categorized as being Fast in one exper-
iment but Slow in another. Three rats were excluded from subse-
quent analysis as they did not display CS-elicited freezing during
either of the first two blocks of extinction (i.e., did not condition;
1 rat from each experiment), and three rats were excluded because
they did not reach the extinction criterion within 50 blocks (two
rats from Experiment 1, and one rat from Experiment 3).

Extinction retention test

The day after extinction training animals were tested for extinc-
tion retention. Test consisted of a 1-min adaption period (base-
line) followed by a 2-min presentation of the CS.
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Elevated plus maze (EPM)

Each rat was placed in the center of the EPM facing an open arm
and allowed to freely explore the maze for 5 min. Arm entry was
defined as the front two paws entering the arm. Each rat was
scored on time in the closed arms, which was then converted to
a percentage of the total exploration time (i.e., 5 min).

Forced swim stress

Awhite bucket (37 cm wide x 35 cm high) filled with 28 cm of wa-
ter (20°C-23°C) was used for the Forced Swim Stress. The level of
water was sufficiently deep so that the rats could not touch the
bottom of the bucket with their back paws. Animals were placed
into the water for 2 min, and then thoroughly towel-dried.

Maternal separation

From post-natal days 2—-14 litters in the MS condition were sepa-
rated from their mothers (dams) and placed in an incubator for
3-h per day commencing between 0800 and 1200. The incubator
was maintained at ~25°C (see Callaghan and Richardson 2011).
Throughout the separation period dams remained in their home
cage. Rats in the SR condition were maintained, as a litter, with
their mother on these days. All rats were weaned, and housed in
groups of 2—8, on post-natal days 22-25.

CORT administration

Subjects in the CORT condition were given 200 png/mL of CORT
(11B, 21-dihydroxy-4-pregnene-3, 20-dione; Sigma-Aldrich,
Sydney, Australia) dissolved in water; 5% ethanol was added to
the water for the CORT to completely dissolve. Subjects in the ve-
hicle/control condition were given water with 5% ethanol.
Animals were exposed to altered drinking water for 21 d. This pro-
cedure is consistent with previous experiments that have exposed
rats to CORT (e.g., Den et al. 2014).

Adrenal gland extraction

Animals were weighed and then asphyxiated with CO,. Once eu-
thanized, the left and right adrenal glands were extracted and
weighed to the nearest 10™* g (as measured by Mettler Toledo
XS204 balance).

Data analysis

Freezing, a species-specific fear response defined as the absence
of any movement except breathing (Fanselow 1980), was used
as the measure of the learned aversive association. Baseline and
CS-elicited freezing was scored using a time sampling procedure,
whereby the animal was judged as either freezing or not-freezing
every 3 sec. The number of freezing observations was converted
into a percentage of overall observations. A random sample of
30% of the extinction retention and EPM data was cross-scored
by a second observer who was blind to experimental group.
Inter-rater reliability was high across all experiments (all r>
0.96).

Statistical analysis was conducted using SPSS Version 22,
with values of P < 0.05 considered significant. Across all the ex-
periments, Pre-CS freezing was analyzed using independent
t-tests or ANOVA where appropriate. Conditioning, extinction
training, extinction retention, and EPM data were analyzed us-
ing ANOVA, with the Greenhouse-Geisser correction used if
the assumption of sphericity was violated (as indicated by
Mauchly’s Test of Sphericity). Significant effects were followed
up post hoc with independent samples t-tests, with correction
for unequal variances if the assumption of homogeneity of var-
iances was violated (as indicated by Levene’s Test for Equality of
Variances).

In Experiment 2 the data for 1 rat from the SR-Fast group on
the first EPM test was lost due to experimenter error.
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