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Strain comparison studies have been critical to the identification of novel genetic and molecular mechanisms in learning and

memory. However, even within a single learning paradigm, the behavioral data for the same strain can vary greatly, making

it difficult to form meaningful conclusions at both the behavioral and cellular level. In fear conditioning, there is a high level

of variability across reports, especially regarding responses to the conditioned stimulus (CS). Here, we compare C57BL/6

and DBA/2 mice using delay fear conditioning, trace fear conditioning, and a nonassociative condition. Our data highlight

both the significant strain differences apparent in these fear conditioning paradigms and the significant differences in con-

ditioning type within each strain. We then compare our data to an extensive literature review of delay and trace fear con-

ditioning in these two strains. Finally, we apply a number of commonly used baseline normalization approaches to compare

how they alter the reported differences. Our findings highlight three major sources of variability in the fear conditioning

literature: CS duration, number of CS presentations, and data normalization to baseline measures.

[Supplemental material is available for this article.]

For decades, inbred mouse strains have been used to probe the
genetic and molecular underpinnings of behavior. By comparing
genetically distinct lines, researchers have been able to identify
chromosomal regions and individual genes that contribute to
numerous behaviors, including learning and memory (Wehner
et al. 1997; Wilson et al. 2011; Parker et al. 2012). Molecular
pathways and the importance of specific brain regions for these
behaviors have also been identified (Wehner et al. 1990; Lu
and Wehner 1997; Nguyen and Gerlai 2002). Thus, the results
from inbred strain studies are often used as the basis for explora-
tions into the specific neural mechanisms that drive learning
and memory.

The strain comparison approach has been widely applied to
fear conditioning, a learning paradigm in which a neutral condi-
tioned stimulus (CS) is paired with an aversive unconditioned
stimulus (US) to generate a conditioned fear response to both the
CS and the context in which the US was presented (Blanchard
and Blanchard 1969; Fanselow 1980). The C57BL/6 (B6) and
DBA/2 (D2) strains, which show significant differences in multi-
ple learning paradigms (Paylor et al. 1996; Dellu et al. 2000;
Schimanski and Nguyen 2004; Restivo et al. 2006; Graybeal et al.
2014), have been used by several groups to identify genetic and
molecular contributions to fear conditioned learning, including
long-standing hypotheses regarding the role of the hippocampus
and amygdala (Schimanski and Nguyen 2004; Yang et al. 2008;
Andre et al. 2012). However, the behavioral findings for fear con-
ditioning in these strains are highly variable across labs, particular-
ly with regard to differences in CS responses (e.g., Ammassari-
Teule et al. 2001; Balogh et al. 2002; Gale et al. 2009). The lack of
consensus regarding strain differences at the behavioral level
makes drawing conclusions about the underlying neural mecha-
nisms difficult.

Much of the variability between labs may be due to method-
ological differences in how these behaviors are established, tested,
and analyzed. Although most would agree that changes to the
training or testing parameters affect the outcome of any behavio-
ral assay, little has been done to establish field-wide comparisons
of the reported variations in fear conditioning procedures or the
experimental design differences that influence them. This con-
founds future work, as many existing fear conditioning studies
cannot be directly compared, making it difficult to draw meaning-
ful conclusions about either the implications of the behavioral
differences in learning and memory or the underlying neural
mechanisms. Thus, there is a need to assess both the work done
in these strains to date and to address the primary sources of var-
iation in these comparison studies.

Here, we compare B6 and D2 mice using two forms of fear
conditioning: delay fear conditioning and trace fear conditioning.
The CS associations in these paradigms are thought to rely on dis-
tinct neural systems (Raybuck and Lattal 2011), allowing for com-
parisons across multiple learning pathways using a common
endpoint. We compare the results for contextual and cued condi-
tioning across strains and training paradigms and look at the data
relative to a nonassociative training condition. In addition, we
compare the utility of alternative behavioral measures to the stan-
dard measure of freezing as an index of learning. Finally, weuse our
data to compare the effects of several commonly used baseline
normalization approaches. We then discuss our findings in the
context of a comprehensive literature review of the fear condition-
ing data available for these strains. We highlight numerous sources
of variabilitywithin the existing literature andpropose approaches
to address these sources of variation in future work.

Corresponding author: metipps@gmail.com
Article is online at http://www.learnmem.org/cgi/doi/10.1101/lm.035261.114.

# 2014 Tipps et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first 12 months after the full-issue publica-
tion date (see http://learnmem.cshlp.org/site/misc/terms.xhtml). After 12
months, it is available under a Creative Commons License (Attribution-Non-
Commercial 4.0 International), as described at http://creativecommons.org/
licenses/by-nc/4.0/.

21:380–393; Published by Cold Spring Harbor Laboratory Press
ISSN 1549-5485/14; www.learnmem.org

380 Learning & Memory



Results

Data were collected for freezing, groom-
ing, and rearing in B6 and D2 mice fol-
lowing both delay and trace training.
The training period, context test, and
cue test were all assessed. Average mi-
nute-by-minute data for each of these
measures can be found in the
Supplemental Material.

Training
B6 and D2 mice were trained with two
CS–US pairings using either delay (Fig.
1A) or trace (Fig. 1B) fear conditioning.
The chambers, CS, and US were identical
across these paradigms, with only the
timing between the US and CS differing. As shown in Figure
1, both strains showed low novel context freezing (bins 1–4)
and a mild freezing response to the first CS presentation (CS 1).
A repeated measures ANOVA (strain × training × CS) found a sig-
nificant effect of strain (F(1,44) ¼ 9.091, P ¼ 0.004) and training
(F(1,44) ¼ 4.430, P ¼ 0.041). There was also a significant effect of
CS (F(1,44) ¼ 49.212, P , 0.001) with a significant CS × training in-
teraction (F(1,44) ¼ 5.748, P ¼ 0.021). For both strains, freezing to
the second CS was significantly higher than freezing to the first
CS in the delay paradigm (B6, P ¼ 0.001; D2, P ¼ 0.001), but in
the trace paradigm, this was only significant for B6 mice (B6,
P ¼ 0.022; D2, P ¼ 0.28). B6 mice froze significantly more to the
second CS presentation than D2 mice in delay training with a
trend for the same difference in the trace training (Delay, P ¼
0.004; Trace, P ¼ 0.075). Finally, although there were no differenc-
es in responses to the first CS presentation between delay- and
trace-trained mice of either strain (B6, P ¼ 0.519; D2, P ¼ 0.846),
freezing to the second CS was higher in delay-trained B6 mice
than in trace-trained B6 mice (P ¼ 0.008). There was no significant
effect of training type in D2 mice, but there was a trend for higher
responses in delay-trained mice than in trace-trained mice (P ¼
0.11).

An interesting pattern of freezing also emerged during the
inter-CS period for both delay and trace training (bins 6–8 for de-
lay and 7–9 for trace). Following the first US presentation (dashed
lines in Fig. 1), D2 mice showed higher levels of freezing than B6
mice (Delay, P ¼ 0.001; Trace, P ¼ 0.014), but the same difference
is not observed following the second US presentation. The basis for
this early increased freezing in D2 mice is unclear, but has been ob-
served by other groups (Gerlai 1998; Nie and Abel 2001; Fitch et al.
2002; Wilson et al. 2011), and is often used as evidence that reac-
tivity to the US is not responsible for low D2 freezing during the
context and CS tests. In agreement with this, we found a similar
footshock threshold between these strains (B6, 0.163+0.008
mA; D2, 0.169+0.009 mA; P ¼ 0.618), which is consistent with
previous reports (Lu and Wehner 1997; Liu et al. 2003).

These data illustrate three important points: (1) the initial CS
response (CS 1) does not differ between B6 and D2 mice; (2) both
strains respond after the US with increased freezing behavior; and
(3) even at the early stages, the conditioned freezing response
evoked by the CS following pairing with the US is stronger for de-
lay training than for trace training in both B6 and D2 mice.

Context test
Twenty-four hours after training, the mice were returned to the
training room and placed into the training chambers for a
12-min context test. As shown in Figure 2, A and B (Supplemental

Fig. 1), we observed a robust and consistent difference between
these strains. A repeated measures ANOVA (strain × training ×
time bin) found a significant effect of strain (F(1,44) ¼ 215.48, P ,

0.001) and time bin (F(3,132) ¼ 37.729, P , 0.001). For both delay-
and trace-trained mice, D2 mice froze significantly less than B6
mice (P , 0.001 for all time bins). Both B6 and D2 mice froze
more during the first time bin (min 1–3) than the fourth (min
10–12) under both training conditions, illustrating a general
decrease in freezing as the test progressed (P , 0.01 for all compar-
isons) (see Supplemental Fig. 1 for a minute-by-minute analysis).
Interestingly, there was no effect of training, suggesting that con-
textual learning for either strain was not affected by training type.

CS test
Twenty-four hours after the context test (48 h after training), the
mice were moved to a second testing room and placed in novel
chambers where they were exposed to a 15-min CS test that includ-
ed two 3-min presentations of the CS (Fig. 2C,D; Supplemental Fig.
1). Our analysis of the two CS presentations (strain × training ×
CS) found a significant effect of strain (F(1,44) ¼ 20.593, P ,

0.001) and training (F(1,44) ¼ 20.593, P , 0.001) with a significant
interaction between CS and strain (F(1,44) ¼ 24.662, P , 0.001).
Similar to our results for the context test, D2 mice froze signifi-
cantly less to the CS when the two CS periods were combined
(Total CS freezing) than B6 mice under both training paradigms
(Delay, P ¼ 0.004; Trace, P ¼ 0.003). Interestingly, when the CS
presentations were analyzed separately, this strain difference was
only apparent during the second CS presentation (P , 0.001 for
both Delay and Trace), but was robust enough to make the total
CS freezing levels significantly different. There were no significant
strain differences during the non-CS (Pre-CS, Inter-CS, Post-CS)
periods.

Alternative behaviors
A number of groups have suggested that the differences in freezing
between strains may be reflective, not of learning differences, but
of differences in the behavioral expression of learning (Griebel
et al. 1997; Stiedl et al. 1999). Specific to the B6/D2 comparisons,
while several groups see deficits in passive avoidance measures for
D2 mice (such as freezing in fear conditioning), these mice actually
perform better on active avoidance tasks (Weinberger et al. 1992;
Heyser et al. 1999), suggesting that freezing may not be the best
measure of their associative abilities. The various behaviors, in-
cluding freezing, observed during different phases of fear condi-
tioning have been shown to have complex correlations,
suggesting that some of the behaviors associated with fear may

Figure 1. Delay and trace training. Percent freezing (mean+SEM) during training for the (A) delay
and (B) trace fear conditioning paradigms. The gray bars represent the timing of the 30-sec CS, and the
dashed lines represent the timing of the 2-sec US. Data are shown in 30-sec bins to match the CS and
trace interval durations. Significant differences between the strains and training types are described in
the text.
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be independent of freezing under certain conditions (Fitch et al.
2002; Holahan and White 2002). Thus, quantifying other behav-
ioral elements could provide a better description of the overall
behavioral responses to fear conditioning across differently behav-
ing strains. A handful of alternative behaviors have been investi-
gated, including grooming, rearing, and boli (e.g., Gerlai 1998;
Fitch et al. 2002; Wilson et al. 2011; Choy et al. 2012). We chose
the two most commonly observed behaviors, grooming and rear-
ing, and compared them across our strains in delay and trace fear
conditioning.

Grooming

Grooming is a repetitive, highly stereotyped behavior observed
across a number of species. For mice, this behavior has been linked
to changes in emotional state, particularly measures of anxiety
and stress (Kalueff and Tuohimaa 2005b; Estanislau et al. 2013;
O’Leary et al. 2013), both of which are related to fear conditioning
responses (Ponder et al. 2007; Ryoke et al. 2014). Thus, grooming
behavior could be a pathway for fear learning expression in high
grooming strains, such as D2.

Prior to the first CS presentation during training (Supple-
mental Fig. 2A,B), we found no differences in grooming behavior
between strains (Delay, P ¼ 0.102; Trace, P ¼ 0.09). In the post-
CS period, D2 mice groomed significantly more than B6 mice
in the delay condition (P ¼ 0.001), but no strain differences
were observed for the trace condition (P ¼ 0.106). During the
context test (Supplemental Fig. 2C,D), a repeated measures
ANOVA (strain × training × time) found a significant effect of
strain (F(1,44) ¼ 92.592, P , 0.001) and time (F(11,484) ¼ 4.752,
P , 0.001) with a significant time × strain interaction (F(11,484) ¼

1.903, P ¼ 0.037). As shown in Figure 3, A and B, grooming behav-
ior in B6 mice is significantly lower than that of D2 mice during the

context test and the CS and non-CS periods of the CS test (P ,

0.005 for both Delay and Trace). Similar to freezing, there was no
effect of training type on grooming during the context test for ei-
ther strain. However, unlike the freezing measure, there was also
no effect of training type on grooming responses to the CS in
D2 mice. A repeated measures ANOVA (strain × training × CS)
found a significant effect of strain (F(1,44) ¼ 21.238, P , 0.001)
with D2 mice grooming more than B6 mice during both CS presen-
tations for both training paradigms (P , 0.05 for all comparisons)
(Supplemental Fig. 2).

Rearing

Rearing behavior, in which both front feet are lifted off the ground
and the body is extended, has been categorized as both a general
exploratory behavior, which should be decreased in the presence
ofafearfulcontextorstimulus,and an escape/avoidance behavior,
which would be increased under the same conditions (Perez-Saad
and Bures 1983; Crusio 2001). Strain differences in rearing have
been observed, but these differences are often dependent upon
the context in which rearing is assessed (e.g., homecage rearing
vs. open field rearing) (Tang et al. 2002; Bothe et al. 2005).
Given that D2 mice show enhanced performance on active avoid-
ance tasks compared to B6 (Weinberger et al. 1992; Heyser et al.
1999), it is possible that rearing could be part of their behavioral
response to fearful stimuli during fear conditioning tests.

There were no differences in rearing behavior between B6
and D2 mice during the pre-CS or post-CS period of either trace
or delay training (Supplemental Fig. 3A,B). For the context test
(Fig. 3C,D; Supplemental Fig. 3C,D), we did not detect an effect
of strain, training, or time. However, in the CS test, a repeated
measures ANOVA (strain × training × CS) found a significant ef-
fect of training (F(1,44) ¼ 6.854, P ¼ 0.012) and a training × strain
interaction (F(1,44) ¼ 4.242, P ¼ 0.045). Although there was no ef-
fect of CS alone, there were significant interactions for CS × strain

Figure 2. Context and CS tests. Percent freezing (mean+SEM) during
the context and CS tests. (A,B) Freezing to the context is presented in
3-min bins and as the total for the 12-min test in (A) delay- and (B) trace-
trained mice. (C,D) Freezing to the CS is presented in 3-min bins corre-
sponding to the individual periods of the test and as the total freezing
for the non-CS (pre-CS, inter-CS, and post-CS) and CS (CS 1 and CS 2)
periods for (C) delay- and (D) trace-trained mice. (∗) P , 0.05 for B6
versus D2.

Figure 3. Grooming and rearing. Percent grooming and rearing
(mean+SEM) during the context and CS test. (A,B) Grooming behavior
for the 12-min context test and the non-CS and CS periods of the CS
test for (A) delay- and (B) trace-trained mice. (C,D) Rearing behavior for
the 12-min context test and the non-CS and CS periods of the CS test
for (C) delay- and (D) trace-trained mice. An extended analysis for both
behaviors can be found in Supplemental Figures 2 and 3. (∗) P , 0.05
for B6 versus D2.
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(F(1,44) ¼ 8.246, P ¼ 0.006) and CS × strain × training (F(1,44) ¼

4.465, P ¼ 0.04). These effects were driven by the trace-trained
group, in which B6 mice reared significantly more than D2 mice
during the first CS presentation (P ¼ 0.003) (Supplemental Fig.
3E,F), and this difference was robust enough to make the com-
bined CS rearing higher for trace-trained B6 mice (P ¼ 0.024)
(Fig. 3D). No other strain or training differences were observed.

Nonassociative effects
A major issue with any strain comparison study is how to assess
and account for inherent differences in “baseline” behavior that
might affect the interpretation of the outcome. B6 and D2 strains
differ in their locomotor and exploratory behaviors (Trullas and
Skolnick 1993; Podhorna and Brown 2002) as well as general audi-
tory startle responses (Paylor and Crawley 1997), which could lead
to biased responses following fear conditioning to an auditory
cue. Over the years, a number of control measures have been pro-
posed to account for these differences. Ideally, the CS and US
would be presented in a completely random fashion, with the
probability of the US in the presence and the absence of the CS
being the same (e.g., Rescorla 1967). However, this is challenging
in studies of fear conditioning in which no more than a few US
presentations are given. Although not ideal, the most commonly
used method is to present “unpaired” sets of the CS and US in
which the CS–US interval is very long or the US is given in the
absence of the CS (Paylor et al. 1994; Gerlai 1998; Hwang et al.
2010). The duration of this interval is critical to these assump-
tions, given that trace fear conditioning between the CS and US
can form across a wide range of inter-stimulus intervals (Misane
et al. 2005). Alternatively, under these conditions the animal
could learn that the CS signals the explicit absence of a US.
Thus, it is difficult to argue that absolutely no excitatory or inhib-
itory association is formed between the CS and US when the US
and novel CS both occur in a fixed environment. In addition,
this approach cannot be used to assess contextual association
strength, as the context and US are still paired.

Rather than attempt to break apart the associative processes,
we used a conditioning procedure designed to determine whether
simply removing the US from the training process entirely would
result in behaviors that were significantly different than those
observed in either the delay- or trace-trained animals. We used a
nonassociative method in which animals were exposed to the
training and testing process in the absence of a US (no footshock)
to assess the baseline freezing to the training context and CS
used in our paradigm (Fig. 4; Supplemental Fig. 4). The grooming
and rearing behavior observed for this condition can be found in
Supplemental Figure 5.

During No-US training (Fig. 4A), both B6 and D2 mice had
freezing responses to the CS with no significant differences be-
tween strains, suggesting that baseline differences in CS response
are not responsible for later behavioral differences. Interestingly,
there were also no differences in freezing between the period
prior to the first CS exposure (bins 1–4) and the period following
the last CS exposure (bins 10–13), suggesting that repeated expo-
sure to a startling CS did not alter post-CS freezing levels. This con-
trasts with the significant difference observed between the
pretraining and post-training freezing levels observed in both
the delay- (B6, P , 0.001; D2, P ¼ 0.007) and trace-trained mice
(B6, P , 0.001; D2, P ¼ 0.001) (see Fig. 1).

In the context test (Fig. 4B), there was a significant effect of
strain (F(1,14) ¼ 9.966, P ¼ 0.007) and time (F(3,42) ¼ 11.478, P ,

0.001), with a significant strain×time interaction (F(3,42) ¼

15.785, P , 0.001). While freezing in both strains was much lower
than that observed for either the delay or trace groups, B6 mice
showed a moderate level of freezing during the first time bin, while

D2 mice showed little to no freezing across the entire test, resulting
in significantly more freezing in B6 mice (P ¼ 0.007).

In the CS test (Fig. 4C), we observed a low level of freezing
during the CS presentations in both strains. There was a signifi-
cant effect of strain (F(1,14) ¼ 11.103, P ¼ 0.005), with B6 mice
freezing more than D2 mice during both CS presentations (CS 1,
P ¼ 0.02; CS 2, P ¼ 0.009; Total, P ¼ 0.004). Interestingly, unlike
the delay and trace conditions (see Fig. 2), D2 mice showed no
change in freezing between the first and second CS presentation,
suggesting that acclimation to the CS itself is not responsible for
changes in freezing during the second CS in delay and trace fear
conditioning.

The presence of mild freezing following training to the CS
alone suggests that, even in the absence of a US, the CS used
here (85-dB white noise) may be mildly aversive or startling on
its own. Differences in sensitivity to the CS itself could account
for the freezing differences observed here, given that B6 mice
show increased acoustic startle responses compared to D2 mice
(Paylor and Crawley 1997; Liu et al. 2003). Similar strain differenc-
es in mice trained with the CS alone have been reported by some
groups (Stiedl et al. 1999; Balogh et al. 2002), while other groups
using a CS only condition have reported no freezing responses to
either the context or the tone (Ammassari-Teule et al. 2001;
Bolivar et al. 2001). However, the studies in which no freezing

Figure 4. No-US training, context test, and CS test. Percent freezing
(mean+SEM) for mice trained in the absence of a US. (A) Training: freez-
ing during the No-US training procedure is shown in 30-sec bins to match
the CS duration. The CS was presented twice with the same timing as the
delay and trace training paradigms (gray bars). (B) Context test: freezing is
presented in 3-min bins along with the total freezing for the entire 12-min
period. (C) CS test: data are shown in 3-min bins to match the intervals of
the CS test. Total freezing during the non-CS and CS intervals is also
shown. (∗) P , 0.05 for B6 versus D2.
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was observed used very short CS presentations (,10 sec), making
them difficult to compare to the current study. It is possible that
lowering the intensity or duration of the CS could remove these
effects in B6 mice; however, given the propensity of D2 mice to
show hearing impairments (Zheng et al. 1999), the louder, more
complex white noise is preferred for this strain. Additionally,
Bolivar et al. (2001) used a louder CS than the one used here
and saw no freezing, suggesting that the CS dB level alone is not
the cause of these effects. Studies have also found that B6 mice
show equivalent locomotor profiles during the CS test if they
were trained with a CS–US pairing or the US alone (Gerlai 1998;
Bolivar et al. 2001), suggesting that this strain may show general-
ized startle responses under a variety of conditions that are not in-
dicative of CS–US associative learning.

Training comparisons
Although low levels of freezing to both the context and cue were
observed in the nonassociative condition, training with either de-
lay or trace significantly increased freezing in both tests for both
strains (Supplemental Fig. 5). To analyze these differences, we
compared total freezing, grooming, and rearing to both the con-
text and CS across our three training paradigms (Fig. 5).

Freezing

For the total context freezing (Fig. 5A), there was a significant ef-
fect of strain (F(1,58) ¼ 179.932, P , 0.001) and training (F(2,58) ¼

79.927, P , 0.001) with a significant strain × training interaction
(F(2,58) ¼ 19.122, P , 0.001). In all training types, B6 mice froze

more than D2 mice (No-US, P ¼ 0.007; Delay, P , 0.001; Trace,
P , 0.001), and both strains froze more following delay and
trace training compared to the No-US group (P , 0.001 for all
comparisons).

For CS freezing, there was a significant effect of strain
(F(1,58) ¼ 26.416, P , 0.001) and training (F(2,58) ¼ 39.021, P ,

0.001). Similar to the total context freezing, B6 mice froze signifi-
cantly more than D2 mice in all three paradigms (No-US, P ¼
0.004; Delay, P ¼ 0.005; Trace, P ¼ 0.003), and for both strains,
freezing for the delay- and trace-trained groups was significantly
higher than that for the No-US group (P , 0.01 for all compari-
sons). Thus, we can conclude that both the delay and trace train-
ing paradigms result in a freezing response above and beyond that
which occurs after simple exposure to the CS in B6 and D2 mice.
The further increase after delay compared to trace conditioning
suggests that temporal pairing of the CS and US contributes to
the freezing response.

Grooming

For total context grooming (Fig. 5B), we found a significant effect
of strain (F(1,58) ¼ 71.017, P , 0.001), with D2 mice grooming
more than B6 mice for all training types (No-US, P ¼ 0.037;
Delay, P , 0.001; Trace, P , 0.001). Following delay or trace train-
ing, B6 mice show a clear reduction in grooming behavior (Delay,
P ¼ 0.007; Trace, P , 0.001) compared to the No-US condition,
suggesting that in this strain, grooming decreases as freezing
increases. Interestingly, D2 mice do not show a decrease in groom-
ing following delay or trace training. In fact, there was no effect
of training type on grooming in this strain under any condition
tested.

For the CS test (Fig. 5B), we found a significant effect of strain
(F(1,58) ¼ 632.808, P , 0.001) but not of training. D2 mice showed
more grooming behavior than B6 mice under all training types
(No-US, P ¼ 0.03; Delay, P ¼ 0.003; Trace, P ¼ 0.004). For the CS
responses, there was no significant effect of training in either
strain, although there were nonsignificant trends for a reduction
in grooming in the B6 groups (Delay, P ¼ 0.1; Trace, P ¼ 0.06).

These data illustrate three points: (1) in B6 mice, grooming
decreases as freezing increases, suggesting a simple suppression
effect; (2) grooming behavior is not reflective of D2 learning in
this paradigm, as training type has no effect; (3) grooming in D2
mice is not altered by the increase in freezing, indicating that
the grooming process in these mice is an important behavior,
even in the presence of fearful stimuli. Grooming behavior is
commonly used in the assessment of anxiety and has been used
to evaluate the effectiveness of anxiolytic drugs (Kalueff and
Tuohimaa 2005a). Given that total grooming was not altered by
training type, assessing grooming in fear conditioning paradigms
does not seem to be a useful indicator of learning; however, it
is possible that this behavior could be an important indicator of
underlying anxiety levels in D2 mice, making it a useful control
measure for assessing drugs or other manipulations targeted spe-
cifically to learning or anxiety in this paradigm.

Rearing

Rearing behavior in the context (Fig. 5C) showed a significant ef-
fect of strain (F(1,58) ¼ 4.903, P ¼ 0.031) and training (F(2,58) ¼

40.934, P , 0.001) with a significant strain × training interaction
(F(2,58) ¼ 3.247, P ¼ 0.046). For both B6 and D2 mice, rearing was
significantly reduced by delay and trace training compared to
No-US training (P , 0.001 for all comparisons).

In the CS test, we found a significant effect of training
(F(2,58) ¼ 12.944, P , 0.001) but not strain. Here, rearing was re-
duced in all groups except the trace-trained B6 mice (P , 0.01
for all comparisons, except B6 Trace, P ¼ 0.29). These results are

Figure 5. Training type comparisons. Percent (A) freezing, (B) groom-
ing, and (C) rearing (mean+SEM) for B6 and D2 mice trained under
No-US, delay (DFC) or trace (TFC) conditions. Total behaviors for the
12-min context test and the total CS freezing during the CS test are
shown for each behavior. (∗) P , 0.05 compared to the No-US group.
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consistent with the hypothesis that rearing in this assay is an ex-
ploratory behavior that is reduced by the presence of fearful stim-
uli. The idea that rearing may be an active avoidance or escape
behavior for D2 mice in this assay is not supported by our data.

It should be noted that for both rearing and grooming it is
possible that it is specific sub-behaviors (rearing vs. leaning) or
the microstructure of these behaviors, rather than the gross total
measure, that are reflective of important learning or motivational
differences (Fitch et al. 2002; Kalueff et al. 2005a). However, none
of the analysis performed here suggest that either grooming or
rearing can be used as an alternative measure of learning in these
strains. Finally, although neither rearing nor grooming served as
reliable indicators of learning here, these behaviors should be con-
sidered when selecting a scoring method for fear conditioning ex-
periments. A number of automated scoring approaches, including
beambreak, motion detectors, and tracking software, have been
used to assess fear conditioned freezing (e.g., Bolivar et al. 2001;
Fitch et al. 2002; Gale et al. 2009; Lattal and Maughan 2012).
Given that each uses slightly different criteria for assessing move-
ment, it is important to consider the ability of any scoring system
to distinguish between freezing and other nonambulatory behav-
iors (such as grooming or rearing). For example, if the grooming
and freezing data from the current experiments were combined,
we would still observe robust strain differences in the context
test, but, due to the high grooming levels in the D2 mice, the B6
and D2 measures in the CS test would no longer be significantly
different (Delay, P ¼ 0.06; Trace, P ¼ 0.07). Thus, scoring ap-
proaches that give accurate assessments of strains with low levels
of nonambulatory behaviors may not be optimal when applied to
strains with higher grooming or rearing behaviors.

Discussion

Although a number of groups have studied B6 and D2 mice using
fear conditioning, this is the first report to compare differences
both between strains and within each strain using delay and trace
fear conditioning. While the detailed analysis presented here
highlights several interesting differences between these strains
and conditioning types, it is necessary to discuss these findings
in the context of the existing literature. Primarily, it is important
to address the existence of conflicting reports within the field and
how they might be resolved. A list of the published works compar-
ing B6 and D2 mice in contextual (no CS), delay, and trace fear
conditioning paradigms can be found in Table 1. This table in-
cludes both the reported results and the experimental parameters
used for each of the 30 studies reviewed here.

Although we focus on several variables that can affect the
outcome of fear conditioning studies, it should be noted that
our analysis of the experimental factors that contribute to ob-
served strain differences is limited by certain aspects of the re-
ported data. There are numerous variables that could also
contribute to the variability in the literature that are not com-
monly manipulated or examined across studies. For example,
the role of sex differences, testing during different stages of
the light–dark cycle, and the order of context and CS testing
could all affect the detection of strain differences. Many of these
variables are left unmanipulated in an attempt to maintain con-
tinuity with previous work (e.g., testing during the light phase,
testing context before CS), resulting in a dearth of information
on these effects. For others, measures vary so greatly from study
to study that a comprehensive analysis of their effects across the
literature is difficult. For example, 11 of the studies reviewed
here used both male and female subjects, but the level of analysis
for sex differences varied greatly across studies, and the results
include a mixture of no sex effects and sex effects that manifest

in one strain but not the other. The variability in these reports
highlights the need for systematic investigations into these vari-
ables to determine their potential effects on fear conditioning
comparisons.

Context freezing
Consistent with our data (Fig. 2A,B), the majority of studies (25
of 29) on B6 and D2 mice find that D2 mice show reduced con-
textual freezing compared to B6 mice when they are trained using
delay (23), trace (one), or contextual (five) fear conditioning (see
Context Results in Table 1). This strain difference is very robust,
persisting in spite of variations in the number of US exposures
(Lattal and Maughan 2012), the duration of the context test
(e.g., Ammassari-Teule et al. 2001; Lattal and Maughan 2012),
and whether the context was processed as the foreground or back-
ground stimulus (e.g., Gerlai 1998; Andre et al. 2012). This dif-
ference has become one of the primary pieces of behavioral
evidence for the hypothesis that contextual learning relies on
the hippocampus, a structure that differs in both size and several
functional parameters between these two strains (Nguyen et al.
2000; Balogh et al. 2002; Andre et al. 2012). Although it is clear
that B6 and D2 mice have differing hippocampal processing,
the role those differences play in the contextual conditioning be-
haviors observed in fear conditioning has been questioned
(Gewirtz et al. 2000; Gerlai 2002). There is conflicting evidence
regarding the necessity of the hippocampus in contextual condi-
tioning (Matus-Amat et al. 2004; Wiltgen et al. 2006), and the un-
derlying differences in hippocampal function may mean that
contextual information gets processed very differently in these
two strains (Rossi-Arnaud and Ammassari-Teule 1998; Ammas-
sari-Teule et al. 2001; Sung et al. 2008). However, it is clear that re-
gardless of the underlying mechanisms, contextual learning in
these strains differs for both delay and trace fear conditioning.

It should be noted that while the majority of studies exam-
ined here report a difference in contextual responses in these
strains, the effect is not universally observed. Six of the reviewed
studies report that these strains perform identically during con-
textual tests (Owen et al. 1997b; Liu et al. 2003; Gale et al. 2009;
Choy et al. 2012). A comparison of these reports does not yield
a clear source for these differences. Two studies (Gale et al. 2009;
Choy et al. 2012) use a high number of training shocks (three
and four, respectively) and an automated scoring system, while
the other two (Owen et al. 1997b; Liu et al. 2003) handscore the
data following two or one CS–US pairings, respectively. The
length of the context test varies across these studies; however,
our data, which report context freezing over a 12-min period,
show that the strain differences in this test are robust throughout
the testing period (Supplemental Fig. 1), making it unlikely that a
very short or very long testing period would obscure the results.
Two of these studies (Owen et al. 1997b; Choy et al. 2012) pre-
exposed the mice to the training context prior to testing.
Pre-exposure has been shown to alter later freezing responses to
the context (Paylor et al. 1994), and interestingly, pre-exposure
prior to training is one of the only differences between Owen
et al. (1997b), in which no context difference was observed, and
Owen et al. (1997a), in which a significant difference was report-
ed. Choy et al. (2012) gave saline injections to their D2 mice, but
not their B6 mice, suggesting that the stress of injection could
have increased the level of D2 freezing. Interestingly, another pa-
per comparing saline control groups in these strains found that
the strain differences in both context and cued freezing varied de-
pending on how the saline was delivered (i.p. injection vs. infu-
sion pump) (Portugal et al. 2012). However, no single variable or
clear combination of variables seems to explain the lack of contex-
tual differences reported across these four studies.

Delay and trace conditioning in B6 and D2 mice
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CS freezing

Delay fear conditioning

The bulk of the fear conditioning literature for B6 and D2 mice
uses delay training to compare CS responses, thus we will focus
on that literature first. Unlike context freezing, there is a high level
of variability in reports regarding CS responses between these
strains. In our review of the literature, 13 groups report that
B6 freeze more than D2, three groups report that B6 freeze less
than D2, and 12 groups report no difference between the strains
(see CS Results in Table 1). This level of variability suggests that
CS responses may be more sensitive to variations in procedure
than the more consistent contextual responses. Here, we high-
light three major sources of variance in the existing literature
for CS responses: (1) number of CS presentations during testing;
(2) the duration of CS presentations; (3) baseline measures and
data normalization.

Number of CS presentations

In the present data (see Fig. 2C), D2 mice show reduced total CS
freezing following delay training; however, the analysis of freez-
ing behavior for each CS presentation shows that these differences
are only observed during the second CS presentation, while freez-
ing to the first CS presentation is equivalent across strains. Other
reports in which multiple CS presentations were analyzed sepa-
rately also report differences in responding between the CS pre-
sentations (Gerlai 1998; Fitch et al. 2002). The basis for this CS
to CS difference is unclear. One possibility is that D2 mice exhibit
inter-trial extinction between the two CS presentations. D2 mice
show more rapid extinction than B6 mice (Balogh et al. 2002;
Lattal and Maughan 2012), and it is possible that this extinction
could occur within a single testing period. Alternatively, the re-
duced freezing to the second CS presentation could be an ex-
pression of weaker CS–US associations in D2 mice; however, it
is very difficult to distinguish between a weaker initial associa-
tion and an enhanced extinction process when the genetic back-
ground differs during both conditioning and extinction (Isiegas
et al. 2006; Lattal and Maughan 2012). It is unlikely that this
difference is due to simple CS acclimation, given that a similar
decrease between CS presentations was not observed in our
No-US group (see Fig. 4C).

This observation suggests that the number of CS presenta-
tions used during the CS test could account for some of the vari-
ability across reports. Our data indicate that studies in which
the CS is only presented once are likely to find no difference be-
tween the strains. In agreement with this hypothesis, for nine of
the 19 references that report equivalent CS freezing, only a single
CS presentation was used during the CS test. However, not all re-
ports using a single CS presentation reported equivalent freezing.
Ten papers using a single CS presentation found differential freez-
ing between strains. Interestingly, of these, eight used a high level
of footshock (0.6–0.7 mA) (Paylor et al. 1994; Fordyce et al. 1995;
Stiedl et al. 1999; Nguyen et al. 2000; Nie and Abel 2001; Balogh
and Wehner 2003; Voikar et al. 2005; Brigman et al. 2009) and
three used a high number of CS–US pairings (three or four pair-
ings) (Holmes et al. 2002; Brigman et al. 2009; Yamada 2010), sug-
gesting that increasing the training intensity could affect the
detection of differences for a single CS presentation. Another pa-
per that used a single CS and reported strain differences was a ge-
netic screen that used a high number of mice per group (86 B6 and
79 D2) (Wehner et al. 1997), which might make it possible to pull
out small strain differences that are not apparent at the more con-
ventionally used animal numbers. This could mean that strain
differences do exist in the initial CS responses, but that the stan-
dard 8–12 animals per group is too underpowered to detect

them. Taken together, the variations in these reports suggest
that at lower training levels, a single CS presentation during test-
ing is insufficient to detect strain differences. In addition, the abil-
ity to find strain differences in a single pairing using either
increased training intensity or very high animal numbers suggests
that these strain differences exist, albeit in a milder form, across
all CS responses, and are somehow enhanced during later CS
presentations.

Duration of CS presentation

In addition to the number of CS presentations, the duration of
the CS presentations may also affect the reported results. The
minute-by-minute analysis of our data (Supplemental Fig. 1)
shows that during the first minute of our CS presentations, B6
and D2 freezing is very similar, followed by a divergence between
the groups as the CS progresses. The initial response to any audi-
tory stimulus, whether trained or untrained, is likely a mixture
of orienting behavior and startle response, especially when the
stimulus is a loud noise. Thus, it is possible that freezing to the ini-
tial seconds of a CS is not reflective of learning, but rather of audi-
tory startle/orienting. Six of the papers reviewed here used a short
(,30 sec) CS presentation (Gerlai 1998; Ammassari-Teule et al.
2001; Bolivar et al. 2001; Fitch et al. 2002; Bothe et al. 2005;
Gale et al. 2009). Of these, one report showed increased freezing
in D2 mice compared to B6 (Ammassari-Teule et al. 2001), while
three show decreased D2 freezing (Gerlai 1998; Bothe et al.
2005; Gale et al. 2009). The remaining two papers (Bolivar et al.
2001; Fitch et al. 2002) show variable CS differences depending
on how the data were acquired (Fitch et al. 2002) and processed
(Bolivar et al. 2001).

Trace fear conditioning

To date, only two studies have compared B6 and D2 CS responses
using trace fear conditioning (Holmes et al. 2002; Hwang et al.
2010). Consistent with the present data (Fig. 2D), both report
that D2 mice freeze less than B6 mice during the CS test; however,
both raise interesting parametric issues.

Holmes et al. (2002) found no difference between delay and
trace fear conditioned D2 mice, while our data show a robust ef-
fect of training on CS response levels (Fig. 5A; Supplemental Fig.
5). A common finding across the trace fear conditioning literature
is that the trace CS–US association is weaker than the one formed
during delay conditioning, thus most groups find lower freezing
levels following trace conditioning (Raybuck and Lattal 2014).
The lack of training type effect in the Holmes et al. (2002) paper
may be due to the very short trace interval used (2.5 sec). Trace
fear conditioning is thought to activate the hippocampus and pre-
frontal regions due to the necessity of maintaining a CS-trace
memory during the trace interval (Raybuck and Lattal 2014). As
a result, the length of the interval is directly correlated with the
recruitment of these mechanisms and the eventual response.
The 2.5-sec interval used by Holmes et al. (2002) has been shown
to be insufficient to recruit hippocampal processing (Misane et al.
2005), which may indicate that there are temporal boundaries to
the durational effects on trace conditioning that will influence the
detection of differences between trace and delay conditioned an-
imals. Investigations into the relevance of the trace duration are
important for a second reason: the use of “unpaired” CS–US pre-
sentations as a control group. As discussed previously, the use of
unpaired control groups has several issues, one of which is the
duration of the interval between the CS and US. Given the broad
spectrum of CS–US intervals in which trace processing can occur
(Misane et al. 2005) and the limited number of CS–US pairings
typically used to generate fear conditioning, the potential to
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form weak trace fear conditioning associations rather than an un-
paired control group is a serious consideration for this approach.
This is particularly true when one considers that the efficacy of
a particular interval to act as a trace interval changes depending
on the overall temporal context in which it is placed (e.g.,
Balsam 1984).

Hwang et al. (2010) also looked at TFC in B6 and D2 mice.
Interestingly, their results for CS strain differences were variable.
The raw data showed a decrease in D2 freezing compared to B6;
however, when they included a control group exposed to the US
only into their analyses, these differences were no longer signifi-
cant. This leads to the final major source of variation across the
published fear conditioning literature: the use of control groups
and the normalization of data to baseline measures.

Baseline measures and data normalization approaches

A major concern within the field is how to address the presence of
baseline behavioral differences when comparing across strains.
B6 and D2 mice differ on a number of behavioral measures prior
to training in any paradigm (Logue et al. 1997; Podhorna and
Brown 2002), which may or may not have an effect on the learned
behavior. In three of the papers reviewed here (Valentinuzzi et al.
1998; Bolivar et al. 2001; Hwang et al. 2010), adjusting the raw
data to a baseline or control group changed the significance of
the strain comparison. This leaves the question of which is truly
representative of learning differences in these strains, the raw
data or the adjusted measures? Thus, the question is two-fold: (1)
should we use a baseline measure to normalize data across groups
with inherent differences; (2) how do we determine the appro-
priate baseline measure and subsequent mathematical manipula-
tion to use? When two groups differ in baseline performance,
it becomes very difficult to conclude that there are differences
in post-conditioning performance because all baseline normali-
zation transformations necessarily include assumptions about
how learning is reflected in performance at different parts of the
behavioral scale. For example, two of the most commonly used
transformations to assess changes in performance before and
after conditioning (absolute difference or percent change from
baseline) can lead to very different conclusions about learning pro-
cesses (see Lattal 1999). However, the presence of significant dif-
ferences between strains at pretraining or in control groups has
been observed by several groups, leading to the presentation of ad-
justed measures in fear conditioning reports (Jacobs et al. 2010).

For those who chose to control for baseline, there is a variety
of both the measure used to represent “baseline” behavior and
the mathematical manipulations employed in the normalization,
both of which can significantly alter the reported effects. To illus-
trate the potential variability introduced by different baseline
adjustments, we transformed our trace and delay CS data using
three possible baseline measures: (1) our No-US responses, (2) al-
tered context responses (e.g., Paylor et al. 1994), and (3) pre-
training responses (e.g., Andre et al. 2012). For all three baselines,
we used two common mathematical normalization approaches:
(1) subtraction of baseline (Total CS freezing–baseline freezing)
and (2) percentage of baseline freezing (Total CS freezing/baseline
freezing × 100) (Jacobs et al. 2010). The results of each trans-
formation are shown in Figure 6 (note: for baseline measures of
0, an adjusted measure of 1 was used in the percentage method
to avoid mathematical errors).

In Figure 6A, the average total CS response of the No-US
group was subtracted from the total CS responses of each animal
in the delay and trace fear conditioned groups. This manipulation
yields a significant effect of training (F(1,44) ¼ 20.593, P , 0.001),
but no effect of strain. While the trace groups still show reduced
freezing compared to the delay groups (B, P , 0.001; D2, P ¼

0.013), theB6andD2differences foreachtrainingtypearenolong-
er significant. When the CS response is presented as a percentage
of the average No-US CS response (Fig. 6B), we retain both the sig-
nificant effect of strain (F(1,44) ¼ 9.38, P ¼ 0.004) and training
(F(1,44) ¼ 15.321, P , 0.001); however, significant strain differenc-
es are only detected for the delay-trained mice (P ¼ 0.013), and
the D2 mice now show increased freezing compared to B6.

In Figure 6, C and D, we use the same mathematical manip-
ulations but this time use each animal’s preshock freezing from
the training period as the baseline. For the subtraction condition
(Fig. 6C), we see a significant effect of both strain (F(1,44) ¼ 17.135,
P , 0.001) and training (F(1,44) ¼ 17.135, P , 0.001), with a signif-
icant strain difference for both delay- (P ¼ 0.016) and trace-
trained mice (P ¼ 0.003), and both strains showing reduced freez-
ing following trace fear conditioning compared to delay fear con-
ditioning (B6, P ¼ 0.003; D2, P ¼ 0.013). However, when the data
are normalized to preshock freezing using the percentage method
(Fig. 6D), there is no significant effect of strain or training (P ¼
0.069 and P ¼ 0.077, respectively).

Finally, we normalized to freezing in the altered context
(first 3 min of the CS test) (Fig. 6E,F). Using the subtraction ap-
proach, there was a significant effect of both strain (F(1,44) ¼

11.058, P ¼ 0.002) and training (F(1,44) ¼ 20.747, P , 0.001) with
D2 freezing less than B6 and trace conditioned animals freezing
less than delay conditioned animals. However, the percentage
manipulation for this baseline measure shows no effect of either
(Strain, P ¼ 0.251; Training, P ¼ 0.094).

Figure 6. Baseline normalization. Total CS freezing for delay (DFC) and
trace (TFC) fear conditioning are shown normalized to three baseline
measures using either a subtraction (A,C,E) or a percentage (B,D,F)
method. (A,B) Normalization to No-US CS responses using (A) subtraction
and (B) percentage; (C,D) normalization to the preshock period of training
using (C) subtraction and (D) percentage; (E,F) normalization to altered
context freezing during the CS test using (E) subtraction and (F) percent-
age. (∗) P , 0.05 for B6 versus D2; (^) P , 0.05 for DFC versus TFC.
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In general, the percent of baseline method had the greatest
effect on the significance of our findings, primarily due to the
large amount of variability this manipulation introduced to the
data. For many of our subjects, freezing during the preshock and
altered context periods was at zero, making those percentage mea-

sures very high. The low levels of preshock and altered context

freezing also explain why the subtraction methods for these base-

lines had very little effect on the overall outcome. However, these

baseline measures are not reliably low across different reports.

Altered context freezing, sometimes referred to as “generalized

freezing,” has been reported to differ in B6 and D2 mice (e.g.,

Young et al. 2000; Balogh et al. 2002; Balogh and Wehner 2003;

Hwang et al. 2010), but these differences are not consistently

found (e.g., Lu and Wehner 1997; Nie and Abel 2001) and were ab-

sent in our data (Fig. 2B,C; Supplemental Fig. 1). Moreover, it is

unclear how the altered context measure actually relates to the ex-

pression of CS–US or context–US associations, as it has been

shown to correlate with both CS freezing and context freezing

(Wood and Anagnostaras 2011). Preshock freezing during train-

ing, on the other hand, is correlated with context freezing, but

not CS freezing (Wood and Anagnostaras 2011), suggesting that

it is, in fact, a poor baseline for CS response normalization.
The nonassociative responses presented in this paper have

the advantage of allowing for the direct comparison of CS re-

sponses, rather than relying on some other measure that may or
may not be reflective of CS freezing. However, the major limita-
tion for this measure is the inability to compare behavior within
a single subject, as the No-US, delay, and trace groups were all sep-
arate. The most interesting outcome for manipulations using the
No-US as a baseline is the effect on strain differences. The subtrac-
tion method (Fig. 6A) shows that the magnitude in differences be-
tween the strains for the three training paradigms is very similar,
which could suggest that the strain differences observed during
the CS test are actually reflective of nonassociative differences in
CS responding, rather than learning differences.

Most importantly, these differences between outcomes for
different normalization approaches highlight the need to report
raw data. For reports that give only adjusted measures, it is unclear
if the reported effects were also detected in the raw data, making it
difficult not only to interpret the findings, but also to compare
across papers with differing approaches to baseline normalization.

Conclusions

Here, we show a detailed analysis of B6 and D2 behavior following
delay and trace fear conditioning. We found both a significant ef-
fect of strain on both types of fear conditioning and a significant
difference between training types within each strain. While our
data are in agreement with a number of previously published
studies, our analysis and literature review highlight a number of
important experimental parameters that contribute to the vari-
ability in previously reported results. Specifically, the number
and duration of CS presentations during testing and the normal-
ization of data seem to be the primary sources of differences in
findings across labs. Most importantly, these differences highlight
the need to include raw measurements for all reports in order to
facilitate future comparisons within this paradigm.

Materials and Methods

Animals
Male C57BL/6 and DBA/2 mice (Jackson Laboratory, Bar Harbor,
ME) between 8 and 12 wk of age were used for all studies. The delay
and trace experiments had 12 mice per group, while the No-US
condition had eight mice per group. The mice were housed four

per cage (28 cm × 17.5 cm × 11 cm) under standard housing con-
ditions (12-h light–dark cycle) with access to food (50 LOD
Irradiated Rodent Diet, LabDiet) and water ad libitum. Mice
were allowed to acclimate to the colony room for 1 wk prior to
any experimentation. Experiments were performed during the
light portion of the light–dark cycle. All studies were approved
by the Institutional Animal Care and Use Committee at Oregon
Health & Science University and conducted in accordance with
the guidelines provided by the National Institutes of Health.

Apparatus
Training and contextual testing were conducted in circular
Plexiglas chambers (diameter 14.5 cm) mounted on a rod floor
as described in Stafford and Lattal (2009). Each chamber was
housed in an individual sound-attenuating box (Med-Associates).
An 85-dB white noise CS was administered through a sound gen-
erator (Coulbourn Instruments), and a 0.35-mA footshock US was
administered through the rod floor via a shock scrambler/genera-
tor (Coulbourn). To provide a distinct olfactory cue, the apparatus
was cleaned with 0.1% acetic acid prior to training and testing.
The training and context testing sessions were controlled by an
IBM-PC running Graphic State software (Coulbourn). Testing
for cued fear conditioning was conducted in rectangular condi-
tioning chambers with Plexiglas floors (Med-Associates). Each
chamber was housed in an individual sound-attenuating box
and located in a room that was different from the training/con-
textual testing room. In these chambers, the same CS used during
training was generated with ANL-926 (Med-Associates) and ad-
ministered through speakers mounted on the left wall of the
chambers. The CS presentations were controlled by an IBM-PC
running MED-PC 4 (Med-Associates). The cue testing chambers
were cleaned with 90% ethanol.

Fear conditioning
Animals were acclimated to the training room and handling for 2
d prior to training. No pre-exposure to the chamber or CS was
used. Each day (including training and testing days) mice were
moved into the room 1 h prior to any procedures and left in the
room for 1 h after all procedures were completed. The delay and
trace training methods follow those described by Raybuck and
Lattal (2011).

Training

Each session began with the activation of a house light. After 2
min, a 30-sec CS was activated. For delay fear conditioning, the
30-sec CS co-terminated with a 2-sec 0.35-mA footshock (US).
Under the trace fear conditioning paradigm, the 30-sec CS was fol-
lowed by a 30-sec trace interval and then the 2-sec US. For both
training paradigms, animals received two CS–US pairings in a
6.5-min session. In the no-US condition, the same CS presenta-
tions and timing were used, but the US was omitted.

Testing

To evaluate contextual learning, mice were returned to the train-
ing chambers 24 h after training. The houselight was activated,
and behavior was assessed for 12 min. To test cued learning,
mice were placed in the novel cue testing apparatus 48 h after
training. The animals were assessed for responses to an altered
context for 3 min, followed by two 3-min CS presentations sepa-
rated by a 3-min inter-trial interval and followed by a 3-min
post-CS period, for a total test time of 15 min.

Scoring

All training sessions, contextual tests, and cue tests were hand-
scored by two experimenters. Animals were scored at 10-sec inter-
vals for freezing, rearing, and grooming, and the scores were
averaged across the two experimenters. Freezing was defined as
the absence of all movement except respiration (Blanchard and
Blanchard 1969). Grooming behavior included licking or chewing
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the paws or body and rubbing/scratching the head and body.
Rearing was defined as both front paws lifted off the floor with
an extended body and included leaning (front paws resting on
the chamber wall) and free rearing (rearing with no wall support).
Data are presented as the percentage of observations for each
behavior (six observations per minute).

Footshock threshold
Mice from the no-US group were tested for footshock threshold
1 wk after testing for fear conditioning. The mice were placed
in the chambers used for cue testing with the Plexiglass floors
removed and allowed 30 sec to acclimate to the chamber. To
test the sensitivity to the US, we started at a subthreshold shock
intensity (0.05 mA) that generated no response in the animals.
Subsequent shocks at increasing intensities were administered
every 30 sec. The shock intensity was increased by 0.05 mA until
animals responded via either changes in locomotor behavior or
vocalization, and the threshold was defined as the intensity at
which the first response was observed.

Analysis
The data were analyzed using Excel (Microsoft) and Systat 13
(Cranes Software International Ltd) programs, and the Prism 5
(GraphPad Software) program was used to generate all graphs.
The data are reported as the mean+ standard error of the mean
(SEM) of the percent observations. The training data are shown
in 30-sec bins to correspond with the CS duration. The context
and CS test data are shown in 1-min bins (Supplemental Material)
and 3-min bins along with total context, non-CS, and CS averages.
All comparisons were made using repeated or two-way ANOVAs
followed by Student’s t-test for comparisons between individual
groups. A P-value ,0.05 was considered significant.

Literature search
The reports on fear conditioning in male B6 and D2 mice were col-
lected through the PubMed.gov website. Only reports published
in the last 20 years that looked at male mice in both strains using
either contextual (no CS), delay, or trace fear conditioning were
included.
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