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Fear conditioning, including variants such as delay and trace conditioning that depend on different neural systems, is
widely used to behaviorally characterize genetically altered mice. We present data from three strains of mice,
C57/BL6 (C57), 129/Svim] (129), and a hybrid strain of the two (F, hybrids), trained on various versions of a trace
fear-conditioning protocol. The initial version was taken from the literature but included unpaired control groups to
assess nonassociative effects on test performance. We observed high levels of nonassociative freezing in both
contextual and cued test conditions. In particular, nonassociative freezing in unpaired control groups was equivalent
to freezing shown by paired groups in the tests for trace conditioning. A number of pilot studies resulted in a new
protocol that yielded strong context conditioning and low levels of nonassociative freezing in all mouse strains.
During the trace-CS test in this protocol, freezing in unpaired controls remained low in all strains, and both the
C57s and F, hybrids showed reliable associative trace fear conditioning. Trace conditioning, however, was not
obtained in the 129 mice. Our findings indicate that caution is warranted in interpreting mouse fear-conditioning
studies that lack control conditions to address nonassociative effects. They also reveal a final set of parameters that
are important for minimizing such nonassociative effects and demonstrate strain differences across performance in

mouse contextual and trace fear conditioning.

The majority of animal behavioral models used to evaluate cog-
nition and emotion were developed in rats. However, rapid ad-
vances in neurogenetics has led to explosive growth in the gen-
eration of genetically modified mice that are undergoing behav-
ioral testing with procedures that were established in rats, and in
many cases have not been fully validated in mice. Such valida-
tion is critical because studies have shown that mice often be-
have differently from rats in significant ways (Whishaw and To-
mie 1996; Frick et al. 2000; Podhorna and Didriksen 2005; Cres-
sant et al. 2007). Furthermore, as more information has emerged
concerning mice of different strains, it has become apparent that
each strain has a unique behavioral profile (Upchurch and
Wehner 1988; Crawley et al. 1997; Montkowski et al. 1997;
Holmes et al. 2002; Koopmans et al. 2003; Bothe et al. 2004;
Brooks et al. 2004). Understanding these differences is crucial
because mutants are frequently generated from mice of different
background strains. Thus, it is important to undertake validation
studies in mice to (1) confirm that behavioral performance shows
properties that are commonly ascribed to the test based on work
with other rodent species, and (2) gather data on strains that may
be useful in the interpretation of the behavior of mutant mice.
One behavioral model in which a substantial amount of
testing has been done in different strains of mice and those with
genetic modifications is fear conditioning. Fear conditioning is a
form of Pavlovian conditioning in which an initially neutral
stimulus (conditioned stimulus; CS), usually a tone, is paired
with the presentation of an aversive event (unconditioned stimu-
lus; US), usually a footshock, to elicit fearful behavior character-
ized by robust autonomic responses and a cessation of movement
or freezing (Fanselow and Poulos 2005). After a number of pair-
ings, the fear response can be elicited by presentation of the tone
alone, or by the environment or context in which the pairings
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occurred. Fear conditioning is an ideal behavioral paradigm for
studying cognition-emotion interactions in neurogenetics, be-
cause it has direct translational relevance to human affective dis-
orders (Schneider et al. 1999; Veit et al. 2002; Sommer et al.
2006), it is well characterized behaviorally (Phillips and LeDoux
1992, 1994; Bast et al. 2001), and it is increasingly well under-
stood at neural and molecular levels (Maren and Quirk 2004;
Fanselow and Poulos 2005). Although there are several task vari-
ants of fear conditioning, the two most commonly used variants
are delay and trace conditioning. In delay conditioning, the CS
precedes and overlaps with the US and the critical neural sub-
strate of learning is the amygdala (Maren and Quirk 2004;
Fanselow and Poulos 2005). In trace fear conditioning, the CS
and US are separated by a stimulus-free “trace interval,” and the
critical brain substrates include the hippocampus and prefrontal
cortex in addition to the amygdala (McEchron et al. 1998; Run-
yan et al. 2004; Chowdhury et al. 2005; Misane et al. 2005). Trace
fear conditioning has been used in many mutant mouse models
(Huerta et al. 2000; Crestani et al. 2002; Kinney et al. 2002; Wilt-
gen et al. 2005) and in C57BL/6 mice (Han et al. 2003; Gould et
al. 2004; Weitemier and Ryabinin 2004), but there are little or no
data concerning strain differences in learning, performance, and
nonassociative effects during trace fear conditioning.
Nonassociative effects are apparent in fear conditioning
when the subjects show a fear response to stimuli that have not
been explicitly paired with a fear-inducing event. Such nonasso-
ciative effects can be revealed in studies that include an unpaired
control group. A typical unpaired control group is one in which
the CS and US are presented separately at random intervals,
rather than the CS always preceding the US, so that little or no
association develops between the two stimuli. Nonassociative
processes such as sensitization, pseudoconditioning, novelty
stress, etc., can be evoked by experience with the CS and/or US
per se, and an unpaired group shows whether these nonassocia-
tive effects contribute to freezing behavior, the presumed mea-
sure of the associative fear response. Yet, many mouse studies
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tone presentation, therefore, the first
trial most accurately reflects the re-
sponse of the mice to the tone-CS pre-
sentation and the subsequent trace in-
terval. Notably, little or no difference
was evident between the paired and un-
paired groups in each strain. Indeed, a
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mice; (O) unpaired mice.

have not included such a control in fear conditioning and thus
have no way to detect nonassociative effects (Gould et al. 2004;
Weitemier and Ryabinin 2004; Yee et al. 2004; Misane et al.
2005). When high levels of nonassociative freezing were ob-
served in unpaired controls in one study of trace conditioning in
mice, such behavior was attributed to unavoidable environmen-
tal factors (Huerta et al. 2000).

The goal of the current study was to develop a trace fear-
conditioning protocol suitable for mice that included an un-
paired control group demonstrating low levels of nonassociative
effects on freezing. We also wanted to examine performance
across strains of mice typically used in behavioral studies of fear
and in the generation of genetic models. To accomplish this goal
we tested three different strains of mice (C57BL/6]J; C57, 129Sv/
ImJ; 129, and B6129F1, a hybrid of the previous two; F, hybrid)
on a number of trace fear-conditioning protocols. Results from
our Initial Protocol showed that nonassociative effects can be
quite large, and indicated that all three strains tested performed
similarly. However, after several adjustments to this procedure
we successfully developed a Final Protocol that minimized non-
associative effects and revealed significant strain differences in
response to the trace-CS.

Results

Initial Protocol

Trace fear conditioning under the Initial Protocol involved 3 d of
behavioral experimentation, with a pre-exposure session on day
1, training on day 2, and tests for conditioned freezing on day 3.
A total of 36 subjects (12 from each strain of C57, 129, and F,
hybrid mice) were assigned to either paired or unpaired groups.
The paired groups received four trials in the training session on
day 2, each consisting of a tone CS (85 dB, 20-sec duration) and
a shock US (0.5 mA, 2-sec duration) with those stimuli separated
by a trace interval of 18 sec. The unpaired groups received four
tone-alone presentations during the day 1 pre-exposure session
and four shock-alone presentations during the day 2 session.
Tests for conditioned freezing to the training context and to the
tone cue, the latter assessed in a novel context, occurred during
the third session for all groups; no shocks were given during
testing. Results from the Initial Protocol are shown in Figures 1
and 2. Trace conditioning, as indexed by freezing to the tone-CS
for each of the strains is depicted in Figure 1. Although four
tone—CS tests were given, data from only the first test trial was
analyzed and depicted in the figures. This was because freezing
levels remained high over all test trials subsequent to the first
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Test of trace conditioning to the tone-CS under the Initial Protocol. These data were
analyzed using 3 (Strain) X 2 (Training group) X 5 (Interval) factorial ANOVA (see text for the statis-
tical results). All paired groups of mice responded with a high level of freezing to the tone-CS.
However, of the unpaired groups, only the C57BL/6) mice exhibited somewhat lower levels of freezing
to the tone—CS. There was no significant difference between paired and unpaired overall (no main
effect of Training Group) and no interaction between Training Group and Strain. Behavior during the
interval prior to presentation of the tone-CS (pre-CS period) is indicated at the 20-sec datapoint. The
black bar at the 40-sec interval indicates when the tone-CS was presented; the 60-sec interval en-
compasses the empty trace interval until the shock occurred during training (black arrow). (@) Paired

three-way analysis of variance (ANOVA)
that included Training Group (paired vs.
unpaired) as one factor yielded no main
effect of Training Group overall (Groups,
F(1,30) = 0.001, P = 0.972) and no interac-
tion of Training Group with other fac-
tors (Strain and Interval). That ANOVA
only revealed significant main effects of
Strain (F, 30y = 5.218, P = 0.011) and In-
terval (F4, 120y = 8.232, P <0.0001), the
latter due to an overall increase in freez-
ing during the periods when the tone
was presented (40-sec time block, under-
scored in Fig. 1) and immediately following the tone presenta-
tion (60-sec time block). Overall freezing rates for the Pre-CS
period (20-sec baseline interval) were elevated after the first trial,
but analysis of data averaged across all four trials revealed iden-
tical results to those in trial 1 in all three strains across both
groups (Table 1). Thus, paired vs. unpaired training had no sig-
nificant influence on the response of the mice to the tone cue in
tests for trace conditioning under the initial training protocol.
Figure 2 depicts the level of freezing exhibited by each strain
of mice in both the training context (shaded bars) and in the
novel test context prior to tone presentation (open bars) for the
paired (Fig. 2, left) and unpaired (Fig. 2, right) groups. Contextual
conditioning would be expected to occur in the training context
for all groups and the associative specificity of that learning
would be reflected in the difference in freezing between contexts
(training context, where shock occurred, and novel test context,
in which no shock was delivered). An ANOVA with a mixed 3
(strain) X 2 (groups) X 2 (context) factorial design yielded a sig-
nificant main effect of Context (F 30, = 125.852, P < 0.0001), as
well as a main effect of Strain (F, 30, = 18.036, P < 0.0001) and a
significant Context X Strain interaction (F, 30, = 14.506,
P <0.0001). Simple comparisons revealed that the interaction
was the result of the C57 mice exhibiting significantly lower
levels of freezing compared with the other two strains in the
training context (P < 0.0001), and the 129 mice exhibiting sig-
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Figure 2. Test of contextual conditioning under the Initial Protocol.
There was no overall difference between Paired (left) and Unpaired (right)
groups, but the 12951/Svim] mice exhibited higher levels of freezing to
the testing context compared with the C57BL/6) and B6129F1/) hybrid
mice. Data are presented as mean = SE.
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Table 1. Mean (= SE) freezing rates during the five intervals of the trial epoch, averaged across all four tone-CS trials for paired and
unpaired groups of mice under the Initial and Final Protocols

Protocol Group Strain Pre-CS cs Trace Post 1 Post 2
Initial Paired C57BL/6) 25.63 = 2.97 45.63 = 5.70 43.33 £ 5.28 31.88 + 4.49 27.92 = 4.31
12951/Svim| 51.25 £ 5.47 56.83 + 5.05 57.71 £ 5.49 54.17 = 5.96 49.58 + 6.84
B6129SF1/) 21.88 + 4.93 35.83 + 5.36 41.25 = 6.29 26.04 = 5.49 23.33 = 4.33
Unpaired C57BL/6) 8.96 + 1.83 17.71 £ 3.11 19.79 + 4.18 17.71 = 4.27 13.96 + 3.28
12951/Svim| 45.63 = 4.74 47.08 * 4.63 48.33 = 5.95 47.08 = 6.41 50.21 = 5.63
B6129SF1/) 24.38 + 5.61 34.79 + 5.76 42.71 = 6.22 43.13 = 7.01 38.13 + 6.64
Final Paired C57BL/6) 14.69 + 3.26 53.75 £ 4.21 67.81 + 4.88 50.94 + 5.01 42.38 + 5.38
12951/Svim| 16.09 + 4.39 21.75 + 4.53 22.81 + 4.72 20.15 * 4.69 20.31 = 5.16
B6129SF1/) 8.28 + 2.76 30.47 + 3.23 42.34 = 5.47 41.56 = 12.90 27.98 = 5.32
Unpaired C57BL/6) 7.34 £ 1.21 16.72 + 2.53 20.16 * 3.35 16.41 + 3.89 10 £ 2.75
12951/Svim| 20.31 + 4.53 17.03 + 3.93 19.69 + 3.93 18.91 + 4.37 19.09 + 3.95
B6129SF1/) 16.25 = 3.66 21.72 + 3.88 26.25 £ 5.12 17.34 + 3.66 15.47 + 4.23

Trial periods: (Pre-CS) period prior to tone-CS presentation (20-sec interval); (CS) period of tone-CS presentation (40-sec interval); (Trace) encompasses
the empty trace interval until the shock occurred during training (60-sec interval); (Post 1 and Post 2) periods between end of trace interval and
beginning of next Pre-CS (80- and 100-sec intervals, respectively). ANOVA revealed a pattern of statistical significance that was identical to that reported

for trial 1 alone (see text, Figs. 1 and 4 for further explanation.)

nificantly more freezing compared with the other two strains in
the testing context (P < 0.03). These data demonstrate that under
the Initial Protocol, background strain had an influence on re-
sponse to the two contexts, but Training Group status (paired or
unpaired) did not.

Our comparison between paired and unpaired strains of
mice using the Initial Protocol produced some unexpected re-
sults. In trace conditioning specifically, what might appear to be
conditioning in the paired mice did not differ from the nonas-
sociative sensitization observed in the unpaired mice during tone
cue testing. Futhermore, all mice conditioned to the context, but
strain differences were evident.

Intermediate Protocols

At the conclusion of the Initial Protocol we set out to develop a
procedure that would reduce nonassociative effects but still yield
strong contextual and tone cue (trace) conditioning. To achieve
this goal, several pilots were carried out in which various param-
eters were manipulated either individually or in combination.
These intermediate pilots utilized an additional 117 mice. The
general result of all of the intermediate pilots was that, depend-
ing on the parametric manipulation, conditioning to the context
typically ranged from moderate to strong; freezing to the training
context typically ranged from 40% to 80% and freezing to the
testing context generally ranged from 10% to 20%. However,
freezing to the tone cue remained in the 30%-60% range in both
the unpaired and paired groups of mice of each strain during
many of the intermediate protocols.

Since freezing to the tone in the unpaired groups of mice
was high, we wanted to determine whether the observed sensi-
tization was the result of the tone, the shock, or both. Therefore,
in Pilot 1 we tested three groups of F; hybrid mice: a paired group
(received tone and shock on day 2), a tone only group (received
only tones on days 1 and 2; no shocks) and a shock only group
(received shock on day 2; no tone was presented). All other pa-
rameters remained the same as in the Initial Protocol. The paired
group of mice exhibited high levels of freezing to the training
context (80%) and low levels to the test context (10%), and dis-
played high levels of freezing to the tone cue at test (90%). The
tone-only group did not generally exhibit a freezing response to
the tone or either of the contexts during final testing. The shock-
only group exhibited high levels of freezing to both contexts and
to the tone cue, even though they had not had any previous
experience with the tone. Thus, the experience of being shocked
alone was sufficient to induce sensitization that influenced re-
sponding to many test stimuli in the mice.
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In an attempt to minimize nonassociative effects in the un-
paired groups of mice, the second intermediate pilot (Pilot 2)
included only an unpaired group. Modifications to the param-
eters included increasing the total trial length to 210 sec, while
keeping the tone and shock durations the same as in the Initial
Protocol. In order to keep the length of each day’s session similar
to that of the Initial Protocol, the acclimation time of the mice
on day 1 and day 2 was reduced to 6 min before trials began.
Acclimation time during the day 3 session and all other param-
eters remained unchanged. These manipulations produced re-
sults similar to those of the Initial Protocol with a large amount
of nonassociative freezing (50%-60%).

A subsequent pilot study asked whether the decibel level of
the tone (85 dB) contributed to sensitization. Observations of
mice in the prior protocols during training revealed a pro-
nounced startle response to the 85-dB tone and in the unpaired
groups considerable freezing occurred after the termination of
tone presentation. Loudness of the tone cue was lowered from 85
to 70 dB. Pilot 3 was carried out in paired and unpaired groups of
all three strains. All other parameters were as in Pilot 2. This
eliminated startle responses to the tone, but also reduced the
level of conditioning to the training context (25%-30%) and was
not sufficient to lower levels of freezing during the tone cue test
(30%—-60%) in the unpaired groups.

To address the weakened context conditioning observed in
Pilot 3, the octagon chambers were further altered to better dis-
tinguish them from the square chambers in pilot 4. These alter-
ations consisted of adding black and white tiles to four of the
eight angled walls of the octagon chambers, giving these walls a
checkered pattern that contrasted with the solid Plexiglas walls of
the square chambers. All other parameters were the same as in
Pilot 3. This modification substantially strengthened condition-
ing to the training context in all mice (40%-80%), but also in-
creased the freezing response to the testing context in the un-
paired groups of mice (50%-60%). In addition, freezing to the
tone cue in the unpaired groups still remained comparable to the
paired groups (~50%).

In Pilots 5 and 6, white noise at 70 dB replaced the 2-KHz
pure tone as the CS cue during training and testing, acclimation
time in the testing context on day 3 was reduced to 3 min, the
number of training trials was increased to six, while trial length
was reduced to 150 sec. However, these modifications did not
reduce nonassociative effects.

Pilot 7 used the 2-KHz 70 dB pure tone as the CS in addition
to the modifications made in Pilots 5 and 6 (increased trials,
reductions in trial length, and day 3 acclimation time). These
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parameters yielded excellent contextual learning, e.g., high levels
of freezing to the training context (55%-80%) and low levels to
the testing context (5%-25%). However, substantial nonassocia-
tive effects were still apparent in tests for trace conditioning
(40%-60%).

We next further distinguished the two contexts using olfac-
tory cues. This procedural modification in addition to those out-
lined in Pilot 7 became the Final Protocol detailed in the Mate-
rials and Methods section, which yielded optimal data for trace
conditioning while maintaining strong context conditioning.
Table 2 highlights the key differences between the Initial Proto-
col and the Final Protocol.

Final Protocol

The Final Protocol was tested with a new set of 48 mice (16 of
each strain), and is the protocol we continue to use in the Johns
Hopkins Neurogenetics and Behavior Center with reliable results
consistent with the findings reported here. A schematic of the
Final Protocol is depicted in Figure 3. The results from the Final
Protocol are shown in Figures 4 and 5. As shown in Figure 4, the
test of trace conditioning to the tone-CS yielded low levels of
freezing in the unpaired groups, indicating little sensitization or
pseudoconditioning. Both C57BL/6]J and F, hybrids showed
evidence of associative learning as indicated by greater responses
in the paired groups relative to unpaired groups for those
strains. However, the 129S1/Svim] mice failed to exhibit trace
conditioning with low levels of freezing in the paired group, not
differing from performance in the unpaired group. This was con-
firmed by a mixed four-way factorial ANOVA, which revealed
significant main effects of Strain (F, 3¢ = 5.382, P =0.009),
Group (F(; 36 = 14.105, P =0.001), Odor Order (F 34 = 0.037),
and Interval (Fy 144y = 18.931, P <0.001), as well as significant
interactions of Strain X Group (F, 3¢ = 5.221, P =0.010),
Strain X Interval (Fg 144, =5.671, P <0.001), Interval X Group
(F4,144 = 4.726, P =0.001), and Strain X Group X Interval
(Fg,144) = 2.991, P =0.004). The three-way interaction was
mainly due to the Strain X Group effect. Both the paired C57
and paired F, mice increased freezing at the second sampling
interval (40 sec) when the tone was presented, freezing that re-
mained high throughout the entire trial epoch. However,
the level of freezing in the paired 129 mice remained low for
the entire trial epoch. Indeed, further analysis of the
Strain X Training Group interaction showed that, among the
paired groups of mice, the C57 mice froze significantly more
compared with the F;, mice (P =0.0482) and the 129 mice
(P =0.0028). In contrast, there were no significant strain differ-
ences among any of the unpaired groups of mice. Post hoc com-
parisons of the paired and unpaired mice by strain revealed a
significant group difference in the C57 mice (P < 0.0001), and the
F; mice (P =0.0183), but there was no difference between the
paired and unpaired groups of 129 mice. As in the Initial Proto-

Table 2. Changes in key parameters from the Initial Protocol to
the Final Protocol

Protocol Parameters Initial Protocol Final Protocol

No. of training trials Four Six
Decibel level 85 dB 70 dB
Trial length 150 sec 100 sec
Context variables No Odors Odors
Pre-exposure time (day 1) 20 min 12 min
Acclimation (day 2) 10 min 4 min
Behavioral observation time (day 3) 5 min 3 min

See text (“Intermediate Pilots” in Results section) for details on all pro-
cedural variations.
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Figure 3. Schematic representation of the 3-d trace fear-conditioning
procedure for the Final Protocol. Note that the times represented by the
dashed lines are not repeated.

col, only the first of the four tone-CS trials was included in the
analysis. In contrast to the Initial Protocol, averages of all four
trials under the Final Protocol (cf. Table 1 and Fig. 4) show that
the overall freezing rates for the Pre-CS period were not elevated
after the first trial. Similar to the Initial Protocol, results of
ANOVA of data averaged across all four trials were identical with
those of trial 1.

Odor Order was included as a factor in the analysis of the
data from the Final Protocol to determine whether or not this
variation affected the results. Analysis shows that this factor al-
tered levels of freezing as a main effect, but it did not have an
impact on strain differences on trace conditioning, as it did not
significantly interact with any other factor.

Figure 5 shows the level of freezing exhibited by the paired
and unpaired groups of mice for each strain during testing in
both the training (shaded bars) and testing (open bars) contexts
for paired (Fig. 5, left) and unpaired groups (Fig. 5, right). In
contrast to the results of trace conditioning, context condition-
ing was robust for all strains of mice. The ANOVA (mixed four-
way factorial design) yielded only a significant main effect of
Context (F(; 36, = 149.473, P < 0.001). Thus, all mice, regardless
of strain or training group, responded with equivalent high levels
of freezing in the training context and similar low levels of freez-
ing in the testing context. In contrast to the Initial Protocol,
strain differences in contextual freezing were not present with
the modified protocol.

Thus, with the Final Protocol, we were able to (1) eliminate
nonassociative effects in tone trace fear conditioning, (2) elimi-
nate strain differences in contextual fear conditioning, (3) disas-
sociate strain effects on contextual vs. trace fear conditioning.

Discussion

The parameters of the Initial Protocol produced strain differences
in contextual conditioning whereby C57 mice showed less asso-
ciative freezing and 129 mice showed more nonassociative freez-
ing than their counterparts in the other strains. The Initial Pro-
tocol also produced a freezing response to the tone cue, but this
effect was predominantly the result of nonassociative effects of
CS-US presentations, as the unpaired groups of mice also exhib-
ited a robust response to presentation of the tone cue during
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B6129SF1/J 1999; Nader et al. 2000; Holmes et al.
2002; Kinney et al. 2002; Quinn et al.
2002; Laxmi et al. 2003; Chowdhury et
al. 2005; Fendt et al. 2005). It is also un-
likely that there are strain differences in
sensitivity to the shock US. The fact that

all three strains showed robust contex-
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Figure 4. Test of trace conditioning to the tone—-CS under the Final Protocol. All unpaired groups of
mice exhibited low nonassociative effects and low levels of freezing to the tone cue. Strain differences
were evident under the Final Protocol. Only the C57BL/6) mice exhibited robust conditioning to the
tone-CS, while the B6129SF1/] hybrid mice exhibited conditioning, but at a lower level. The 12951/
Svim] mice failed to condition to the tone-CS. The 20-sec interval represents the 20 sec prior to
presentation of the tone-CS (pre-CS period); the black bar (40-sec interval) indicates when the tone-
CS was presented; the 60-sec interval encompasses the trace interval and the time period when the
shock occurred during training (black arrow). Note that freezing levels peaked at this time point. (@)

Paired mice; (O) unpaired mice.

testing. After modifying several experimental parameters, we
generated a protocol that produced high levels of freezing in the
training context and low levels of freezing in the testing context
across all three strains. Moreover, this protocol eliminated non-
associative effects in response to the tone cue, and revealed a
difference between the paired and unpaired groups and between
strains during the trace-conditioning test.

Modification of experimental parameters reduced
nonassociative effects

In developing the Final Protocol, experimental parameters were
not manipulated in a fully systematic, stepwise fashion. Experi-
mental parameters were manipulated both one at a time and in
combination. In some cases experimental parameters were ma-
nipulated more than once, either alone or in combination with
others. As a result, our data do not conclusively indicate which
parameter(s) contributed most to the different outcomes be-
tween the Initial and Final Protocols. However, the data suggest
that tone intensity and the addition of odor to the context were
each important modifications. It is also notable that in both pro-
tocols a period of pre-exposure to the training context was in-
cluded, and that CS and US were unpaired by presenting them on
separate days.

We reduced the tone intensity from 85 to 70 dB because we
observed that at the higher decibel level the response of the mice
resembled unconditioned fear to loud noise or a startle response
(Bullock et al. 1997; Logue et al. 1997; Willott et al. 2003). That
is, when an 85-dB tone was presented, mice frequently responded
by freezing independent of a history with shock. Thus, immedi-
ately after tone presentation, mice in the paired group would
freeze before presentation of the shock, and mice in the unpaired
group would freeze even though no shock had been presented.
The 70-dB tone provided a cue that was salient but that did not
elicit an unconditioned freezing and/or startle response. Thus,
the associative properties of the CS were maintained while elimi-
nating nonassociative aversive properties of the auditory cue.

It has been reported that some strains of mice, particularly
C57 mice, experience some loss of hearing as they age (Zheng et
al. 1999; Johnson et al. 2000; Davis et al. 2001; Francis et al.
2003). This loss is typically restricted to frequencies above 16 kHz
starting at 6 mo of age (White et al. 2000; Prosen et al. 2003). In
the current study, the tone cue was presented at 2 kHz to ensure
that it was detectable by all strains tested. Moreover, this fre-
quency is within the range of frequencies commonly used in fear
conditioning to test both rats and mice (0.8-5 kHz) (Schafe et al.
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tual conditioning indicates that all mice
detected and could process the shock as
an aversive event.

Adding an odor to one of the two
contexts also likely had an impact on
the differing outcomes between the Ini-
tial and Final Protocols. This is an ele-
ment of context that only a handful of
laboratories have used (Cook et al. 2002;
Wrenn et al. 2002; Balogh and Wehner
2003; Bothe et al. 2004; Gould et al.
2004), and we believe it reduced effects
unrelated to tone-shock associations by
making the contexts more distinguishable. Although the visual
(checkered vs. solid colored walls) and tactile elements (smooth
vs. grid floor; square vs. octagon shape) yielded discriminable
contexts in the Initial Protocol, as reflected in the different levels
of freezing to the two contexts in the initial study, the addition
of odor to one of the two contexts during the Final Protocol
provided a distinguishing element in a sensory modality that is
highly salient to mice (Doty 1986; Beauchamp and Yamazaki
2003; Breer 2003). The effectiveness of this manipulation sug-
gests that it further reduced generalization across the training
and test contexts, generalization that may have played a role in
the nonassociative responding observed in the Initial Protocol.

Pre-exposure was included as part of both the Initial and
Final Protocols because it allowed the mice to acclimate to the
training environment before training began. By reducing the pre-
exposure time and the acclimation time before the training and
test phases, we reduced the amount of time that the mice had to
explore when first introduced into the chambers on all days. This
modification may have favorably contributed to the results, be-
cause less reduction in exploratory activity provided a better
baseline for assessing the tendency to freeze. In addition, we
avoided unpaired presentations of the CS and US within the
same training session (“same day” method), in favor of an un-
paired procedure involving presentation of the CS during the
first session on day 1, and US during the second session on day 2.
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Figure 5. Test of contextual conditioning under the Final Protocol. All
three strains of mice and both Paired (left) and Unpaired (right) groups
exhibited high levels of freezing to the training context and low levels to
the testing context, indicating low levels of nonassociative effects.
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We chose this “separate day” method because pilot studies sug-
gested that it substantially reduces nonassociative freezing to the
novel context (from 80% to 40%; data not shown).

One important parameter that we did not change through-
out testing was the length of the trace interval. Many studies
have used short trace intervals ranging from 1 to 2.5 sec (Crestani
et al. 2002; Holmes et al. 2002; Kinney et al. 2002; Wrenn et al.
2002), but evidence suggests that intervals this short do not en-
gage the hippocampus and may therefore be more similar to
delay fear conditioning, in which there is no interval between CS
and US presentation (Chowdhury et al. 2005; Misane et al. 2005;
Wanisch et al. 2005). Still others have used longer trace intervals
ranging from 20 to 30 sec (Huerta et al. 2000; Weitemier and
Ryabinin 2003; Gould et al. 2004; Yee et al. 2004; Wiltgen et al.
2005). We chose an 18-sec trace interval because studies that
have examined the role of the hippocampus in trace fear condi-
tioning at multiple interval lengths (1-60 sec) have reported that
a 15-20 sec interval is most effective at engaging the hippocam-
pus (Chowdhury et al. 2005; Misane et al. 2005; Wanisch et al.
2005).

As mentioned above, our data do not conclusively indicate
which of the parameters contributed most to the different out-
comes between the Initial and Final protocols. Therefore, it
would be worthwhile to examine each of the parameters more
systematically in future studies, particularly the addition of odor
cues and the intensity of the tone-CS.

Inclusion of an unpaired control group may help

to more clearly identify differences between mouse
strains

The inclusion of an unpaired control group is not new, but most
of these studies have been in rats (Phillips and LeDoux 1994;
McEchron et al. 1998; Contarino et al. 2002; Majchrzak et al.
2006), and to date, only one other study has included an un-
paired control group in the examination of trace fear condition-
ing in mice. Huerta et al. (2000) examined trace fear conditioning
in knockout mice lacking NMDA receptors in the CA1 pyramidal
cells of the hippocampus. As a pseudo-conditioning control (un-
paired), these investigators trained mice using a “same day” pro-
cedure to deliver 10 random presentations each of tone and
shock. The control group (paired) received 10 CS-US pairings.
Their results showed that during testing in a novel context, the
unpaired controls exhibited a 50% freezing level. Although this
was statistically lower than the reported freezing level of the KO
mice (80%), a 50% freezing level strongly suggests high levels of
nonassociative effects. In addition, when tested for conditioning
to the tone cue, the unpaired (pseudo-control) mice exhibited an
average of 40% freezing over three tone presentations. The per-
formance of the pseudo-conditioning control group in the
Huerta et al. (2000) study is similar to that of the unpaired group
of the current study under the Initial Protocol. Huerta and col-
leagues suggest that this is due to “unavoidable factors in the
experimental environment.” However, our results under the Fi-
nal Protocol show that such affects are avoidable.

Several studies have compared the performance of various
strains of mice on fear conditioning. All have included C57 mice,
many include one or several substrains of 129 mice, and a few
have included hybrids of 129 and C57 (Paylor et al. 1994; Owen
et al. 1997; Stiedl et al. 1999; Balogh et al. 2002; Cook et al. 2002;
Balogh and Wehner 2003; Bothe et al. 2005). For the most part,
these studies have focused on delay conditioning and have re-
ported strain-dependent differences in conditioning either to the
context, the auditory cue, or both. To date, only one study has
examined trace fear conditioning in different strains, but no un-
paired control groups were included (Holmes et al. 2002). In the
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Holmes et al. (2002) study, males and females of three strains
(C57, DBA, and 129S6) were trained with four CS-US pairings
using an 80-dB tone and a short 2.5-sec trace interval between
presentation of CS and US. The contexts in that study differed
not only in visual (color) and tactile (shape, texture) elements,
but also included an olfactory element. Those procedures are
similar to the current study with the exception that Holmes and
colleagues included odor only in the testing context, whereas in
the current study, presence of odor was counterbalanced across
both testing and training contexts (see Materials and Methods).
They reported no conditioning in DBA mice, but found that the
129 and C57 mice conditioned to the context and the trace-CS
cue. Moreover, they reported that freezing in the testing context
was <20%. Their context conditioning results are similar to those
of the current study, but the cue (trace) conditioning results dif-
fer in that we observed differences between the strains and they
did not. Since no unpaired control group was included in the
Holmes et al. (2002) study, it is possible that nonassociative ef-
fects contributed to their findings. However, it should be noted
that the two studies tested different substrains of 129 mice, and
it is also possible that the difference in cue trace conditioning was
mediated by genetic background. Under the Final Protocol of the
current study, all three strains of mice conditioned equally well
to the context but conditioned differently to the trace-CS. This
difference is not altogether surprising, as it is well documented
that each strain of mice has a different behavioral profile (Up-
church and Wehner 1988; Voikar et al. 2001; Wolff et al. 2002;
Brooks et al. 2004).

Strain differences in hippocampal processing of trace
interval

In trace fear conditioning, two different types of hippocampal-
dependent conditioning take place. One is the conditioning to
the context as a result of associations between the context and
the US, and the other is conditioning to the discrete CS over a
trace interval (Phillips and LeDoux 1992; McEchron et al. 1998;
Quinn et al. 2002). It has been established in rabbits (Moyer et al.
1990; Kim et al. 1995; McEchron et al. 2000), rats (Fendt et al.
2005; Quinn et al. 2005; Bangasser et al. 2006), and more recently
in mice (Weitemier and Ryabinin 2004; Chowdhury et al. 2005;
Misane et al. 2005; Wanisch et al. 2005) that conditioning to the
trace-CS requires the hippocampus. In the current study, all
three strains of mice tested, regardless of group status (paired or
unpaired), exhibited robust conditioned response (freezing) to
the context, indicating that this aspect of hippocampal function
is intact. However, in trace conditioning we observed a strain
difference (Final Protocol). We found that the F, hybrid mice
exhibited less conditioning than the C57 mice, and that the 129
mice failed to condition to the trace-CS at all. Moreover, the C57
mice exhibited peak levels of freezing during the trace interval
period. That all of the strains conditioned to the context equally,
but exhibited differences in trace conditioning, raises the possi-
bility that these two aspects of hippocampal-dependent associa-
tive learning can be dissociated, that other brain systems may be
involved in the difference, or that the two tasks are differentially
sensitive to hippocampal disruption.

Summary and conclusions

In summary, we have shown that typical fear-conditioning pro-
cedures in mice can engage nonassociative processes that can be
misleading if nonassociative control conditions are not included
in the experimental designs. Here we demonstrate the develop-
ment of a protocol for trace fear conditioning in mice that uses
unpaired controls and produces strong contextual conditioning
in all mouse strains tested, and clear trace fear conditioning in
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paired groups relative to unpaired control groups during trace-CS
testing, in some commonly used strains. This protocol revealed
strain differences in trace-CS conditioning; C57 and F, hybrid
mice exhibited trace conditioning, but the 129 mice failed to
condition to the trace-CS. Given that the C57 mice conditioned
well to both context and the trace-CS, it is fair to say that the
Final Protocol is optimized for C57 mice. Therefore, it is still
possible that a protocol could be better optimized for 129 or F,
hybrids, such that each would show improved trace-CS condi-
tioning. The parameters in the current study were also optimized
for use in a trace fear-conditioning procedure; therefore, we can
draw no conclusions about how well the same set of parameters
would serve conditioning in a delay fear procedure. These con-
siderations highlight the need to include adequate analysis in the
selected strains used in neurogenetics and behavioral studies.

It is sometimes argued that including an unpaired control in
every test of mouse conditioning is impractical based on the
added cost, especially when testing transgenic or knockout mice
that are only available in limited supply. However, our results
show that nonassociative effects are prevalent in mouse condi-
tioning and this can produce both false positives and negatives in
behavioral outcomes. Such imprecision in behavioral character-
ization could prove even more costly over the long run, as ge-
netically modified mice are increasingly used in studies designed
to discover the cellular and molecular mechanisms of behavior.

Materials and Methods

Subjects

A total of 84 mice were used for the initial and final experiments.
The subjects were male mice, 14 each of the strains C57BL/6
(CS57), 12981/Svim] (129), and a hybrid strain B6129S1 (F, Hy-
brids) derived from crossing the former two strains. Mice were
obtained from Jackson Laboratory at 6-8 wk of age and were 8-10
wk of age at the time of testing. Food and water were available ad
libitum. The vivarium was maintained at 25°C and on a 12:12 h
light:dark cycle with lights on at 07:00 h. All animal procedures
were in accordance with approved institutional animal care pro-
cedures and NIH guidelines.

Initial Protocol

Apparatus

The trace fear-conditioning task was carried out in square (17.78
cmn W X 17.78 cm D X 30.48 cm H, Coulbourn) and octagonal
(rad 21.59 cm, 30.48 cm H, Coulbourn) chambers. During train-
ing each chamber was equipped with a grid floor through which
a footshock could be delivered. During testing, the grid floors
were replaced with a solid, black-colored wooden floor coated
with a clear sealant. The walls of the chambers were made of clear
Plexiglas. All of the chambers were mounted within specially
designed sound-attenuating shells constructed of polypropylene
and PVC. Each shell was equipped with an exhaust fan (which
also served as a background noise generator), a speaker mounted
on the back wall through which a tone could be delivered, and a
red ambient (7 W) overhead house light. The tone and shock
were created via a peripheral Coulbourn programmable tone gen-
erator (model #A69-20) and Coulbourn programmable precision-
regulated animal shocker (model #H13-16), and all stimuli onset
and duration were controlled by a PC interfaced with Coulbourn
Graphic State software. All chambers were cleaned with 70%
ethanol before and after each use.

Procedure

Procedures for the Initial Protocol involved three phases: (1) pre-
exposure, which allowed the mice to acclimate and become fa-
miliar with the training chamber, (2) training, during which the
mice were presented with the CS and or US stimuli, and (3) test-
ing, in which mice were observed for freezing in response to each
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context and to the tone and trace-CS. Each phase occurred at
24-h intervals.

Pre-exposure

On day 1, all mice were individually placed into a training cham-
ber for 20 min. The mice assigned to the unpaired groups (six
each C57, 129, and F, hybrids) were allowed to acclimate for 10
min. After the acclimation period, an 85-Db tone was presented
for 20 sec, followed by a 130-sec interval. This was repeated four
times for a total of four tone presentations over a total time
period of 10 min. The mice assigned to the paired groups (six
each C57, 129, and F, hybrids) were allowed to acclimate for 20
min, and no tones were presented during this time.

Training

On the training day (day 2), mice were individually placed into
the same training chamber as on day 1, and all mice were allowed
to acclimate for 10 min, after which conditioning trials began.
Training consisted of four 150-sec conditioning trials. For the
unpaired groups of mice, each trial began with a 58-sec interval,
followed by presentation of a 2-sec footshock (0.5 mA), followed
by another interval period of 90 sec. No tones were presented to
these mice. For the paired groups of mice, each trial began with
a 20-sec baseline interval, followed by presentation of a 20-sec
tone (85 dB; conditioning stimulus, CS), followed by an 18-sec
trace interval, followed by presentation of a 2-sec footshock (0.5
mA; unconditioning stimulus, US), followed by a 90-sec post
shock interval. At the end of the last trial, all mice were removed
from the chamber and returned to their home cage.

Testing

On the testing day (day 3) mice were individually placed into the
same chamber (familiar context) as on the training day (day 2)
and allowed to move about freely for 5 min (training context
test). Mice were then removed and returned to the home cage for
2 min. Mice were then placed in the test chamber, which was
different from the chamber of the training day (novel context;
i.e., if a mouse was trained in a square chamber, it was tested in an
octagonal chamber, or vice versa) and allowed to move about
freely for 5 min (novel context test). Following this, CS-alone test
trials were run to assess responses to the tone cue (against the
novel context “background”), as a measure of trace conditioning.
All mice received four 150-sec test trials. For all mice, each trial
began with a 20-sec baseline interval, followed by presentation of
a 20-sec tone (85 dB), followed by a 110-sec interval (20-sec trace,
90-sec post-trace). At the end of the last trial, all mice were re-
moved from the chamber and returned to their home cage.

Scoring

All scoring was done at the conclusion of testing from video by a
trained observer blind to experimental conditions. During this
time the amount of freezing was observed in 1-sec increments
throughout each context test exposure and each 150-sec trial
epoch (20-sec baseline, 20-sec tone, 20-sec trace, 90-sec post-trace
period). Scoring occurred throughout the entire trial epoch and
intertrial interval.

Final Protocol

Apparatus

The training and testing chambers for the Final Protocol were
identical to those used under the Initial Protocol with the fol-
lowing noted modifications: the octagonal chambers were fur-
ther altered such that the Plexiglas walls were interspersed with
opaque black and white tiles to form a checkered pattern along
four of the eight angles. Furthermore, half of the square cham-
bers and half of the octagonal chambers were scented with three
drops of vanilla extract added to the drop pan.
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Procedure

To arrive at the final protocol, several parameters from the initial
protocol were manipulated either in combination or alone. These
manipulations took place over a series of seven pilot studies that
occurred between the experiments described under the Initial
Protocol and those described under the Final Protocol (see “In-
termediate Pilots” in Results). Procedures for the Final Protocol
were similar to those for the Initial protocol with the following
noted exceptions:

Pre-exposure

During pre-exposure (day 1) the acclimation period was short-
ened to 2 min before tone presentation began for the mice as-
signed to the unpaired groups (eight each for C57, 129, and F,
hybrids). For those mice, presentation of the 20-sec tone cue was
followed by an 80-sec interval, and was repeated a total of six
times. For the mice assigned to the paired groups (eight each C57,
129, and F, hybrids) the acclimation period was 12 min, corre-
sponding to the duration of the pre-exposure session for the un-
paired groups.

Training

On the training day (day 2) the acclimation period was 4 min, six
conditioning trials involving a 70-dB tone-CS and a 2-sec, 0.5
mA shock US were run in trial epochs that lasted 100 sec (includ-
ing the intertrial interval). For the paired groups of mice, each
trial consisted of a 20-sec “baseline” interval, a 20-sec tone pre-
sentation, an 18-sec trace interval, a 2-sec shock, and a 40-sec
postshock interval. Trials were the same for the unpaired groups
of mice except that the tone was omitted (i.e., a 58-sec interval,
a 2-sec shock, and 40-sec postshock interval).

Testing

On the testing day (day 3), mice were allowed to move about
freely in the training (familiar) and test (novel; i.e., if a mouse
was trained in a square unscented chamber, it was tested in an
octagonal scented chamber) contexts for 3 min. All mice received
four 100-sec testing trials. For all mice, each trial began with a
20-sec interval and the 20-sec 70 dB tone presentation was fol-
lowed by a 60-sec interval.

Scoring

Scoring was carried out throughout the 100-sec trial epoch as
described under the Initial Protocol.
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