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Differences in Memory Development among
C57BL/6NCrl, 129S2/SvPasCrl, and FVB/NCrl Mice
after Delay and Trace Fear Conditioning

Amelia March, David Borchelt, Todd Golde, and Christopher Janus”

Fear-conditioning testing paradigms have been used to study differences in memory formation between inbred mouse strains,
including numerous mouse models of human diseases. In this study, we characterized the conditioned fear memory of 3 inbred
strains: C57BL/6NCrl, 129S2/SvPasCrl, and FVB/NCrl, obtained from Charles River Laboratories. We used 2 training paradigms:
delay conditioning, in which an unconditional stimulus coterminates with the presentation of a conditional stimulus, and trace
conditioning, in which the conditional and unconditional stimuli are separated by a trace interval. In each paradigm, we evaluated
the recent (3 d) and remote (25 d) memory of the mice by using a longitudinal design. Our results showed that both C57BL/6NCrl
and 129S2/SvPasCrl mice developed strong and long-lasting context and tone memories in both paradigms, but FVB/NCrl mice
showed a weaker but nevertheless consistent tone memory after delay training. Tone memory in the FVB strain was stronger
in male than female mice. The remote tone memory of 129S2/SvPasCrl mice diminished after delay training but was stable and
stronger than that of C57BL/6NCrl mice after trace training. In conclusion, both C57BL/6NCrl and 12952/SvPasCrl mice showed
reliable and long-lasting fear memory after delay or trace training, with 129 mice showing particularly strong tone memory af-
ter trace conditioning. The FVB/NCrl strain, especially male mice, showed reliable tone fear memory after delay training. Our
findings confirm that both C57BL/6NCrl and 129S2/SvPasCrl mice develop strong context and tone memory in delay and trace

fear-conditioning paradigms.

Abbreviation: FC, fear conditioning

Fear conditioning (FC), a form of Pavlovian associative learn-
ing, can be rapidly acquired by animals and is long-lasting.*
In this test, animals develop an association between an initially
neutral explicit cue (a tone or light) and the context of the training
chamber, as a conditional stimulus (CS), with an aversive un-
conditional stimulus (US), such as a foot shock.?# Subsequently,
they express signs of fear response in the presence of one or both
CS. The fear response manifests itself behaviorally as cessation of
movements (that is, freezing), which represents a defensive re-
sponse in rodents.”!? FC paradigms have frequently been used to
identify neural and molecular mechanisms of memory formation
in rats,#*2#42 to identify the genetic underpinnings that modu-
late memory in mutant mice,>*!5?%4365 and to evaluate cognitive
decline in genetic mouse models of human disorders."18%%5

One of the important issues in studies using laboratory inbred
strains of mice relates to their broad behavioral variability, includ-
ing cognitive function.>11258% This variability is confounded
further by the differences between substrains related to the origin
of the stock or a supplier. For example, 129/SvEvTac mice are
good learners in the Morris water maze spatial reference memory
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task and show reliable startle reflexes, whereas 129 /Sv] mice are
poor learners and show reduced startle response (reviewed by
20, 59, 60). Such variability in cognitive function between strains
or their origin might present serious confounds during the inter-
pretation of results related to memory decline in mutant mice or
mouse models of human diseases.””* For example, the genetic
background of mouse models of Alzheimer disease-like amy-
loidosis may significantly affect amyloid-f brain pathology,***
metal metabolism,” immune response,” and behavior.*>* Less
is known about the variability between differences of subtypes
of strains coming from different suppliers. We recently obtained
C57BL/6NCrl, 12952 /SvPasCrl, and FVB/NCrl inbred strains
of mice with the purpose of using these strains in the generation
of somatic transgenic lines of mouse models of neurodegenera-
tion.*#* In the present study, we evaluated their baseline cognitive
function in FC testing, which has been used in our laboratory to
assess the mnemonic function of mouse models of Alzheimer
disease-like amyloidosis.®

We used delay and trace FC tests to evaluate the efficacy of
each paradigm in eliciting conditioned fear memory in each
strain. The delay paradigm, which most frequently is used to
test memory in mouse strains,>*!12%8% has recently been used
to evaluate the 129 and C57BL/6] strains,'® whereas the trace
paradigm has been used to compare the C57BL/6] and FVB/
NJ strains.” Recently other colleagues compared C57BL/6] and



12951/SvIm] strains and reported that 12951/SvIm] did not
develop fear memory after trace conditioning training.”” How-
ever, the strains used in all of these previously studies originated
from a single vendor, which was different from the supplier from
which we purchased the mice for the current study. We chose the
C57BL/6 strain as the most suitable for behavioral studies,**
the 129 strain because it is often used as the original background
for targeted mutations,®* and the FVB strain, because some of
the available mouse models are still generated or maintained, at
least initially, on this genetic background.”*’ FVB mice often are
used for pronuclear injections,” and although they are known to
be visually impaired,” they reportedly develop reliable memory
in nonvisual hippocampal tasks, including contextual memory
following trace FC training.”® We tested the contextual and tone
fear memories of the mice after 3 to 4 d and after 24 to 25 d after
CS-US pairing, thus corresponding to recent and remote memo-
ries, respectively,*>”*# by using a longitudinal experimental de-
sign. We report that C57BL/6NCrl mice showed the strongest and
most stable contextual memory in both paradigms and strong
tone memory following delay training. In comparison, 12952/
SvPasCrl mice showed overall less robust contextual memory
but showed the strongest and stable tone-fear memory following
trace training. The FVB/NCrl mice were the poorest perform-
ers and showed reliable and stable tone memory, which was sig-
nificantly stronger in male than in female mice, only in the delay
paradigm.

Materials and Methods

Mice. The FVB/NCrl, C57BL/6NCrl, and 12952 /SvPasCrl
strains (n = 96, 32 mice per strain, 16 mice of each sex per strain)
were purchased from Charles River Laboratories (Wilmington,
MA) at the age of 10 wk. Mice were housed in same-sex groups of
2 to 4 in ventilated mouse cages (29 x 18 x 13 cm) under standard
laboratory conditions (12:12-h light:dark cycle; lights on, 0600)
with a room temperature of 22 °C, and water and food available
ad libitum. After 2 wk of the acclimation to the colony facility, the
cohort was divided randomly into 2 groups (balanced according
to strain and sex), which then were allocated randomly to delay
and trace FC training paradigms. During the week before the
tests, mice were handled twice daily according to the ‘cupped
hand” method. In this method mice were scooped up, allowed to
stay on the experimenter’s cupped hand and were transferred to
the holding cage, without direct physical restraint.’” Physical re-
straint associated with picking up the mice and restraining them
by their tail increases anxiety responses in mice,” which might
affect their exploration during training and subsequent freez-
ing in contextual and tone tests. During the period of handling,
male mice in some cages (1 B6 cage in delay, and 1129 and 1 FVB
cage in trace conditions) showed signs of aggressive interactions
and consequently were split into groups of 2 mice per cage. This
procedure prevented the escalation of aggressive interactions.
All female mice were kept in groups of 4 per cage. Tests were
performed during the light phase between 0900 and 1400. All
experimental procedures were approved by the IACUC of the
University of Florida and were in accordance with guidelines
from AAALAC and in accordance with all applicable federal
regulatory policies.

FC test. Apparatus. Conditioning was completed in 4 identi-
cal chambers (25.3 x 29.5 x 29.5 cm; Coulbourn Instruments,
Harvard Apparatus, Holliston, MA) as described.® The total
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floor area of each chamber was 746 cm?. The chambers were
constructed from aluminum (sidewalls and ceiling) and acrylic
(rear and front walls) materials. The chambers were placed indi-
vidually in sound-attenuated cabinets with black interior walls
(interior dimensions, 43.3 x 55.3 x 58.5 cm), which were located
in a dedicated experimental room. A ventilation fan in each cabi-
net provided 50 dB of background noise, and a 24-V DC white
light, mounted on the wall of each chamber, provided illumi-
nation (65 Ix at the floor level). A speaker mounted in the wall
opposite to the light delivered an acoustic CS. The floor of each
chamber consisted of 26 stainless steel rods (diameter, 3 mm in
diameter; spaced 11 mm center to center) and was wired to a
precision-regulated shocker (H13-15, Coulbourn Instruments).
A camera mounted above the chamber enabled recording of
mouse activity. Freezing response, defined as the cessation of
all movements other than respiratory activity,* was evaluated
with the aid of a software program (version 3.06, FreezeFrame,
Actimetrics, Wilmette, IL). The program monitors movements
of a mouse as many as 4 times per second and analyses differ-
ences in image sequences by comparing pixel activation in sub-
sequent frames. The software can detect the minute movements
of grooming, sniffing, turning, and rearing and exclude them
from freezing analysis. A proprietary motion-detection algo-
rithm filters out shadows, light flicker, and camera noise and de-
tects movements as small as 1 mm. The threshold of the minimal
duration of freezing bout was set to 0.75 s, after observations that
shorter bouts were not scored as freezing by human observers
and usually reflected brief pauses during exploration or short
sniffing bouts. The final freezing score was expressed as the per-
centage of the time spent freezing throughout the test period.

Conditioning procedure and memory tests. In both paradigms,
mice were trained during a single session (day 1) of the experi-
ment (Figure 1). Mice were transported to the chambers in indi-
vidual containers filled with bedding from the home cage. During
training, mice received 2 pairings between a tone (CS: 80 dB; pulse,
6 clicks per second; duration, 30 s) and a 0.45-mA foot shock (US;
duration, 2 s). In delay conditioning, the shock coterminated with
the tone, whereas in trace conditioning, a 30-s trace interval sepa-
rated the termination of CS from the onset of foot shock (Figure 1).
The 2 CS-US pairings were separated by 60-s intervals. The train-
ing session ended with a 60-s posttraining period, bringing the
session to a total of 300 s in both paradigms. After a day of re-
covery (day 2), the mice were tested for fear-induced contextual
memory by exposing them to the original training context on
day 3; the test, carried out in an extinction mode, lasted 300 s. On
day 4, the mice were tested for tone-induced fear memory. The
tone test was run in a modified chamber, with the floor and the
walls replaced by plastic inserts (opaque white for the floor and
semitransparent white at the front and opaque black at the back
for the walls), changing the geometry of the chamber by eliminat-
ing corners and yielding a total floor area of the modified cham-
ber of about 671 cm?. These modifications did not change the light
intensity in the chamber. A culture dish containing a drop of mint
extract (McCormick, Sparks, MD) was placed underneath the
floor of each chamber to provide a distinct novel odor. During the
test, the mice were allowed to explore the modified environment
for the first 180 s; during the second 180 s, a tone (CS) with the
same characteristics as that used during training was delivered
(Figure 1). The mice were retested for remote contextual and tone
fear memories after 20 d (days 24 and 25, respectively).
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Figure 1. Schematic representation of the stimuli parameters used in delay and trace conditioning paradigms of the study. On day 1, mice were exposed to
2 pairings between an 30-s auditory CS+ and a brief (2 s) foot shock (US). During delay training, the presentations of CS+ and US overlap and coterminat-
ed, whereas during trace training, the CS, and US were separated by a 30-s trace interval (T1). After 1 d of recovery (day 2), the memory of the association
between the training context and US was evaluated on day 3, and the memory of the association between the tone CS and US was assessed on day 4. The
tests were repeated on days 24 and 25, respectively. Both tests were performed in the extinction mode, with no foot shock administered during testing.

Statistical analyses. A general linear model of factorial ANOVA
(SPSS version 20, Chicago, IL), with type of conditioning (delay
compared with trace), strain (B6, 129, FVB), sex (males compared
with females) as between subject, and memory retention (re-
cent compared with remote) as within-subject factors was used
to analyze the data. Partial eta squared (n, ) is reported as the
estimate of the degree of association between main factors and
conditioned context and tone memories.*” Simple effects were
evaluated by using one-way ANOVA. Bonferroni adjustment of
o level (MODLSD Bonferroni ¢ tests, SPSS version 20) was ap-
plied in multiple planned comparisons. Comparisons between
2 independent groups were done by using Student ¢ tests. The
critical o level was set to 0.05, and all values in the text and figures
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represent means = SEM. Due to limitations in space and because
of the considerable number of analyses, only significant results
are reported.

Results

Training. Exploration of training chamber. All 3 strains
showed comparable exploration of the training chamber in both
paradigms during the time preceding the first tone presentation
(Figure 2 A and B).

Freezing to tone and foot shock. The strains differed in their
freezing to foot shock (Fz,s , = 18.9, P <0.001), and there was a dif-
ference in freezing response between the 2 tone presentations
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Figure 2. Mean percentage of freezing by FVB, B6, and 129 mice during
training in (A) delay and (B) trace fear conditioning paradigms. Exp, ex-
ploration of the training chamber before the first onset of tone; CS1 and
CS2, 30-s tone administration; Im US1 and Im US2, immediate freezing
during the 60-s interval after foot shock administration; T30, 30-s trace
interval separating CS and US during trace conditioning paradigm. Ver-
tical bars represent SEM; *, P < 0.05; 1, P < 0.01; {, P < 0.001.

(F, 4, = 67.7, P <0.001). Overall, B6 and 129 mice showed compa-
rable duration of pauses in exploration during the first tone pre-
sentation (CS1), but they both paused longer than did FVB mice
(P <0.001 for both comparisons, Bonferroni t tests). All mice froze
longer during the second tone presentation (CS2) after the first
CS-US pairing (CS1, 0.9% + 0.3%; CS2, 9.1% + 1.4%). There were
also significant interactions between tone presentations and strain
(F,q, =189, P <0.001), tone presentation and type of conditioning
(F =179, P <0.001), and tone presentations, strain, and type of
cond1t10n1ng (F,q, =208, P < 0.001). B6 mice paused longer than
did the FVB and 129 mice during the CS1 presentation in delay
conditioning (P < 0.05 for both comparisons, Bonferroni f tests;
Figure 2 A) but not in trace conditioning (Figure 2 B). During the
CS2 presentation, there was a significant main effect of strain (F, ,
=19.7, P < 0.001) and a significant interaction between strain and
type of conditioning (F, 5= =20.1, P < 0.001). B6 mice froze longer
than did 129 and FVB mice during delay conditioning (P < 0.001

Strain differences in fear-conditioned memory

for both comparisons, Figure 2 A), but during trace condition-
ing, 129 mice froze significantly longer than did other strains (P
< 0.001 for both comparisons, Figure 2 B). There were significant
main effects of strain (F, , = 24.7, P <0.001) and shock presenta-
tion (F, ,, =30.9, P <0. 001) on immediate freezing during the 60-s
postUS perlods B6 and 129 mice froze longer than did FVB (P <
0.001 for both comparisons), and freezing after US1 was signifi-
cantly shorter than was that after US2 presentation (US1, 5.4% +
1.2%; US2, 14.6 £ 2.0%). There were also significant interactions
between strain and shock presentation (F2 o = 9.5, P <0.001), and
between strain and type of conditioning (F2 o = 11.2, P <0.001).
During delay conditioning, B6 mice froze the longest after US1 (P
< 0.001 for all comparisons) and US2 (B6 compared with 129, P <
0.02; B6 compared with FVB, P <0.001), and 129 mice froze longer
(P <0.05) than did FVB mice (Figure 2 A). In trace conditioning,
the main effect of strain on freezing after US1 was not significant
(F,,, =25, P =0.1, Figure 2 B). The strains differed in freezing
after the US2 presentation (F,, = 13.1, P < 0.001), with 129 mice
freezing the longest (Compared with B6, P < 0.05; compared with
FVB, P <0.001) and B6 freezing longer (P < 0.05) than FVB mice
(Figure 2 B). The strains also showed different freezing behavior
during trace intervals (F,,, = 5.3, P < 0.01), with longer freezing
during the second interval (F, ,, =14.0, P <0.001, Figure 2 B).

In summary, B6, 129, and FVB strains showed comparable levels of
exploration of the novel environment of the training chamber; how-
ever, they differed in their immediate response to tone and foot shock
in each of the training paradigms. Whereas B6 mice froze the longest
during tone presentations and immediately after the shock delivery
during the delay training, 129 mice showed the longest freezing after
both stimuli during trace conditioning. FVB mice showed almost no
freezing during conditioning sessions in both paradigms.

Contextual memory. The 3 strains differed in contextual memo-
ry (F,,,=93.8,P<0.001, n, *>=0.69) and its retention (F ,, =24.9, P<
0.001, n, 2=0.30). Regardmg overall rank order of freezmg during
context testmg, B6 had the hlghest freezing percentage, followed
by 129 and then FVB (all pairwise comparisons were significant
at oo = 0.001, Bonferroni t tests), and overall freezing decreased
during remote memory tests. There were significant interactions
between strain and type of conditioning (F,, = 6.4, P <0.01, n, 2=
0.13), strain and memory retention (F,,, =7.9, P <0.01,n *=0. 16)
and between strain and sex (F, ) = 6.6, P <0.01, n, 2= . 14). The
analysis of simple effects revealed significant effects of strain (F, 4
=106.4, P <0.001, n * = 0.84) and memory retention (F, ,, = 14.9,
P <0.001, n, 2=0. 26§ after delay conditioning. After scores were
pooled across memory tests, B6 mice froze longer (P < 0.001) than
did 129 mice, whereas FVB mice showed virtually no freezing
during in the training context (Figure 3 A). The decrease in remote
memory was significant in 129 (t,; = 4.7, P < 0.001) but not in B6
mice. Male and female mice of all strains showed comparable re-
cent and remote memories after delay conditioning (Figure 4 A).
Simple-effects analyses after trace conditioning revealed signifi-
cant main effects of strain (F, ,, = 24.6, P <0.001, n * = 0.54) and
memory retention (F, , =10.2, P <0.01, T]pZ =0.20). PPreeZing in B6
and 129 mice was comparable but longer than that in FVB mice (P
< 0.001 for all comparisons, Figure 3 D). The interaction between
strain and memory retention approached significance (F, , = 3.1,
P =0.06,n; = 0.13), with only 129 mice showing weaker remote
memory (t =2.8, P<0.02, Figure 3 D). Male and female 129 mice
differed in memory retention (F,,, = 5.2, P <0.01, n, 2=0.20, inter-
action effect), mainly due to the weaker remote memory retention
of 129 male mice (t, = 3.7, P < 0.01, Figure 4 D).
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Figure 3. Mean percentage of freezing exhibited by mice during recent (day 3 or 4) and remote (day 24 or 25) memory tests after (A-C) delay and
(D-F) trace conditioning paradigms. For delay conditioning, (A) the context test was performed in the original training chamber. Conditioned tone fear
memory was evaluated in the modified training chamber. (B) Freezing behavior of mice during 3-min exploration of the modified chamber (preCS),
which preceded (C) the 3-min phase tone (CS) presentation. In the case of trace conditioning, the procedures for conducting (D) context and (E, F) tone
tests were identical. Both memory retention tests were performed in the extinction mode, without shock administration. Vertical bars represent SEM.
See the Results section for details regarding the statistical analyses pertaining to each test.

In summary, B6 mice showed strong and stable contextual
memory after both delay and trace conditioning. In contrast, 129
mice showed significant decreases in the retention of remote con-
text memory, whereas FVB mice showed virtually no freezing
during tests in both paradigms. Overall, the context memory of
B6 and 129 strains was stronger in delay than in trace condition-
ing. Although our study revealed no sex-associated differences in
remote and recent contextual memory during delay conditioning,
in trace conditioning male 129 mice showed a significant decrease
in remote tone memory.

Tone memory. Freezing during the exploration of altered train-
ing chambers (preCS phase) and during presentation of tone
(CS phase of the test) is presented in Figure 3 B and C for delay
conditioning and in Figure 3 E and F for trace conditioning. Over-
all analysis revealed significant main effects of strain (F,, = 67.9,
P <0.001, n, ? = 0.62), type of conditioning (F, , = 19.8, P <0.001,
n.2=0.19), memory retention (F, ;) =105, P < 0.01,1 2=0.11), and
pilase of the test (F, , =379.4, P <0.001, n =0. 82)—%ut not sex—
on freezing. Mice froze longer during tone presentation than dur-
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ing the preCS exploration of the modified chambers. In addition,
freezing to tone was longer after delay than trace conditioning,
and mice froze longer during recent than remote memory tests
(Figure 3 C and F). Both B6 and 129 mice showed longer freezing
during tone tests than did FVB mice. The analysis also revealed
significant 2- and 3-way interactions between type of condition-
ing and phase of the test (F, , = 48.5, P < 0.001); strain and phase
(F,5, =263, P <0.001); phase and memory retention (F ,, =54, P
< 0.001); phase, type of conditioning, and strain (F, , = 12 5 P<
0.001); phase, type of conditioning, and sex (F, , = 4.1,P<0.05),
and phase, strain, and sex (F,, = 6.0, P <0.01).

To evaluate further the Strength of tone fear memory, we ana-
lyzed the increase in freezing between the preCS and CS phases
of the test within each training paradigm. In delay condition-
ing, there was a significant overall effect of strain (F, , = 25.4, P <
0.001, npz = 0.58), with B6 mice freezing longer than both 129 (P <
0.01) and FVB (P < 0.001) and 129 mice freezing longer (P < 0.01)
than FVB mice (Figure 3 C). Posthoc analysis revealed that mice
in each strain froze longer during tone presentation than during
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Figure 4. Mean percentage of freezing shown by male (M) and female (F) mice of FVB, B6, and 129 strains during recent (day 3 or 4) and remote (day
24 or 25) memory test after (A-C) delay and (D-F) trace conditioning paradigms. Vertical bars represent SEM. See the legend to Figure 3 for details

related to the experimental designs of tests.

preCS phase of the exploration in the modified training cham-
ber (B6: F1,14 =187.2, P <0.001, an =0.93;129: F(1,14) =65.2, P <
0.001, nPZ =0.82; FVB: F1,14 =46.8, P <0.001, npz =0.77), indicating
selective memory of the association between tone and foot shock.
Whereas the retention of memory, determined by comparing re-
mote and recent memory scores, was not affected in B6 and FVB
mice (Figure 3 C), 129 mice showed significant decreases in re-
mote memory scores (F, , = 11.6, P < 0.01, n * = 0.45; Figure 3 C).
Although tone memory was not sexually differentiated in B6 and
129 mice, FVB male mice showed stronger (F, ,, =8.4, P <0.05, np2
= 0.36) memory than did FVB female mice (Figure 4 C).

The response to tone also differed between strains after trace
conditioning (F, ,, = 80.0, P <0.001, npz =0.79). The rank order
of the overall freezing shown by strains was 129 followed by B6
and then FVB (P < 0.001 for all pairwise comparisons, Figure 3 F).
The analysis revealed that among the 3 strains, B6 mice froze lon-
ger during tone presentation (F, , =11.1, P <0.01, an =0.41), but
their response depended on sex, phase, and memory retention
test (Fm ,=55,P<0.05, np2 = 0.28, interaction effect). Although no
sex-associated differences occurred during the preCS phase, male
B6 mice tended to freeze less during the remote memory tone
test than did their female counterparts (Figure 4 F). In addition,

among the 3 strains, 129 mice froze longer during tone presen-
tation (FL1 ,=205.4, P <0.001, npz = 0.94), but their freezing was
affected significantly by phase and memory retention test (F, |, =
5.7, P <0.05,m %= 0.29, interaction effect). The interaction reflected
the opposite cfirecﬁon of the change in freezing during the preCS
and CS phases of the remote compared with recent memory tests
(Figure 3 E and F). Overall, FVB mice did not significantly in-
crease freezing to tone presentation (F, , =4.1, P = 0.06, an =0.23,
phase effect, Figure 3 E and F).

In summary, B6 and 129 strains showed selective increases in
freezing to tone after both delay and trace training paradigms.
In contrast, FVB mice showed significant increases in freezing to
tone only after delay conditioning. The strength of tone fear mem-
ory showed by the B6 and 129 strains depended on the training
paradigm. Whereas B6 mice showed the strongest memory after
delay conditioning, 129 mice showed the strongest memory after
trace conditioning. In addition, 129 mice showed decreased freez-
ing during the remote memory test after delay—but not trace—
conditioning. Male FVB mice exhibited greater tone memory in
delay conditioning than did their female counterparts. The FVB
mice showed no evidence of fear memory in trace conditioning.

1,14
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Discussion

In the present study, we compared the contextual and tone fear
conditioned memories of B6, 129 and FVB inbred mouse strains
obtained from Charles River Laboratories (Wilmington, MA) by
using both delay and trace FC training paradigms. The experi-
mental parameters we used here (CS, 80-dB pulsating tone; US,
0.45-mA foot shock) have previously been used in FC paradigms
with mice, with no reports of ceiling or floor effects in the freezing
response in most mouse inbred strains,®** and the altered olfac-
tory characteristics of the modified training chamber increased
the salience of the CS during the tone test.”” Our overall results
revealed that context and tone fear memories were stronger after
delay than trace conditioning, confirming previously published
reports.® However, the strength of memory depended on the
strain, conditioning paradigm, and memory test. In agreement
with published reports, B6 mice manifested the strongest con-
textual and tone fear memory in delay conditioning.>6%672 In
contrast, in trace conditioning, 129 mice showed the strongest
conditioned tone—but not context—fear memory. The strain fac-
tor explained most of the variance in context memory in both FC
paradigms (delay conditioning, n ? = 0.84; trace conditioning, n ?
= (0.54), whereas the contribution of other factors was less promi-
nent. In contrast, FVB mice showed virtually no freezing in the
original training or modified contexts in both paradigms, results
that might reflect their poor performance in visually guided be-
havioral tests. This poor performance of FVB mice has been attrib-
uted to progressive impairment in their visual acuity®*%737¢ due
to the presence of PDE6B, which has been implicated in retinal
degeneration.®*4%¢ Qur findings contrast with previous studies
investigating FC memory in FVB mice. For example, one group®
demonstrated low (13%) and another'? strong (50%) freezing in
FVB mice in context tests after delay training, and a third group®
reported freezing of about 25% by FVB mice in trace conditioning.
Given that FVB/NJ mice were used in the cited studies whereas
we tested FVB/CrL mice, the supplier or commercial source of
the strains used in FC experiments might present an important
factor of experimental design. In agreement with our results,
FVB/NTac mice have been reported to show impaired context
memory™ as well as—contrary to our findings—impairment in
tone memory'*!* after delay training. It is also likely that subtle
differences in training protocols, especially those that involve 3
CS-US pairings' or 3 pairings with stronger (0.7 mA) US,® inde-
pendently contribute to the observed differences in the develop-
ment of conditioned fear memory in FVB mice.

Retesting our mice at 25 d after CS-US pairings allowed us to
evaluate the stability of remote memory and, because both recent
and remote memory tests were carried out in extinction mode
(that is, no US was administered during the test), the retest evalu-
ated the resistance of the developed memories to extinction. In
light of the evidence indicating that extinction usually occurs af-
ter frequently administered retests, without presentation of US,
and short intervals between retests,’* the effect of extinction on
memory in our paradigm, which included only 2 retests, might
not be evident, but it cannot be excluded. Our design did not in-
clude an independent group focusing exclusively on evaluations
of remote memory. Notwithstanding, our results show that a rela-
tively mild foot shock, administered during 2 CS-US pairings,
resulted in relatively strong remote context and tone memories,
which in most cases did not decrease as compared with recent
memories evaluated 3 to 4 d after training. We conclude that the
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evaluation of remote fear memories after 25 d presents a feasible
additional testing time point in experiments investigating drug
efficacy on memory retention in preclinical trials using mouse
models of neurodegeneration.**7!

Furthermore, our study revealed that sex affected the develop-
ment of conditioned memory within strains, but compared with
strain, sex explained less of the variance in data (wWhen sex was a
factor, npz varied between 0.20 and 0.35 on average). The differenc-
es between sexes were most pronounced in amygdala-dependent
tone fear memory in delay conditioning. Overall, male B6 and
FVB mice showed stronger tone memory than did their female
counterparts, however the opposite sex-associated effect occurred
in the 129 strain. The sex-associated difference in tone memory
after delay conditioning was especially pronounced in FVB mice,
with male mice showing significantly higher freezing rates than
those of female mice. This relatively small effect of sex on condi-
tioned memory might justify male-only experiments, with the
caveat that the exclusion of female mice might prevent the evalu-
ation of hormonal effects on the formation of fear memory or may
impede the identification of the molecular mechanisms that are
specific to a particular sex.*>* Interestingly, sex-related differences
in conditioned memory were less pronounced after trace condi-
tioning. At present, we cannot easily reconcile these differences,
because—despite considerable literature describing fear condi-
tioning in mice—the effect of sex on conditioned memory has not
been reported frequently, even in studies in which both male and
female were used. The inclusion of both sexes and the choice of a
delay FC paradigm might be beneficial in the characterization of
mouse models of human diseases, including Alzheimer disease
and schizophrenia, in which sex-associated differences in the time
of onset or severity are reported.?*>”

In conclusion, the present study characterized 3 inbred strains
obtained from Charles River Laboratories and commonly used
in behavioral research—B6, 129, and FVB—in delay and trace
FC paradigms. We demonstrated that B6 mice manifest ro-
bust context and tone fear memory after delay training that is
in agreement with good performance of B6 mice obtained from
other suppliers. In addition, our 129 mice showed strong and
long-lasting tone fear memory, especially after trace conditioning.
129 substrains obtained from the Jackson Laboratory have been
reported to show good performance in delay FC,* although some
129 substrains show considerable variability in the acquisition
of extinction.!® The demonstration of strong and stable tone fear
memory in the 12952 /SvPasCrl strain after trace conditioning
adds new information about the development of fear memory in
this substrain, especially given that 12951/SvIm] mice failed to
condition to the trace CS.”° Furthermore, we found that male—but
not female—FVB mice showed reliable tone fear memory only
after delay conditioning. This result is in agreement with recently
published evidence of the good tone memory in trace fear condi-
tioning of male FVB mice obtained from the Jackson Laboratory.*
However, although a previous study® demonstrated good perfor-
mance of FVB/N]J male mice in context tests (female mice were
not tested), neither male nor female FVB/NCrl mice showed any
freezing behavior in the current study. Our findings confirm the
importance of the choice of the optimal experimental FC proto-
cols”™ but also indicate that the substrains obtained from various
suppliers might provide additional variability, and initial pre-
screening might be required before using them in models with
cognitive experimental endpoints.
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