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A behavioral technique often used to evaluate the cognitive performance of rats and mice is the fear
conditioning paradigm. During conditioned fear experiments, freezing responses shown by rodents after
exposure to environmental stimuli previously paired to an aversive experience provide a behavioral index of
the animal’s associative abilities. The present study examined the ability of a computer-controlled automated
Freeze Monitor system for recording immobility behavior in mice. The sensitivity of the automated procedure
to detect group differences caused by the application of various training protocols was also evaluated.
Statistical analyses revealed significant positive correlations between immobility scores obtained with the
automated apparatus and hand-scored data collected by a continuous or a time-sampling method. Behavioral
patterns recorded by the computerized system were very similar to those obtained by the hand-scoring
methods adopted. In particular, during context testing, exposure to environmental stimuli previously paired
with a mild foot shock (unconditioned stimulus [US]) evoked increased immobility behavior in mice
conditioned with the US compared with levels of immobility displayed by mice previously confined to the
same contextual stimuli without receiving the US. Moreover, although during conditioned stimulus (CS)
testing, mice previously exposed to the US displayed high levels of immobility when confined to
environmental cues much different from those paired with the US (contextual fear generalization), both
hand-scored and automated results revealed the effect of CS–US pairing (increased immobility) only in mice
trained to associate the two stimuli (paired group) but not in mice exposed to both CS and US separated by a
40-sec time interval (unpaired group) or in mice receiving only the US (US group) during conditioning
sessions. Overall, the results show associative conditioning measured in an automated apparatus and highlight
the utility of obtaining both latency as well as beam interruption parameters.

In the past two decades, numerous studies have been de-
voted to the investigation of the neural mechanisms sub-
serving learning and memory processes. Rodent studies
have proved very useful for the understanding of brain path-
ways underlying cognition. Analysis of transgenic mice with
targeted gene mutations has further allowed delineation of
the role for specific genes and proteins in learning and
memory processes (Abeliovich et al. 1993; Bourtchuladze et
al. 1994; Aiba et al. 1994).

One often used behavioral technique to assess learning
and memory abilities of rats and mice is the fear condition-
ing paradigm (Wehner and Silva 1996). Typically, during a
fear conditioning experiment, animals are exposed to an
aversive stimulus (unconditioned stimulus [US]), usually a
mild foot shock, in the presence of specific environmental
stimuli (visual, tactile, auditory, etc.). Subsequently, fear-
elicited freezing responses evoked by contact with stimuli
present during US exposure provide a measure of the ani-

mal’s ability to remember those stimuli previously associ-
ated with the US. Classical conditioning mechanisms are
thought to underlie freezing responses displayed by rodents
during fear conditioning experiments (Fanselow 2000).

Although initially validated for use in rats (Fanselow
1990; Phillips and LeDoux 1992), the increasing availability
of mutant mouse models has promoted the need to adapt
the fear conditioning paradigm for use in mice. Recently,
this technique has gained popularity to assess learning and
memory processes in several inbred and mutant mouse
strains (Owen et al. 1997; Logue et al. 1997; Silva et al.
1997).

To date, most fear conditioning studies have quantified
freezing behavior with tedious and labor-intensive visual
observation methods of recording. Visual observation tech-
niques may be influenced by confounding variables, such as
experimenter biases, which are absent during automated
measurement of rodent behavior (LoLordo and Ross 1990;
Sanberg et al. 1984, 1985). Recently, a few studies were
performed to assess the ability of new computer-assisted
automated procedures to detect freezing behavior of rats
and mice (Valentinuzzi et al. 1998; Richmond et al. 1998;
Anagnostaras et al. 2000). In the latter studies, visual obser-
vation-derived data significantly correlated with automated
measurements of immobility, thus demonstrating the ability
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of these computerized procedures to reliably record freez-
ing behavior. In addition, automated scoring could provide
a variety of additional behavioral indices, such as uncondi-
tioned reaction to foot shock and baseline locomotor activ-
ity, which are difficult to quantitate by human observers.

The present work was performed to examine the abil-
ity of an automated Freeze Monitor system to reliably record
immobility behavior displayed by mice subjected to a vari-
ety of experimental manipulations. During conditioning ses-
sions, mice were exposed to a mild foot shock (US) and an
auditory cue (conditioned stimulus, CS) with different pro-
tocols for presentation of the two stimuli. On the next day,
to discern between levels of immobility caused by repeated
exposure to the same environmental stimuli (habituation
processes) and immobility behavior caused by US exposure,
contextual fear in mice previously conditioned with the US
was compared with mice that had not been exposed to the
aversive US during conditioning sessions (control group).
Moreover (extending previous studies examining the ability
of automated procedures to reliably record freezing behav-
ior in mice), during CS testing, specificity of immobility
responses to the CS was evaluated by comparing the per-

formance of mice previously conditioned with a single CS-
US pairing (paired group) to that displayed by mice receiv-
ing both CS and US separated by a 40-sec time interval
(unpaired group) or mice exposed only to the US (US
group) during conditioning sessions (Fig. 1). Concomitant
with automated data acquisition, mouse behavior was also
recorded on videotapes and later scored by a trained ex-
perimenter. Correlation analyses between experimenter-de-
rived data and results derived from the multiple automated
parameters were performed to determine if the automated
apparatus could reliably record immobility behavior in mice
as well as detect expected group differences caused by the
various training protocols used. C57BL/6J mice were used
here because this inbred strain shows consistent freezing
responses when exposed to threatening stimuli and has
been extensively used in the generation of transgenic mice
(Gold 1996; Crawley et al. 1997). To extend previous fear-
conditioning studies that used time-sampling procedures,
experimenter-derived data by visual observation were col-
lected by use of both continuous and time-sampling hand-
scored measurements of animal behavior during the entire
test session.

RESULTS
Table 1 shows correlation coefficients (r values) between
hand-scored data and results obtained with the different
automated parameters collected during context and CS
tests. All latency and BI parameters showed a significant
correlation with the data collected by both continuous and
time-sampling methods of hand scoring (P < .0001). Corre-
lation coefficients ranged between 0.575 and 0.861. Over-
all, automated results showed higher correlation coeffi-
cients with time sampling than continuous hand scores.
The automated measure of BI, which represents the func-
tional opposite of freezing, negatively correlated with the
hand-scored data. Linear regression analysis was also used to
calculate r2 for the relationship between hand-scored (con-
tinuous and time sampling) and the automated latency to BI
measures. In all cases the slope of the line was significantly
nonzero (data not shown), and the r2 for the comparison of
automated BI latencies with time sampling was greater than

Table 1. Pearson’s Correlation Coefficients ( r Values) Between Hand-Scored (Continuous or Time-Sampling) and Computer-Derived
Parameters (Latencies to and Number of Beam Interruptions, BI)

Computer parameters

Continuous hand scores Time-sampling hand scores

Context pre-CS CS Context pre-CS CS

Latency 1st BI 0.709 0.575 0.744 0.785 0.703 0.790
Latency 2nd BI 0.766 0.643 0.705 0.857 0.757 0.795
Latency 3rd BI 0.760 0.689 0.663 0.861 0.770 0.785
Beam interruptions −0.700 −0.730 −0.750 −0.769 −0.786 −0.795

Collected during the context (5 min) and the two phases of the CS test, that is, pre-CS (3 min) and CS (3 min).

Figure 1 Scheme showing experimental manipulations applied to
the four different groups of mice (CTL, PA, UN, and US) during the
conditioning sessions. Numbers below the arrows indicate time
(sec) into the session when CS and US were delivered. - - - - - : CS,
auditory tone (80 dB, 3000 Hz, 30 sec); ● : US, foot shock (0.7 mA,
2 sec).
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the comparison with the continuous hand-scored data. For
latency to 1st BI compared with the continuous hand-
scored data, r2 values are 0.541, 0.331, and 0.555 for con-
text, pre-CS, and CS periods, respectively. For latency to 1st
BI compared with the time-sampling hand-scored data, the
r2 values are 0.618, 0.495, and 0.625 for context, pre-CS,
and CS periods, respectively. Hand-scored and latency 1st BI
results were used for graphical purposes. Latency 1st BI
data were chosen because, compared to latency 2nd and
3rd BI, the absolute amount of immobility behavior de-
tected by this computerized parameter more closely re-
sembled freezing behavior as assessed by the hand-scored
methods.

Conditioning Sessions
Levels of unconditioned locomotor activity after initial ex-
posure to the conditioning chamber were examined with
the data collected during the first minute of the training
sessions, a time period in which neither CS nor US were
applied. Hand-scored, as well as all latency results, revealed
very low levels of immobility, making it difficult to carry
out group comparisons. Thus, the automated BI parameter
was used to evaluate motor performance of the four dif-
ferent groups of mice. Cumulative BI during the first min-
ute of training were: CTL = 299.4 ± 8.0, PA = 314.1 ± 8.1,
UN = 315.5 ± 6.6, and US = 303.1 ± 6.5; mean ± SEM. No
group difference was observed (F[3,38] = 1.12, P = .35). Af-
ter US exposure, latency 1st BI results did not reveal any
group effect (F[3,38] = 1.07, P = 0.37; Fig. 2A); however, a
significant group effect was observed for continuous
(F[3,38] = 7.17, P < .001) and time-sampling (F[3,38] = 3.31,
P < .05) hand scores (Fig. 2, B and C). Post hoc analyses of
hand-scored data showed that during the 30-sec time inter-
val after US delivery, the PA, UN, and US groups spent more
time freezing than did the CTL mice (P < .05). No difference
was observed among the PA, UN, and US groups. Similar to
latency 1st BI results, latency 2nd BI (F[3,38] = 1.49,
P = 0.23) and latency 3rd BI (F[3,38] = 2.18, P = 0.10) did
not reveal any significant effect of US exposure (data not
shown). However, among the automated measures a signifi-
cant group effect was obtained with the BI parameter
(F[3,38] = 6.26, P < .005). After US delivery, PA, UN, and US
mice made fewer BI than the CTL group (P < .05; Fig. 3). No
significant difference was observed among the PA, UN, and
US groups.

Context Test
Reexposure to the conditioning chamber 24 h after the
training sessions resulted in increased levels of immobility
behavior in the mice previously exposed to the aversive US.
Evaluation of latency 1st BI data revealed a group effect
(F[3,38] = 8.44, P < .0005), a time effect (F[4,152] =
3.13, P < .05), but no group × time interaction effect
(F[12,152] = 1.36, P = .19). Post hoc analyses showed that

mice exposed to the aversive US during the conditioning
sessions displayed increased levels of immobility compared
with the CTL group (P < .005; Fig. 4A), whereas no differ-
ence was observed among the PA, UN, and US groups. La-

Figure 2 Conditioning sessions. Percentage of immobility behav-
ior displayed by control (CTL, n = 10), paired (PA, n = 12), un-
paired (UN, n = 12), and US exposure only (US, n = 8) mice during
consecutive 30-sec time intervals as assessed by latency 1st BI (A)
and the continuous (B) and time-sampling (C) methods of hand
scoring. PA, UN, and US mice were exposed to the foot-shock US
(2 sec, 0.7 mA) 148 sec after the session started (end of the 5th bin).
Hand-scored data show that during the last 30-sec time interval
(6th bin) PA, UN, and US mice spent more time freezing than the
CTL group. *P < 0.05, **P < 0.005 versus PA, UN, and US groups
at the same time point (Newman-Keuls post hoc test).
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tency 2nd and 3rd BI data provided findings comparable to
those obtained with latency 1st BI (data not shown). BI
results also revealed a group effect (F[3,38] = 5.42,
P < .005), a time effect (F[4,152] = 5.02, P < .001), but no
group × time interaction effect (F[12,152] = 0.93,
P = 0.51). The PA, UN, and US groups made fewer BI than
CTL mice (P < .01; data not shown). No difference was
observed among the PA, UN, and US groups. Similar to
automated results, continuous hand-scored data revealed a
significant group effect (F[3,38] = 7.91, P < .0005), no ef-
fect of time (F(4,152) = 1.78, P = 0.13], and no group ×
time interaction (F[12,152] = 1.26, P = 0.24). Post hoc
group comparisons showed that during the 5-min context
test, PA, UN, and US mice displayed increased levels of
freezing behavior compared with the CTL group (P < .005;
Fig. 4B). No significant difference was detected among the
PA, UN, and US groups. Likewise, time-sampling data re-
vealed a significant group effect (F[3,38] = 14.59,
P < .0001), a time effect (F[4,152] = 4.76, P < .005), and no
group × time interaction (F[12,152] = 0.99, P = 0.46).
Group comparisons showed that PA, UN, and US mice dis-
played increased levels of freezing behavior compared with
the CTL group (P < .0005; Fig. 4C). No significant differ-
ence was detected among the PA, UN, and US groups. Fi-
nally, analysis of latency 1st BI results derived from the CTL
group revealed higher levels of immobility during the con-
text compared with the training sessions (training: 3.7 ± 0.2
sec, context: 5.7 ± 0.7 sec; t(9) = 2.91, P < .05; mean value/
minute ± SEM). Analysis of all other automated parameters,
as well as hand-scored data, revealed similar findings, indi-
cating some degree of habituation to the testing chamber in
mice never presented with the US but repeatedly exposed
to the same environmental stimuli. Thus, during context-
test sessions, results obtained with both hand-scored meth-
ods used here were very similar to those provided by the
multiple automated parameters. Particularly, increased lev-
els of freezing behavior were detected in mice previously

trained to associate specific environmental (contextual)
stimuli with the aversive US experience.

CS Test
Latency 1st BI results yielded a group effect (F[3,38] = 5.39,
P < .005), a time effect (F[5,190] = 15.19, P < .0001),
and a group × time interaction effect (F[15,190] = 2.57,

Figure 3 Conditioning sessions. Number of beam interruptions
recorded in control (CTL, n = 10), paired (PA, n = 12), unpaired
(UN, n = 12), and US exposure only (US, n = 8) groups during the
last 30-sec time interval after foot-shock exposure. *P < .05 versus
PA, UN, and US groups (Newman-Keuls post hoc test).

Figure 4 Context test. Percentage of immobility displayed by con-
trol (CTL, n = 10), paired (PA, n = 12), unpaired (UN, n = 12), and
US exposure only (US, n = 8) mice during consecutive 1-min time
intervals as assessed by latency 1st BI (A) and the continuous (B)
and time-sampling (C) methods of hand scoring. Both hand-scored
and latency 1st BI data revealed that throughout the 5 min context
test, PA, UN, and US mice displayed higher levels of freezing
behavior than the CTL group (P < .005, Newman-Keuls post hoc
test).
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P < .005). Post hoc comparisons showed that during the
6-min CS test sessions, PA, UN, and US mice spent more
time immobile than CTL mice (P < .05); overall, no differ-
ence was observed among the PA, UN, and US groups. How-
ever, during the 4th min, PA mice showed higher levels of
immobility than UN, US, and CTL mice (P < .005; Fig. 5A).
Analogous results were obtained with latency 2nd and 3rd
BI parameters (data not shown). In contrast, analysis of BI
results revealed a group effect (F[3,38] = 10.10, P < .0001),
a time effect (F[5,190] = 44.25, P < .0001), but no group ×
time interaction effect (F[15,190] = 1.51, P = 0.10; data not
shown). Continuous hand-scored data revealed a group
effect (F[3,38] = 7.62, P < .0005), an effect of time
(F[5,190] = 28.7, P < .0001), and a group × time interaction
effect (F[15,190] = 3.06, P < .0005). Throughout the CS
test, PA, UN, and US mice spent more time immobile than
CTL mice (P < .05). Moreover, after presentation of the CS,
during the 4th min of the CS test, higher levels of immobil-
ity behavior were observed in PA mice compared with UN,
US, and CTL mice (P < .0001; Fig. 5B). Last, time-sampling
hand-scored data revealed a group effect (F[3,38] = 13.99,
P < .0001), an effect of time (F[5,190] = 16.06, P < .0001),
and a group × time interaction effect (F[15,190] = 2.78,
P < .001). Overall, PA, UN, and US mice spent more time
freezing than CTL mice (P < .005); however, during the 4th
min of the CS test, higher levels of freezing behavior were
observed in PA mice compared with UN, US, and CTL mice
(P < .0001; Fig. 5C). Thus, experimenter and automated pa-
rameters of scoring were able to detect increased levels of
immobility in response to an auditory tone (CS) only in mice
trained to associate the CS with the US. In addition, auto-
mated scoring provided behavioral patterns very similar to
those obtained with the visual observation methods. In par-
ticular, during the initial 3 min of the CS test (pre-CS),
higher levels of immobility behavior in response to environ-
mental stimuli modified from those previously paired with
the US were observed in mice exposed to the US during
conditioning sessions compared with mice never treated
with the US (contextual fear generalization; see Fig. 5).

DISCUSSION
The present study examined the ability of a computer-con-
trolled Freeze Monitor system to detect immobility behavior
in mice during fear conditioning experiments. Data col-
lected by a trained experimenter were compared with im-
mobility scores obtained with the automated apparatus. Sta-
tistical analyses revealed significant correlations between
hand-scored results obtained with two different methods of
data collection and results derived from automated scoring.
Moreover, throughout the different experimental phases,
similar behavioral patterns were obtained from the auto-
mated procedure and the hand-scored data. Correlations
and goodness-of-fit measured by r2 values were improved
with increased amounts of freezing and weakest under con-

ditions of very low freezing (eg., CTL group compared with
PA group and pre-CS compared with context or CS peri-
ods).

By use of the Freeze Monitor system described here,
Valentinuzzi et al. (1998) showed the ability of this auto-

Figure 5 CS test. Percentage of immobility displayed by control
(CTL, n = 10), paired (PA, n = 12), unpaired (UN, n = 12), and US
exposure only (US, n = 8) mice during consecutive 1-min time
intervals as assessed by latency 1st BI (A) and the continuous (B)
and time-sampling (C) methods of hand scoring. The auditory CS
was administered during the last 3 min (4th to 6th) of CS testing.
Both hand-scored and latency 1st BI results indicated that during
the 4th min of CS testing, PA mice showed increased levels of
freezing behavior compared with UN, US, and CTL groups.
*P < .005, **P < .0001 versus UN, US, and CTL mice at the same
time point (Newman-Keuls post hoc test).
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mated fear conditioning apparatus to detect increased freez-
ing responses in mice exposed to environmental (contex-
tual) stimuli previously paired to a mild foot shock (US). To
extend the validation of the automated system and to con-
trol for specificity of responses to contextual and discrete
cue stimuli, the present work examined context and cued
fear responses of various groups of mice exposed to CS and
US with slightly different training protocols. The results ob-
tained showed that the automated scoring was in fact able
to detect differences between mice in which a discrete
auditory tone (CS) was paired with a mild foot shock (US)
and mice exposed to both CS and US stimuli but in an
unpaired fashion. Noteworthy, these group differences
were produced by application of a relatively short time in-
terval (40 sec) between presentation of the CS and US dur-
ing conditioning of the unpaired group. Nevertheless, dur-
ing CS testing both hand-scored results and computer-de-
rived data detected increased levels of immobility in
response to the auditory cue only in the mice trained to
associate the CS to the US (paired group). Furthermore,
analysis of experimenter- and computer-derived data re-
vealed that during the CS test higher levels of immobility
displayed by the paired group started with the onset of the
CS (4th min of testing) and lasted for about 1 min. These
results clearly indicate conditioning in mice given a single
pairing of the US with a discrete CS. This form of associative
learning could be detected by both hand-scored and auto-
mated results despite all groups with exposure to the US
during conditioning sessions (PA, UN, and US mice) show-
ing high levels of freezing throughout CS test sessions. The
mouse strain used here (C57BL/6) has been shown to ex-
hibit high levels of freezing behavior when exposed to test-
ing chambers with environmental features much different
from those associated with a foot-shock US (Logue et al.
1997; Gerlai 1998). This behavior, which may reflect the
animal’s ability to associate particularly salient stimuli and/
or experimental procedures with the aversive US, is often
referred to as “contextual fear generalization” (Radulovic et
al. 1998; Milanovic et al. 1998). During CS testing, both
hand-scored and computerized data revealed comparable
levels of contextual fear generalization. The similarity be-
tween behavioral patterns recorded by visual observation
and the automated procedure further supports the validity
of immobility scores obtained with the Freeze Monitor.

Automated scoring of mouse behavior by multiple pa-
rameters (latency to and number of BI) provided results
difficult to obtain by the visual observation method. Particu-
larly, during the initial part of the conditioning sessions
mice displayed an intense exploratory activity. Both hand-
scored data and latency BI results collected during this ex-
perimental phase showed near-zero levels of immobility be-
havior, which made it difficult to carry out group compari-
sons. Similar findings were reported by Valentinuzzi et al.
(1998) who showed that latency BI may not be very sensi-

tive measures to assess freezing behavior of mice showing
very low levels of immobility. Throughout the experiments
performed here, a number of BI were also collected by the
Freeze Monitor system. Unlike latency BI, analysis of the
number of BI allowed a more precise evaluation of ambu-
latory activity levels displayed by mice in response to the
novel environment of the conditioning chamber. In the pre-
sent study, no group differences were observed during the
first minute of the conditioning sessions. However, analysis
of BI data obtained during a parallel study revealed signifi-
cant genotype-dependent group differences in levels of un-
conditioned ambulatory activity that were not detected by
latency BI parameters (Contarino et al. unpubl. observa-
tions). Thus, among the automated parameters provided by
the Freeze Monitor system, BI scores may be used to reliably
quantify levels of ambulation in mice on initial exposure to
the conditioning chamber. Baseline levels of locomotor ac-
tivity should always be assessed in mice tested for learning
and memory abilities with the fear conditioning paradigm,
especially in the case of studies examining the outcome of
genetic mutations that might alter ambulatory activity and
thus affect freezing performance. Furthermore, unlike la-
tency BI results, BI data collected during the final 30 sec of
the conditioning sessions revealed the effect of US expo-
sure. Freezing responses displayed immediately after foot-
shock exposure have been suggested to reflect both condi-
tional and unconditional reactions to the US and to depend
on anatomical structures different from those involved in
long-term contextual fear (Fanselow 1986; 1990; Kim et al.
1992; 1993). Here, after US exposure, mice made signifi-
cantly less BI than control mice. However, US-treated mice
also displayed frequent head movements that may have
caused BI of near photobeams, thus producing latency BI
values similar to those observed in control mice. This pe-
culiar behavior was not observed during context test ses-
sions.

The automated procedure described here possesses
several advantages over more traditional methods of scoring
by direct observation or from videos. CS and US character-
istics (frequency, intensity, and time of delivery) are con-
trolled by computer software, thus allowing a more precise
control over the exposure of different animals to condi-
tioned and unconditioned stimuli. Moreover, apart from be-
ing far less labor intensive than observation-based methods
of scoring, automated systems can provide the experi-
menter with additional behavioral indices, such as levels of
ambulatory activity, which are difficult to measure with ob-
servation procedures of scoring.

In conclusion, the experiments shown here demon-
strate the ability of a computerized Freeze Monitor system
to reliably record conditioned fear responses of mice. Mul-
tiple automated parameters were in fact able to detect con-
textual and cued fear conditioning in mice previously
trained with an aversive US. Overall, patterns of immobility
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behavior recorded by the automated procedure closely re-
sembled those detected by a trained experimenter. Prior
studies have shown the effectiveness of different automated
systems to detect effects of mouse and rat strain differences
(Valentinuzzi et al. 1998; Richmond et al. 1998), shock in-
tensity, hippocampal lesions, and tone preexposure (latent
inhibition) on contextual and auditory cue fear condition-
ing (Richmond et al. 1998; Anagnostaras et al. 2000). The
present study extends these prior findings by showing that
the Freeze Monitor apparatus used here can detect the ef-
fect of additional important experimental manipulations. In
particular, automated parameters reliably detected contex-
tual fear generalization behaviors as well as levels of immo-
bility caused by habituation processes and group differ-
ences caused by slightly different training protocols (e.g.,
CS performance of paired and unpaired groups). Moreover,
findings of significant correlations between automated and
experimenter derived data collected with two considerably
different methods of hand scoring, that is, continuous and
time-sampling, further support the validity of the behavioral
scores obtained with the Freeze Monitor system. The in-
creasing availability of genetically engineered mice pose
many laboratories with the need to use experimental para-
digms adapted for use in mice. The automated fear condi-
tioning procedure described here is likely to prove very
useful in the study of learning and memory processes in the
mouse.

MATERIALS AND METHODS

Subjects
Male mice C57BL/6J obtained from The Scripps Research Institute
breeding colony were used for the experiments at the age of 3–4
mo. Before the experiments, the animals were allowed a 15-d ac-
climatization period during which they were handled two to three
times a week. They were group-housed in a colony room main-
tained under conditions of a regular light/dark cycle (lights on 6
a.m., lights off 6 p.m.) at a temperature of 22°C. Food and water
were available ad libitum. Experiments were performed during the
light phase of the light/dark cycle. All studies were conducted in
accordance with the Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and
Use Committee of The Scripps Research Institute.

Apparatus
The fear-conditioning apparatus consisted of a transparent acrylic
chamber measuring 25 cm wide, 18 cm high, and 21 cm deep (San
Diego Instruments). The floor was made of stainless steel rods and
was connected to a shock generator (San Diego Instruments). The
chamber was surrounded by a frame with 16 infrared photo beams.
A computer controlled the administration of the foot shock (US)
and auditory tone (CS) and recorded beam interruptions (BI) and
latencies to beam interruptions (latency BI). The conditioning
chamber and surrounding frame were located inside a sound-at-
tenuated enclosure (dimensions: 56 cm wide × 38 cm high × 36 cm
deep). A 15-W lightbulb and a small fan were located on two
different side walls of the enclosure. A speaker placed on a side

wall of the conditioning chamber served to deliver the auditory
tone (CS).

Experimental Design

Conditioning Sessions
Mice were brought to a room adjacent to the experimental room 1
h before the start of the experiments. They were randomly assigned
to four different groups designated as paired (PA), unpaired (UN),
US exposure only (US), and no stimuli (CTL). On the training day,
mice were placed in the test chamber and allowed to freely explore
it for a 3-min time period. For mice in the PA group, an auditory
tone (CS; 3000 Hz, 80 dB) was presented 120 sec after the session
started. It lasted 30 sec and terminated with the presentation of the
foot shock (US; 2 sec, 0.7 mA). For mice in the UN group, the CS
was presented 80 sec after the session started and lasted 30 sec.
After the CS was terminated, a 40-sec time interval was allowed to
elapse before the presentation of the US. Mice in the US group
were exposed only to the foot shock, which occurred at the same
time as for the PA and UN groups, but no CS was presented. Finally,
mice in the CTL group were placed in the testing chamber without
being exposed to either the auditory tone or to the US. Mice were
removed from the conditioning chamber 30 sec after the termina-
tion of the US (Fig. 1).

Context and CS Test
Twenty-four hours after the conditioning session, mice were placed
in the test chamber and their behavior scored for 5 min (context
test). Approximately 1 h after the context test, mice were tested for
freezing responses to the CS. For this purpose, the conditioning
chamber was altered by placing a smooth floor on top of the grid
floor and dividing the chamber in half by inserting a black plastic
panel (32 cm wide × 18 cm high) connecting the diagonal corners.
During the CS test, mice were left in the altered chamber for 6 min,
with the auditory tone being presented during the last 3 min.

Behavioral Scoring
Throughout conditioning and the context and CS tests, mouse be-
havior was recorded onto videotape through a recorder placed in a
room adjacent to the experimental room and connected to a mi-
crocamera placed 13 cm above the clear Plexiglas top of the con-
ditioning chamber. Conditioning and test sessions were later
scored by a trained experimenter who was unaware of the experi-
mental group to which the mice had been assigned. Two different
methods of hand scoring were adopted: (1) continuous recording
of the time mice spent immobile, and (2) time-sampling measure-
ment of freezing behavior, that is, every 5 sec each mouse was
judged as either freezing or active. Freezing was defined as the
absence of visible movement, except for respiration. In addition,
four automated indices of immobility behavior were obtained from
the Freeze Monitor system. These included the number of BI and
the time latency to break the first (latency 1st BI), second (latency
2nd BI), and third (latency 3rd BI) new photo beam in each 5-sec
interval. In particular, test sessions were divided into 5-sec intervals
and the time elapsed between the beginning of each 5-sec interval
and interruption of the first three new photo beams was recorded.
If no BI occurred during the 5-sec interval, a score of 5 sec was
recorded. For illustration purposes, the percentage of time spent
immobile (latency 1st BI and continuous hand scoring) and of freez-
ing episodes (time-sampling hand scoring) during consecutive 30-
sec (conditioning sessions) or 1-min (context and CS tests) time
intervals are shown.
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Statistical Analysis
Freezing scores recorded by the experimenter were compared
with the different automated measures provided by the Freeze
Monitor system (latency 1st, 2nd, 3rd BI and number of BI) with
Pearson’s correlation (Microsoft Excel 2000) and linear regression
(GraphPad Prism 3.0, San Diego, CA) analyses. For this purpose,
immobility responses displayed by each mouse during the context
test (5 min) and the two phases of the CS test (the 3-min time
period preceding or following the onset of the auditory tone, des-
ignated as pre-CS and CS, respectively) were used. Levels of uncon-
ditioned ambulatory activity displayed by the four experimental
groups were examined by one-way analysis of variance (ANOVA)
performed on the total number of BI made during the first minute
of exposure to the conditioning chamber. Immobility levels after
US delivery were analyzed by one-way ANOVAs performed on
hand-scored and automated results collected during the final 30 sec
of the conditioning sessions. Behavioral performance during con-
text and CS tests was evaluated by two-way ANOVAs with the
group (PA, UN, US, and CTL) as the between-subject factor and
immobility scores collected during consecutive 1-min time intervals
as the within-subject factor. Finally, hand-scored and automated
results (mean value/minute) derived from the CTL group during
conditioning and context test sessions were compared by use of
the paired t test. Post hoc group comparisons were performed with
the Newman-Keuls test. The accepted value of significance was
P < .05. Although data are presented as percent values, statistical
analyses were performed on the absolute values of immobility time
(latencies BI and continuous hand scores) and the number of BI and
freezes (time-sampling hand scores).
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