1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N, NIH Public Access

Rrens®

G

3}

Author Manuscript

Published in final edited form as:
JNeurosci Methods 2010 July 15; 190(2): 235-239. doi:10.1016/j.jneumeth.2010.04.029.

The Accurate Measurement of Fear Memory in Pavlovian
Conditioning: Resolving The Baseline Issue

Nathan S Jacobs?, Jesse D Cushman?, and Michael S Fanselow?
aDept. of Psychology, University of California, Los Angeles. Los Angeles, CA 90095.

Pavlovian fear conditioning has become an essential behavioral task in a wide array of
neuroscience research avenues. Increasingly, researchers from a variety of fields of study are
turning to fear conditioning tasks to probe for behavioral and cognitive phenotypes
following pharmacological, genetic, and other experimental manipulations. Delay tone fear
conditioning has become a widely used assay as it allows for the assessment of
“hippocampus-independent” tone fear and “hippocampus-dependent” context fear in the
same animal. The main advantage of this procedure is that these two different types of fear
can be tested independently. However, accurate assessment of these two types of fear makes
the assumption that one does not interact with and confound the measurement of the other.

In a tone fear conditioning procedure, fear is simultaneously acquired for both the tone and
contextual cues. In delay tone conditioning, acquisition of tone fear has been shown to
depend on synaptic plasticity of auditory inputs into the amygdala (Medina et al., 2002)
Contextual fear acquisition depends on synaptic plasticity in the amygdala as well as
additional neural substrates such as the hippocampus, which are thought to mediate the
integration of multimodal cues into a “contextual representation” that can function as a
conditional stimulus (CS) for amygdalar circuits (Kim and Fanselow, 1992; Maren and
Fanselow, 1995). Context fear is assessed by returning the animal to the original training
context for a “context test.” Tone fear is usually assessed by placing the animal in a
distinctly different context where the tone is presented during a “tone test.” The primary
behavioral measure of fear is the percentage of time an animal spends “freezing,” which is a
species-specific defensive response in the rodent characterized by complete immobility.
Differences in the level of freezing during tone presentations are used to infer alterations in
the acquisition or expression of tone fear.

A critical unresolved issue in the measurement of tone fear is the extent to which baseline
levels of freezing observed prior to tone presentation influences the measurement of tone
freezing. Baseline freezing is usually driven by fear of the training context that has
generalized to the testing chamber due to similarities between the two apparatuses. For this
reason most researchers make the training and testing chambers as different as possible. The
shift in context for the tone test attempts to isolate expression of tone fear by eliminating the
expression of context fear. However, baseline fear is rarely reduced to zero, especially in
mice which tend to show a higher degree of context generalization relative to rats.
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Even though the use of fear conditioning has expanded exponentially in recent years, critical
assumptions about baseline fear have remained untested and no standardized method of
addressing differences in baseline fear has been developed. Researchers have used a variety
of ways to report tone fear, making the results of many influential findings very difficult to
interpret. A small selection of such examples include researchers that ignore baseline fear
responses and do not report them (e.g. Gewirtz and Davis, 1997; Marsicano et al. 2002;
Schafe et al. 2005; Han et al. 2007; Gogolla et al. 2009; Monfils et al. 2009), calculate tone
fear by subtracting baseline freezing from tone freezing (e.g. Reijmers et al. 2007) or from
inter-trial interval freezing (e.g. Huerta et al. 2000), or calculate tone fear using the Annau
and Kamin (1961) suppression ratio (e.g. Shors et al. 2002; Bangasser et al. 2006). These
concerns apply to virtually all fear conditioning methodologies, including fear potentiated
startle, which uses a subtraction score based on the difference between baseline and cued
responses (e.g. Gewirtz and Davis, 1997).

The purpose of the current study was to characterize the interaction between baseline and
tone fear in mice, which have become an essential tool in current biomedical research. To do
this, we conditioned two different levels of tone fear and then used post-training
manipulations to produce a range of baseline freezing for the tone test. It should be noted
that one assumption of our design, which is supported by the overall pattern of results, is
that these post-training manipulations, such as extinction and additional US presentations
did not influence the true level of tone fear. This approach provided a data set with
quantitative gradations in both tone and baseline fear that could be used to assess the
efficacy of four methods of reporting tone fear: absolute freezing level, ratio of tone to
baseline freezing, subtraction of baseline freezing, and an adjusted score derived from using
baseline freezing as a covariate in an analysis of covariance (ANCOVA).

MATERIALS

Subjects

The subjects were 109 three month old, C57/BL6 male mice (Taconic, Oxnard, CA).
Animals were housed with four mice per cage and had access to food and water ad libitum.
Animals were kept on a 12 hour regular light-dark cycle.

Fear Conditioning

All behavioral testing was done with MedAssociates VideoFreeze fear conditioning
equipment. Mice were placed in a holding room each day 30 min before sessions began and
were returned to the vivarium immediately afterwards. Context A had aluminum walls, grid
floors with 36 stainless steel rods each with a diameter of 0.32 cm and spaced 0.64 cm apart
(center to center), was scented with Simple Green®, and cleaned with 70% isopropyl
alcohol in between trials. Context B had rounded walls made from two 47.5 cm by 20.5 cm
rectangular sheets of white plastic, had grid floors with 19 stainless steel rods that alternated
in diameter from 0.95 cm to 0.35 cm and were spaced 1.46 cm apart (center to center), was
scented with Windex® Original Glass Cleaner, and was cleaned with 70% ethanol. Tone
conditioning on Day 1 in Context A consisted of a 180 s baseline period followed by either 1
or 3 tones (20 s, 2800 Hz, 85 dB) paired with electric footshock (2 s, 0.5 mA) that began
immediately after the offset of each tone presentation, with a 180 s inter-trial interval in
between the offset of each shock and the onset of the following tone. The no-extinction (NE)
groups were then left in the vivarium until Day 6. All other groups then received 3
extinction trials consisting of 15 min of stimulus free exposure to Context A on days 2—4 in
order to extinguish fear of the training context. Baseline manipulation on Day 5 was
conducted in Context B and consisted of a 180 s baseline period followed by 0, 1, 2 or 6
unsignaled footshocks (2 s, 0.5 mA) separated by 60 s. On Day 6 levels of baseline and tone
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fear were assessed in Context B, which included a 180 s baseline period followed by 3
unpaired tone presentations (20 s, 2800 Hz, 85 dB) separated by 180 s intertrial intervals.

Automated Behavioral Scoring

Freezing behavior was scored using MedAssociates VideoFreeze software. Video was
recorded from infrared cameras mounted in front of the conditioning chambers at 30 frames
per second. VideoFreeze software scored animal behavior as freezing if a subject’s activity
was below 19 activity units for 30 or more continuous frames. These parameters were
selected to correlate strongly (r >0.9) with highly trained human observers (Jesse Cushman
and Michael Fanselow).

Tone Fear Reporting Methods

Four methods of reporting tone fear were used: absolute freezing, baseline covariate,
subtraction, and ratio. The absolute freezing method reported percent freezing averaged
across all tone presentations; the baseline covariate method used baseline scores as a
covariate in an ANCOVA during statistical analysis of absolute freezing measures; the
subtraction method subtracted baseline from tone freezing; and the ratio method calculated
tone fear by dividing tone freezing by the sum of baseline and tone freezing similar to the
Annau and Kamin (1961) suppression ratio.

Statistical Analysis

For all statistical analyses an ANOVA (or ANCOVA for the covariate method) was used
with baseline manipulation group as a factor and subsequent a priori planned LSD post-hoc
tests were performed for individual comparisons, when justified.

RESULTS

Absolute Freezing During the Tone Test

Figure 2 illustrates absolute levels of freezing (percent time spent freezing) during the
baseline period and during the tone presentations. Baseline fear was successfully
manipulated for both weak (F (4, 44y=13.44, p<0.001) and strong (F(4, 48)=17.97, p<0.001)
tone conditioning groups, where baseline freezing increased as a function of the number of
unsignaled shocks (Fig. 1b,c). Freezing to the tone also increased as a function of the
number of unsignaled shocks (Fig. 1b, c). Levels of tone freezing remained consistent across
all tone presentations as indicated by both a non-significant repeated measures effect (weak
tone conditioning F(4, 78) < 1; strong conditioning F(4, 86)=1.883, p > .05;) and a non-
significant repeated measure by baseline manipulation group interaction (weak tone
conditiong F(8, 78) < 1; strong tone conditioning F(8, 86)=1.447, p > .05; for more details
see Supp. Fig. 1).

Interestingly, the NE groups had similar levels of tone freezing compared to the 0Sh groups
despite having lower levels of baseline freezing (strong tone conditioning groups, p<0.05;
weak tone conditioning groups, p=0.058; a priori planned LSD post hoc). Thus, in contrast
to the pattern of baseline and tone freezing seen in the other groups, the NE groups had a
considerable amount of baseline fear that did not lead to increased levels of tone freezing.

Tone Fear Reporting Methods

Tone fear was reported using four methods: absolute freezing, ratio, subtraction, and
covariate. Efficacy of reporting methods was based on two criteria: 1) Elimination of the
confounding effect of baseline freezing, i.e. reported equivalent levels of tone fear for
groups that received identical tone conditioning on Day 1 (either 1 or 3 CS-US pairings) but
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different baseline manipulations on Day 5, and 2) Sensitivity to differences between weak
and strong tone conditioning, where higher levels of tone fear is reported in the groups that
received strong tone conditioning.

Tone fear reported using the Absolute Freezing method (Fig. 2a) was repeated in Figure 3
for the sake of comparison with the other reporting methods. As noted above, this method
was significantly affected by baseline manipulation for weak and strong tone conditioning
groups. The Ratio method (Fig. 2b) was also significantly affected by baseline manipulation
for weak (F(s, 44)= 4.913, p<0.005) and strong (F(4, 48)= 35.79, p<0.001) tone conditioning
groups. The Subtraction (Fig. 2¢c) method did report equivalent levels of tone fear across
baseline manipulation groups for weak tone conditioning, but not for strong tone
conditioning (F(4, 48)=17.3, p<0.001). Similar to the Subtraction method, the Baseline
Covariate method (Fig. 2d) reported equivalent levels of tone fear across baseline
manipulation groups for weak but not strong (F(s, 48)= 7.03, p<0.001 ) tone conditioning.
None of the four reporting methods satisfied both our criteria. Subtraction and Baseline
Covariate were able eliminate differences between baseline manipulation group for the
weak, but not the strong group. Figure 2 also clearly illustrates that the 0 Sh condition had
the greatest difference in reported tone fear between weak and strong tone conditioning,
regardless of which method was used to report the data.

DISCUSSION

These results clearly show that there is a positive interaction between baseline fear and tone
fear, where groups with higher levels of baseline freezing had higher levels of tone freezing.
Baseline fear, therefore, clearly confounds measures of tone fear and must be dealt with in
some way. However, none of the post-hoc data manipulation techniques investigated here
were able to successfully correct for confounding differences in baseline freezing while still
preserving sensitivity to differences in the level of tone conditioning. This complicates the
interpretation of a number of high-profile publications that have employed these techniques
(e.g. Gewirtz and Davis 1997; Huerta, Sun et al. 2000; Shors, Townsend et al. 2002;
Bangasser, Waxler et al. 2006; Reijmers, Perkins et al. 2007). We propose that a change in
the standard fear conditioning methodology, involving extinction of fear to the training
context and pre-exposure to the test context, may be the best solution to this problem.

It is important to note that our analysis of each tone fear reporting method was dependent on
the assumption that post-acquisition manipulations on Days 2-5, which included context
extinction, context preexposure, and additional footshock presentations, did not indirectly
alter true levels of tone fear. Some theories of conditioning suggest that CS-US contingency
is calculated at the time of testing (Gallistel, 1990; Stout and Miller, 2007) and thus predict
that unsignaled US presentations would reduce expression of tone fear whereas extinction of
competing CS’s, such as the context, should increase tone fear. Neither of these predicted
outcomes were observed in the present study. The groups that received shocks in the tone
test context showed enhanced expression of tone fear, opposite of what is predicted by this
class of models. This is consistent with findings that US exposure in a context different from
that used in training greatly attenuates interference with the CS-US association (Wasserman
and Miller, 1997). Furthermore, we found that context extinction in the 0-Sh groups did not
alter levels of tone freezing relative to the NE groups (Fig. 1b, c). Thus, the assumption that
our post-training manipulations did not indirectly alter the true level of tone fear is
supported by the experimental results.

Our results also bring up a few unexpected theoretical issues. First, our results seem to
indicate that baseline fear responses may be caused by multiple sources of fear. Although
most group comparisons show that increased baseline freezing leads to increased tone
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freezing, comparisons between the 0 Sh and NE groups did not: the NE groups had higher
levels of baseline fear but equivalent levels of tone fear relative to the 0 Sh groups. This
implies that in addition to baseline fear that directly interacts with levels of freezing during
the tone, it is also possible to have a considerable amount of baseline fear which does not
interact with freezing during the tone. If there are indeed multiple components of baseline
fear, it also raises the concern that different sources of baseline fear may be differentially
affected by certain experimental manipulations. Even equivalent but non-zero levels of
baseline fear may therefore significantly confound tone fear data. Second, it has been argued
previously that contextual fear and tone fear only interact under specific conditions, such as
if the CS has undergone extinction trials (Bouton, 1984). Our results suggest that, under our
parameters, baseline and tone fear can interact without this condition being met.

In light of these findings, it is clearly unacceptable to neglect baseline fear when interpreting
measures of tone fear in Pavlovian conditioning studies. Thus, reducing baseline fear to a
small fraction of cued fear responses may be the only viable option for resolving the
baseline issue in fear conditioning studies. Low baseline fear can be partially achieved by
using distinctly different training and testing environments, yet in some cases this may not
be enough, particularly in studies using C57BI/6 mice which tend to show a high level of
context generalization (Balogh et al, 2002). In situations where high levels of baseline fear
persist, we propose a specific methodological solution consisting of multiple days of context
extinction to the conditioning chamber followed by at least one day of pre-exposure to the
testing chamber, similar to the 0-Sh groups in this study. A potential criticism of this
alternate methodology is that it adds additional learning stages prior to the tone test, such as
context extinction. The true level of tone fear does not appear to be altered by context
extinction and pre-exposure to the tone test context, however, as the 0-Sh and NE groups
had equivalent levels of tone fear. The 0-Sh groups also showed the greatest sensitivity to
differences in tone conditioning strength as seen in Figure 2. This new methodology also
allows for a more complete assessment of fear learning and memory phenotypes: contextual
fear (Day 2), extinction learning (Days 3-4), a full assessment of generalized fear to the tone
testing chamber (Day 5), and lastly tone fear (Day 6). Thus, the methodology proposed here
avoids the potential for uninterpretable tone fear data, increases the sensitivity to differences
in tone fear compared to the current standard, and provides additional phenotypic
information about fear learning.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Percent freezing during the tone test. (a) Experimental design. On Day 1 all animals were
trained in Context A (dark boxes) with either 1 (weak) or 3 (strong) tone-shock pairings.
Context fear extinction sessions were given in Context A on Days 2—4. No-extinction (NE)
groups remained in their homecages for Days 2-5 and were given a tone test on Day 6 with

all other groups. All sessions on Day 5 occured in Context B (white boxes), a distinctly
different chamber used for the tone test on Day 6, where animals received 1, 2, or 6

unsignaled footshocks (top row, “1, 2, 6 Sh”), were pre-exposed to the context (middle row,
“0 Sh”), or were kept in their homecage (bottome row, “NE”). Note that the 0 Sh groups
received no aversive foot shocks on Day 5 so these animals were essentially pre-exposed to
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the testing chamber. (b, c) Percent freezing during the tone test on Day 6. For weak tone
conditioning (b), both baseline and tone freezing increased as a function of the number of
unsignaled footshocks in the 0, 1, 2, and 6Sh groups. Note that compared to the 0 Sh group,
the NE group had higher baseline freezing but equivalent tone freezing. For strong tone
conditioning (c), again both baseline and tone freezing increased as a function of the number
of unsignaled footshocks given. Note that the NE group had significantly higher baseline
freezing and lower tone freezing than the 0Sh group.
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Figure 2.

Common methods of reporting tone fear. (a) Absolute freezing (percentage time spent
freezing) averaged over all tone presentations. (b) Freezing ratio of percentage freezing
during the CS divided by the sum of percentage freezing during the CS and the percentage
freezing during baseline. (c) Subtraction score calculated by subtracting percentage freezing
during the 180s baseline period from percentage freezing during the tone. (d) Baseline
covariate (adjusted means and standard error from ANCOVA). Open circles, weak tone
conditioning groups; closed circles, strong tone conditioning.
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