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Discrimination between sensory stimuli associated with safety and threat is crucial for behavioral decisions. Discriminative
conditioning paradigms with two acoustic conditioned stimuli (one paired with shock [CS+], the other unpaired with
shock [CS—]) have been widely used as an experimental model for fear learning. However, no attention has been paid to
the effect of the CS— on safety in the paradigms, because the CS— served as a neutral cue or elevated the freezing level
due to fear generalization although less effectively than the CS+. By using a noise and a tone as two acoustic CSs in a discrim-
inative auditory fear conditioning (AFC) paradigm, here we demonstrate that mice learn safety for the CS— while showing
fear for the CS+ with opposing emotional behaviors. We found that after learning mice exhibited a significant suppression of
context-dependent freezing during the CS—, but not during the CS+, indicating learned safety without fear generalization for
the CS—. In contrast, the mice showed an enhanced level of freezing during the CS+ even in a novel spatial context, indicating
cued fear for the CS+. Moreover, the CS+ also induced rapid defensive behaviors, whereas the CS— disinhibited normal ex-
ploratory behaviors. On the other hand, mice showed no significant suppression of contextual fear during the CS— in a par-
adigm with a pair of tone CSs at different frequencies, although they clearly discriminated the two tones. These results suggest
our AFC paradigm with the noise and tone CSs as a useful experimental model for cue-dependent discriminative learning of

safety and threat.

Learning to discriminate sensory stimuli associated with safety
from those associated with threat is crucial for correct behavioral
decisions. Impaired discrimination of the associated emotional
valence between these stimuli can lead to fear generalization
(Dunsmoor and Paz 2015), a symptom of anxiety disorders ob-
served in a wide variety of neuropsychiatric disorders, such as post-
traumatic stress disorder (Etkin and Wager 2007; Jovanovic et al.
2012), schizophrenia (Holt et al. 2012; Braga et al. 2013; Kiran
and Chaudhury 2016), and autism spectrum disorders (van
Steensel et al. 2011; White et al. 2014). Therefore, experimental
models of discriminative safety versus fear learning are beneficial
for the research on neural mechanisms of emotional discrimina-
tion and generalization, as well as on related disorders (Kheirbek
et al. 2012).

As classical experimental models of safety learning, two types
of fear conditioning paradigms have been used in rodent studies:
contextual fear conditioning with a single acoustic conditioned
stimulus (CS) that is associated with a period of time in the absence
of aversive unconditioned stimuli (US) (Rogan et al. 2005; Pollak
et al. 2008, 2010), and cued fear conditioning with two CSs: one
paired with an aversive US (CS+) and the other explicitly unpaired
with the US (CS-) (Hammond 1967; Christianson et al. 2012;
Sangha et al. 2013; Foilb et al. 2016). A critical point of the differ-
ence between these two paradigms is how to evaluate learned safe-
ty. In the single-cue paradigm, learned safety is evaluated by a
suppressive effect of the CS on contextual fear that is acquired by
the aversive US in the conditioning context (Rogan et al. 2005;
Pollak et al. 2008, 2010). On the other hand, in the dual-cue para-
digm, conditioned safety is evaluated by an attenuating effect of
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the CS— on CS+-evoked fear when presenting both the CSs simul-
taneously in the testing session, a test referred to as a summation
test (Hammond 1967; Rescorla 1969; Christianson et al. 2012).
Importantly, to prevent animal subjects from misunderstanding
the superposed CSs as a novel cue, two cues with different sensory
modalities, such as sound and light, need to be assigned to the CSs
in the dual-cue paradigm (Hammond 1967; Christianson et al.
2012; Sanghaetal., 2013; Foilb et al. 2016). Although a retardation
test is another way to evaluate learned safety that assesses a low ef-
fectiveness of the CS on fear acquisition after the same CS being ac-
quired as a safety cue (Rescorla 1969), safety conditioning and the
subsequent reconditioning for fear need to be performed indepen-
dently (Rescorla 1969; Rogan et al. 2005; Pollak et al. 2008;
Christianson et al. 2012; Sangha et al. 2013; Foilb et al. 2016).
Alarge number of studies have taken advantage of discrimina-
tive auditory fear conditioning (AFC) paradigms with two sound
CSs for investigating fear learning and memory (Antunes and
Moita 2010; Letzkus et al. 2011; Aizenberg and Geffen 2013;
Courtin et al. 2014; Ghosh and Chattarji 2014; Botta et al. 2015;
Abs et al. 2018). However, although the effect of the CS+ on condi-
tioned fear has been assessed by comparing fear intensities be-
tween the CS+ and the CS—, based on an increase in freezing
responses above the baseline level, no attention has been paid to
the effect of the CS— on safety learning. This is probably because
the freezing level was either unaffected by the CS— (Ghosh and
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Discriminative safety and fear learning in mice

Chattarji 2014) suggestive of the CS— being a neutral cue that lacks
an emotional impact, or elevated by the CS— (albeit to a lesser ex-
tent than the CS+; Antunes and Moita 2010; Letzkus et al. 2011;
Aizenberg and Geffen 2013; Botta et al. 2015; Abs et al. 2018), pre-
sumably due to fear generalization to the acoustic cues (Laxmi et al.
2003; Ghosh and Chattarji 2014). Thus, a paradigm in which ani-
mals learn both safety and fear in a cue-dependent manner with
opposing behavioral expressions remains to be established. By us-
ing a discriminative AFC paradigm with multiple conditioning ses-
sions and distinct acoustic features of CSs, here we demonstrate
that C57BL/6] (B6) mice learn to discriminate between the CS—
and the CS+, showing suppression of context-dependent freezing
and disinhibited exploratory behaviors to the CS—, but cue-evoked
freezing and rapid defensive behaviors to the CS+.

Results

Acquisition of contextual and cued fear

We first tested contextual and cued fear acquisition in a discrimina-
tive AFC paradigm with B6 mice. We performed conditioning for
three consecutive days and retrieval testing for the next 2 d, in

one session per day (Fig. 1A). Each conditioning session during
the first 3 d had four trials in which a white noise CS+ was paired
with an electric footshock US, and four trials in which a 12 kHz
tone CS— was explicitly unpaired with the US; trials were executed
in a pseudorandom order (Fig. 1A). The testing session on day
4 and day 5 had six trials in which the CS+ and the CS— were alter-
nately presented in the absence of the US; with the session on day
4 performed in the same context of the conditioning chamber, and
the session on day 5 performed in a novel spatial context (Fig. 1A).
To avoid a masking effect on contextual fear acquisition, we omit-
ted sessions for habituation to the chamber before conditioning.
To assess fear strength in mice, we quantified body movements
as the motion indices that are determined by pixels changed be-
tween successive frames in a recorded video, and measured time
spent in freezing behavior defined as the motion indices of 0-2
lasting more than or equal to 1 sec (see Materials and Methods).
In the first session of conditioning on day 1, mice displayed explor-
atory behavior and little freezing during the time prior to the CS
(PreCS) (Fig. 1B, Day 1, 2.4+0.9%, n=12), indicating no intrinsic
fear to the context of the chamber before learning. However, the
freezing level during the PreCS was increased in most of the mice
tested (10 of 12 mice) in the second session on day 2 (Fig. 1B). In
the third conditioning session on day 3,
9 mice exhibited an increase in the freez-
ing levels from those on day 2, and 4 mice
showed extremely high levels (>60%) of
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freezing (Fig. 1B). On average, we found
significantly higher level of freezing dur-
ing the PreCS on day 2, and the high level
was maintained on day 3 (Fig. 1B; P=
0.00739 (day 1 vs. day 2), P=0.0105

T (day 1 vs. day 3), P=0.826 (day 2 vs. day
3), Bonferroni’s test; 32.0+7.9% for day
2,38.9+10.2% for day 3, n=12). These re-
sults indicate that the mice acquired con-
textual fear during conditioning.

To assess contextual fear memory,
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we examined the level of freezing at the
beginning of the testing session on day
4 at which the mice were only subjected
to the spatial context but not yet to the
CSs on the day. The result showed a sig-
nificantly higher level of freezing com-
pared to the initial level on day 1, but in
the following testing session on day 5
when the spatial context of the chamber
was changed, the freezing level dropped
to the level before learning (Fig. 1C; P=
0.00368 (day 1 vs. day 4), P=0.00587
(day 4 vs. day 5), P=0.249 (day 1 vs. day
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Figure 1.

multiple comparison test (B,C) and a paired t-test (D).
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Day 5 (Context B)

Contextual and cued fear in a discriminative AFC paradigm. (A) Schematic diagram of the
experimental protocol for 3-d conditioning in context A (day 1-3) followed by the first testing session in
context A (day 4) and the second testing session in context B (day 5). (B) Percentage of time spent freez-
ing during the time prior to the CSs (PreCS) for each conditioning session (day 1-3). Significant increase
in the freezing level on day 2 indicates acquisition of contextual fear. Gray dots with lines represent the
median of data sets from eight trials per day (including the CS+ and CS- trials) for individual mice (n=12
mice). (C) Percent time spent freezing during the PreCS of the first trial of the session on day 1 (Context
A), day 4 (Context A), and day 5 (Context B) that represents contextual fear memory. The freezing level is
significantly higher on day 4 but no difference is found on day 5 compared to that on day 1. Gray dots
with lines represent data from individual mice. (D) Percent time spent freezing in trials with the CS+ in
the testing session on day 5 (in a novel spatial context). The freezing level is markedly higher during the
CS+ than during the PreCS+, indicating fear elicited by the CS+. Gray dots with lines represent the
median of data sets from three trials with the CS+ for individual mice. All data in bar graphs are depicted
as mean + SEM. (*) P<0.05, (**) P<0.01, (***) P<0.001. P values were obtained using the Bonferroni’s
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1st PreCS, 25.1+6.2% for day 4 1st
PreCS, 3.3+1.6% for day 5 1st PreCS, n=
12). The decrease of freezing level on
day 5 is unlikely due to an attenuation
of fear memories because the CS+ in-
duced a marked increase of freezing level
in the same session (Fig. 1D; P=7.38 x
1075, 7.8+2.5% for the PreCS+, 47.4+
4.2% for the CS+, n=12), indicating the
retention of cued fear memory to the
CS+ on day S. Taken together, the above
results suggest that the mice acquire two
features of conditioned fear, contextual
fear and cued fear, during conditioning
and retain the memory.
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Discriminative safety and fear learning in mice

Learned safety for the CS—

Interestingly, we also found that the freezing level was significantly
lower during the tone CS— compared to that during the PreCS— in
the testing session on day 4 (Fig. 2A; P=0.00294, 35.1+7.3% for
the PreCS—, 10.1 £4.2% for the CS—, n=12). In contrast, no differ-
ence was found for the noise CS+ in this session (Fig. 2B; P=0.107,
26.8+6.2% for the PreCS+, 39.9+5.0% for the CS+, n=12), al-
though there was a marked difference on day 5 (Fig. 1D). To further
assess cue-dependent effects, we analyzed changes in freezing lev-
els from the PreCS period to the CS period in a trial-by-trial manner
(see Materials and Methods) to subtract a component of contextual
fear included in each trial. We found that 11 out of 12 mice exhib-
ited negative changes from the PreCS— to the CS—in a trial on day 4
(Fig. 2C, CS— on day 4). In contrast, all of the mice tested displayed
positive changes from the PreCS+ to the CS+in a trial on day 5 (Fig.
2C, CS+ on day 5). The averaged data showed a significantly nega-
tive change for the CS— as opposed to a positive change for the CS+
on both day 4 and day 5 (Fig. 2C; P=0.000564, —22.1+5.1% for
the CS—, P=0.0457, 14.9+8.1% for the CS+ (day 4); P=0.0468,
—6.8+3.7% for the CS—, P=1.39x 1075, 38.4+4.4% for the CS+
(day 5), n=12). These results strongly suggest that contextual fear
is suppressed by the CS— while cued fear is retrieved by the CS+.

In line with this observation, normal exploratory behaviors
that are primarily represented as the motion indices ranging
from 3 to 1000 appeared more frequently during the CS— com-
pared to the PreCS—, while decreasing the time with the motion
index 0, that stands for no movement (see above for the defini-
tion of freezing), in the testing session on day 4 (Fig. 3A, C; P=
0.000646, 36.0+£5.9% for the PreCS—, 15.2+4.2% for the CS—
(Motion index 0); P=0.000693, 55.7 +4.5% for the PreCS—, 75.3
+3.4% for the CS— (Motion index 3-1000); P=0.905, 1.6+1.0%
for the PreCS—, 1.7 +1.0% for the CS— (Motion index >2000), n
=12). This result strongly suggests that the CS— serves not as a
neutral cue that has no influence on behaviors but as a safety
cue that allows exploratory behaviors of the mice. In contrast,
we observed that the mice sometimes rushed to the corner or
jumped in the chamber during the CS+ in the session on day 4.
These defensive behaviors (Gerlai 1998; Laxmi et al. 2003) could
be reflected in the motion indices larger than 2000 during the
CS+ (Fig. 3B, D; P=0.00169, 1.0+£0.5% for the PreCS+, 5.0+
1.0% for the CS+ (Motion index >2000), n=12). Such behaviors
were observed in several short time epochs only during the CS+
(Fig. 3B). Concomitantly, the occurrence of normal body move-
ments with motion indices 3-1000 was decreased during the
CS+ (Fig. 3D; P=0.00412, 64.9+4.7% for the PreCS+, 47.6+%

2.9% for the CS+ (Motion index 3-
1000), n=12), while no significant differ-
ence was found in the motion indices of

A - — B s, 0 between the PreCS+ and the CS+ in
the session on day 4 (Fig. 3D; P=0.122,
2 60 - D 60 | 29.0+5.7% for the PreCS+, 39.6+3.7%
N N for the CS+ (Motion index 0), n=12).
£ 0 | ] L 0 | 3 Thus, these behavioral differences during
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= = in the behavioral expressions elicited by
X 20 | R 20 A the CS— and CS+.
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PreCs- CS- (12kHz) PreCS+ CS+ (Noise) was acquired in conditioning sessions,
Day 4 Day 4 we analyzed the difference of the freezing
C levels between the PreCS— and the CS—
g€ a0 ook D 50 - . across three conditioning sessions (day
8 OCs-(12kH7) | 0= PreCs- - 1-3). Interestingly, we observed that the
& 60 7 [mCS*Nowe) a0 |~ CS-(i2kH2) freezing levels during the PreCS— and
E 40 | i 2 during the CS— showed similar increase
% 20 1 s ; * § 30 4 % on day 2, and there was, therefore, no sig-
3 “ ﬁ nificant difference in the freezing level
g o : " £ 20 - between the PreCS— and the CS—, as
8 20 L‘_‘ - seen in day 1 (Fig. 2D; P=0.189, 6.8+
£ 0l ° 10 A % 2.2% for the PreCS—, 3.6+1.5% for the
° CS— (day 1); P=0.580, 35.2+8.7% for
g 60 - 0 the PreCS—, 30.6+5.2% for the CS— (day
Day 4 Day 5 Day1 ~ Day2  Day3  Day4 2), n=12). However, the difference of
(Context A) (Context B) the freezing levels between the PreCS—
Figure 2. Learned suppression of contextual fear during the CS—. (4) Percent time spent freezing intrials ~ 2nd the CS— became significant on day

with the CS— in the testing session with the conditioning context (day 4). The freezing level is markedly
lower during the CS— than during the PreCS—, indicating inhibition of contextual fear during the CS—.
(B) Percentage of time spent freezing in trials with the CS+ in the testing session on day 4. On average,
no significant change of the freezing level is detected during the CS+ comparerd to that during the
PreCS+. (C) Changes in freezing levels represented as the percent time spent freezing during the CS sub-
tracted by that during the corresponding PreCS of the trial. A negative change (i.e., reduction) of freezing
levelsfor trials with the CS—and a positive change (i.e., enhancement) of freezing levels for trials with the CS
+ indicate opposing effects of the CSs on emotional responses. Note that the testing session on day 4 is
performed in the conditioning context (context A), whereas the testing session on day 5 is carried out
in a novel context (context B). (D) Comparison of freezing levels between the time during the PreCS—
and during the CS— across sessions. The freezing level during the CS— becomes significantly lower than
that during the PreCS— on day 3 as well as on day 4. Gray dots with lines (4,B) and circles (C) represent
the median of data sets from three trials for individual mice (n=12 mice). All data in bar graphs in A-C
and the line graph in D are depicted as mean + SEM. (*) P<0.05, (**) P<0.01, (***) P<0.001. P values
were obtained using a two-tailed paired t-test (A,B,D) and a one-tailed paired t-test (C).
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3, due to a decrease of the freezing level
during the CS— relative to that on day 2
(Fig. 2D; P=0.0157, 36.8+£8.6% for the
PreCS—, 17.5+£5.4% for the CS— (day 3);
P=0.0415 (day 2 vs. day 3 for the CS-),
n=12). This result demonstrates that the
mice acquired the CS— evoked suppres-
sion of contextual fear in the third condi-
tioning session.

To test whether the suppression of
freezing during the CS- is specific for
pure tones, we performed the same condi-
tioning experiment, with the 12 kHz tone

Learning & Memory
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No suppressive effect of the CS— on

A PreCS- CS- (12kHz) B PreCS+ CS+ (Noise)
2000 5000 + contextual fear in a paradigm with
tone/tone pair of the CSs
5 1500 | 5000
S s To test whether the CS— shows a suppres-
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1000 : .
assigned as the CS+ and CS—, respectively,
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g %07 g — on day 4, the remaining mice (8 of 12
5 OPreCs- 5 OPreCS+ mice) did not show such reductions con-
é 60 WCS- (12kHz) é 60 WCS+ (Noise) sistently (Fig. SA). On average, no signifi-
3 5 cantly lower level of freezing was
E 40 E 40 observed during the CS— compared to
E E that during the PreCS— on day 4 (Fig. 5A;
é 20 | é 20 | o P=0.506, 15.7+4.1% for the PreCS-,
s s T 20.5+5.4% for the CS—, n=12). This re-
< o | < . . mm sult indicates no apparent effect of the
o 3-1000 52000 o 3-1000 52000 CS— on contextual fear in this protocol.

However, we found markedly higher level

Figure 3. Distinct behavioral expressions in response to the CS— and the CS+. (A) A typical example of
the motion indices during a trial with the 12 kHz tone CS— (including the period of PreCS— for 10 sec) in
a testing session on day 4. The gray area represents the period of CS— presentation. The motion indices
less than 1000 appear more frequently in the CS— period than in the PreCS— period. (B) A typical
example of the motion indices during a trial with the white noise CS+ (including the period of
PreCS+ for 10 sec) in a testing session on day 4. The gray area represents the period of CS+ presentation.
The motion indices more than 2000 appear in the CS— period. (C) Comparison of the appearance of
mouse movements with different motion indices between the PreCS— and the tone CS— in the
testing session on day 4. The vertical axis represents the percent pixels (time) showing each motion
index range (0, 3-1000, or >2000). The percentage of time with the motion index 0 is significantly
lower during the CS— than during the PreCS—, while that with the motion indices ranging 3-1000 is
significantly higher during the CS— than during the PreCS—. No significant difference is seen for the
motion indices more than 2000. (D) Comparison of the appearance of mouse movements with different
motion indices between the PreCS+ and the noise CS+ in the testing session on day 4. The percentage of
time with the motion index more than 2000 is significantly higher during the CS+ than during the
PreCS+, while that with the motion indices ranging 3-1000 is significantly lower during the CS— than
during the PreCS—. No significant difference is seen for the motion index 0. All data in bar graphs are
depicted as mean+ SEM (n=12 mice). (**) P<0.01, (***) P<0.001. All P values were obtained using a
paired t-test.

of freezing during the CS+ relative to that
during the PreCS+ (Fig. 5B; P=0.000158,
10.8£4.0% for the PreCS+, 47.5+5.6%
for the CS+, n=12), and a significant dif-
ference between the CS— and the CS+ in
freezing level changes from the PreCS pe-
riod to the CS period on day 4 (Fig. 5C; P=
0.000443, 1.8+ 6.0% for the CS— relative
to the PreCS—, 35.2 £ 5.9% for the CS+ rel-
ative to the PreCS+, n=12), indicating
that the mice discriminated the two tone
CSs. We also observed a positive change
in the freezing level relative to that during
the PreCS only during the 4 kHz tone CS+
but not during the 12 kHz tone CS- in
a novel spatial context on day 5 (Fig. 5D;
P=0.319, 1.3£2.6% for the CS— relative
to the PreCS—, P=1.39x1077, 49.0+
4.4% for the CS+ relative to the PreCS+,

and the white noise being oppositely assigned as the CS+ and CS—,
respectively, for another group of mice. In accord with the previous
results with the tone CS—, we found a significantly lower freezing
level during the noise CS— compared to that during the PreCS—
on day 4 (Fig. 4A; P=0.0226, 22.1+4.0% for the PreCS—, 11.1+
3.8% for the CS—, n=12). We also found a significant reduction
of contextual fear only for the noise CS—, but was not for the
tone CS+ on day 4 (Fig. 4B, day 4; P=0.0245, -13.1+3.9% for
the CS- relative to the PreCS—, P=0.0959, 17.6+7.0% for the
CS+ relative to the PreCS+, n=12), indicating that cue-evoked sup-
pression of freezing is not limited to the 12 kHz tone. In addition,
the 12 kHz tone CS+, but not the noise CS—, elevated freezing levels
relative to the PreCS in a novel spatial context on day 5 (Fig. 4B, day
5; P=0.134, —0.4+1.9% for the CS— relative to the PreCS—, P=
0.000177, 36.1+4.5% for the CS+ relative to the PreCS+, n=12),
indicating that the 12 kHz tone as the CS+ acts to retrieve fear
memory in this protocol. Taken together, these results demon-
strate that mice can learn the CS— and the CS+ as safety and threat
signals, respectively, showing suppression of contextual fear for
the CS— and expression of cued fear for the CS+ in our AFC para-
digm with a noise and a tone as two acoustic CSs.
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n=12), indicating cued fear memory for the CS+. These results sug-
gest that mice fail to express safety behavior during the CS— in our
AFC paradigm with a tone/tone pair of CSs, although they can dis-
criminate between the two CSs.

Discussion

In this study, we designed a discriminative AFC paradigm with 3-d
conditioning sessions in which a pair of noise and tone pulses was
used as CSs, and demonstrated that B6 mice learned contextual
fear and suppression of contextual fear in response to the CS—, as
well as cue-specific fear to the CS+. Our study provides an experi-
mental model of discriminative learning and memory for safety
versus fear that is useful for elucidating the neural mechanisms
of emotion regulation and dysregulation.

Two types of safety conditioning paradigms have been classi-
cally utilized in rodent studies: a single-cue paradigm and a dual-
cues paradigm (Hammond 1967; Rescorla 1969; Rogan et al.
20035; Kong et al. 2014). The CS in the single-cue paradigm exerts
an inhibitory effect on contextual fear (Rogan et al. 2005; Pollak
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fear in response to the CS— in the same
paradigm but with a tone/tone pair of
the CSs, which is consistent with the pre-
vious studies described above. Second, to
detect a suppressive effect of the CS— on
contextual fear, it is important for mice
to be subjected to the CS— in the presence
of relatively high contextual fear that is
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caused by fear generalization. However,
preconditioning habituation protocols
can attenuate generalized fear to the spa-
tial context that can be otherwise en-
hanced by the US during conditioning
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Figure 4. Discriminative safety and fear learning in a paradigm with the tone CS+ and the noise CS-.
(A) Percent time spent freezing in trials with the noise CS— in the testing session with the conditioning
context (day 4). The freezing level is significantly lower during the CS— than during the PreCS—, indicat-
ing inhibition of contextual fear is caused by the noise CS—. (B) Changes in freezing levels represented as
the percent time spent freezing during the CS subtracted by that during the corresponding PreCS of the
trial. Opposite changes in freezing levels between the CS— on day 4 (decrease) and the CS+ on day 5
(increase) indicate safety specific for the noise CS— and fear specific for the tone CS+. Gray dots with
lines (A) and circles (B) represent the median of data sets from three trials for individual mice (n=12
mice). All data in bar graphs are depicted as mean + SEM. (*) P<0.05, (***) P<0.001. P values were ob-
tained using a two-tailed paired t-test (A) and a one-tailed paired t-test (B).

etal. 2008, 2010), while the CS— in the dual-cues paradigm have an
attenuating effect on cued fear induced by the CS+ (Hammond
1967; Rescorla 1969; Christianson et al. 2012; Sangha et al.,,
2013; Kong et al. 2014; Foilb et al. 2016). In the present study,
we integrated the evaluation of safety learning based on a suppres-
sion of contextual fear, classically used in single-cue paradigms
(Rogan et al. 2005; Pollak et al. 2008, 2010), into the auditory dis-
criminative paradigm that involves two acoustic cues. This allowed
us to assess not only safety for the CS— but also fear for the CS+ in
the same manner as the CS'’s effect on contextual fear.

Many rodent studies with discriminative AFC paradigms used
two pure tones with different frequencies (Antunes and Moita
2010; Aizenberg and Geffen 2013; Ghosh and Chattarji 2014),
two frequency-modulated sweeps with the same frequency range
but opposite sweep directions (Letzkus et al. 2011; Abs et al.
2018), or a pair of a tone and a noise (Courtin et al. 2014; Botta
et al. 2015) as the CSs. These examinations, however, resulted in
either an increase in the freezing level even during the CS— com-
pared to that during the PreCS or the baseline level (Antunes and
Moita 2010; Letzkus et al. 2011; Aizenberg and Geffen 2013;
Botta et al. 2015; Abs et al. 2018), or unaltered freezing levels dur-
ing the CS— (Ghosh and Chattarji 2014) (except for Courtin et al.
2014 which made no statistical comparison between pre- and post-
conditioning for the CS-), although there was a significant differ-
ence in freezing level between the CS— and CS+ after learning
(Antunes and Moita 2010; Letzkus et al. 2011; Aizenberg and
Geffen 2013; Courtin et al. 2014; Ghosh and Chattarji 2014;
Botta et al. 2015; Abs et al. 2018).

There are several potential factors that affect specification and
generalization of fear in discriminative AFC paradigms. First, when
the physical properties of the two sound stimuli are similar, fear
generalization to the sound stimuli occurs more likely (Aizenberg
and Geffen 2013). In our present study, we chose a white noise
and a tone delivered at different pulse rates as sound CSs to allow
mice to discriminate more easily the two stimuli. As a result, the
mice did not show generalized fear to the CS— but displayed a safety
response selectively to the CS— after learning. We also found that a
pure tone and a white noise as the CS— had a similar effect on con-
ditioned safety in our discriminative conditioning paradigm. On
the other hand, we found no learned suppression of contextual
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Day 5

(see below). In our current protocol, we
(Context B)

omitted the habituation session to avoid
its masking effect on fear generalization.
Aswe expected, mice showed a substantial
level of contextual fear in the second and
third sessions of conditioning and also in
the testing session with the same spatial
context (Figs. 1B, 2D). Importantly, all
the above previous studies performed re-
trieval testing only in a cage that differs
from the one used for conditioning (i.e.,
a novel context) (Antunes and Moita
2010; Letzkus et al. 2011; Aizenberg and
Geffen 2013; Courtin et al. 2014; Ghosh and Chattarji 2014;
Botta et al. 2015; Abs et al. 2018). The context change for testing
in those studies may have masked the suppressive effect of the
CS- on contextual fear. Actually, we found a decreased freezing lev-
el during the PreCS in the testing session with a novel context (day
5) in our conditioning paradigm. We cannot rule out the possibility
that this reduction was caused in part by an attenuation of contex-
tual fear memory or extinction learning during the testing session
on day 4. Nevertheless, we found cued fear selective to the CS+,
but not to the CS—, in a novel spatial context (Figs. 1D, 2C day 5),
indicating the retention of fear memory on day 5. Additionally,
the total number of trials with US as well as the intensity of the
US can affect fear generalization to the context (Laxmi et al.
2003; Baldi et al. 2004) and also to the CS— (Laxmi et al. 2003;
Antunes and Moita 2010; Ghosh and Chattarji 2014), and can
thus determine the level of fear specificity to the CS+. Indeed, we
found a high level of freezing during the CS— which was compara-
ble to that during the PreCS— in the second conditioning session,
but suppression of freezing during the CS— appeared in the third
session (Fig. 2D, day 2 vs. day 3), although the effect of the CS+
on freezing is likely masked by contextual fear in these sessions.
An optimal set of conditioning parameters might therefore be re-
quired for the successful detection of contextual fear, its suppres-
sion by the CS—, and cued fear to the CS+ in discriminative fear
conditioning paradigms.

Besides the suppression of freezing, we also observed in-
creased occurrence of normal exploratory behaviors during the
CS- in conditioned mice, in stark contrast to defensive behaviors
caused by the CS+ (Fig. 3). This result suggests the potential over-
lap between safety and reward. In support of this notion, safety
learning enhanced CS— evoked responses in the striatum (Rogan
et al. 2005) and the basal amygdala (Sangha et al. 2013), the brain
regions known to regulate behaviors motivated by reward
(Balleine et al. 2007; Ambroggi et al. 2008; Haber and Knutson
2010; Namburi et al. 2015). A recent study further demonstrated
the involvement of dopamine signaling in the basolateral amyg-
dala in learned safety (Ng et al. 2018). Further studies will be need-
ed to address whether the CS— acts as a rewarding stimulus in our
conditioning paradigm. Nevertheless, our discriminative AFC par-
adigm serves as an experimental model for discriminatory
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outside of a clear acrylic wall of the cham-
ber. Scrambled footshock unconditioned
stimuli (US; 0.6 mA, 2 sec) were generated
by the shock generator and deliver-
ed through the grids of the floor.
i FreezeFrame 3 (Actimetrics) software was
used for sound stimulus configuration,
temporal control of electric shocks, video
tracking, and quantification of locomo-
tion and freezing behavior. “Significant
Motion Pixel” analysis in the software
was chosen to quantify animal move-
ments (Kopec et al. 2007). The frame
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Day 4 floor with an excreta tray was washed
and dried, and the inside walls of con-
ditioning chambers were cleaned with
50 ppm sodium hypochlorite. Addition-
ally, the doors of sound attenuating cubi-
cles and conditioning chambers were
opened and exhaust fans were turned on
for ventilation until experiments. For
testing with a novel context, a gray acrylic
triangle roof and a white acrylic floor were
used (see below).

O O ogd

-20 4

Change in freezing level from PreCS (%) (@]
Change in freezing level from PreCS (%) O

CS- (12kHz) CS+ (4kHz)

CS- (12kHz)

Conditioning and testing protocols
All experiments were conducted within
the light cycle. A discriminative fear con-

CS+ (4kH
(kitz) ditioning paradigm consisted of 3-d con-

Day 4

Figure 5. Discriminative fear but not safety learning in a paradigm with tone/tone pair of the CSs.
(A) Percentage of time spent freezing in trials with the 12 kHz CS— in the testing session with the con-
ditioning context (day 4). No significant difference in the freezing level on average is found between the
CS— and the PreCS—, indicating no apparent effect of the CS— on contextual fear in this paradigm.
(B) Percentage of time spent freezing in trials with the 4 kHz CS+ on day 4. A significantly higher level
of freezing is found for the CS+ compared to the PreCS+. (C) Comparison of the changes in freezing
levels from the PreCS period to the CS period on day 4. A significant difference of the changes in freezing
levels during the CSs indicates discriminatory responses to the tone CSs. (D) A positive change in the
freezing level is found for the 4 kHz CS+ but not for the 12 kHz CS— in the testing session with a
novel context (day 5), indicating cued fear selective to the 4 kHz CS+. Gray dots with lines (A-C) and
circles (D) represent the median of data sets from three trials for individual mice (n=12 mice). All
data in bar graphs are depicted as mean + SEM. (***) P<0.001. P values were obtained using a two-tailed

paired t-test (A-C) and a one-tailed paired t-test (D).

behaviors in mice that depend on emotional valence of the acous-
tic cues.

Materials and Methods

Animals

Male B6 (6-10 wk old) mice used for the experiments were pur-
chased from Japan SLC (Shizuoka, Japan) or bred in our facility.
All animals were individually housed and maintained for at least
2 d until experiments in a breeding room on a 12 h light—dark cycle
with food and water available ad libitum. All experiments were ap-
proved by the Committee for Animal Experiments of Kumamoto
University, and performed in accordance with the Guidelines for
Use of Animals in Experiments of Kumamoto University.

Fear conditioning apparatus

All type of fear conditioning and testing experiments were per-
formed in fear conditioning chambers (MED-AFC-M1, Med-
Associates) individually placed in sound attenuating cubicles
(NSB-B101) with an exhaust fan on the wall and a room lamp on
the ceiling. The conditioning chamber was equipped with a cham-
ber speaker and a metal grid floor connected with a programable
shocker (ENV-414S, Med-Associates). A video camera was placed

www.learnmem.org

289

Day 5 ditioning (day 1 to 3) and 2-d testing
(day 4 and 5) sessions with a conditioning
context (context A) on day 1 to 4 and a
novel context (context B) on day S (Fig.
1A). In a conditioning session, four trials
with conditioned stimuli (CS+) paired
with the US and four trials with condi-
tioned stimuli (CS—) explicitly unpaired
with the US were performed in a pseudo-
random order, with the inter-trial interval
randomly selected from four intervals: 60,
70, 80, and 90 sec. Each conditioning ses-
sion lasted for 600 sec, and the next ses-
sion started 24+ 2 h later (one session in
a day). CS+ was a 10 sec white noise
(125 msec pulse delivered at 4 Hz), and
CS— was a 10 sec 12 kHz tone (250 msec pulse delivered at 2 Hz).
In the second experiments, the tone and noise pulse trains were as-
signed as the CS+ and CS—, respectively. A 4 kHz and a 12 kHz tone
pulse trains (both of which were delivered as 250 msec pulses at 2
Hz) were assigned as the CS+ and CS—, respectively, in the third ex-
periments. The CS was presented at 80 dB sound pressure level. The
US was delivered during the last 2 sec of the CS+, so that they coter-
minated. Mice were not habituated to the conditioning chamber
and sound stimuli before conditioning to avoid a masking effect
on contextual fear acquisition and a potential effect on reversal
learning for the CS+, respectively. For testing sessions on day 4
and 5, three pairs of trials with the CS+ and CS— were performed
in an alternate order with the same inter-trial interval range as con-
ditioning sessions in the absence of the US. Each testing session
lasted for 450 sec. For testing with a novel context (context B) on
day 5, the session was carried out in the conditioning chamber
whose grid floor was covered with a white acrylic plate and a
gray acrylic triangle roof. Soon after each session, mice were re-
turned to their home cage and transferred to the breeding room.

Data analysis

Freezing was defined as the motion index less than or equal to 2
with the bout duration more than or equal to 1 sec. To evaluate
behavioral responses to the CS, the percentage of time spent in
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freezing during CS (CS+/CS—) and during the 10 sec prior to the CS
(PreCS+/PreCS—) was calculated for each trial and each session. The
final 2 sec of both CS+ and CS- in the 3-d conditioning sessions
was excluded from analysis to eliminate the effect of the US. To
compare cue-evoked responses among animals, freezing level dur-
ing the PreCS was subtracted from that during the CS for each trial
to eliminate the influence of contextual fear. To eliminate a poten-
tial bias for the freezing levels caused by incidental extreme outliers
that can appear in a trial of the session, median values were sam-
pled from the data sets of four trials (Day 1-3) or three trials (Day
4 and 5) in each session for the PreCS+, CS+, PreCS—, CS—, or
trial-by-trial subtraction of the PreCS from the corresponding CS
for each animal tested, and averaged by the number of animals
for each session. For the comparison of the PreCS among days
(day 1-3, Fig. 1B), medians from eight trials (including four trials
with the CS+ and four trials with the CS—) were extracted for
each animal, and averaged by the number of animals for each ses-
sion. For the assessment of contextual fear memory, data were
sampled from the PreCS period of the first trial in each session
(Fig. 1C). For statistical analysis, the percentages of time spent in
freezing were compared using a paired t-test except for multiple
comparisons among 3-d sessions with the Bonferroni’s multiple
comparison test. Significance of negative or positive changes in
freezing level from the PreCS to the CS was analyzed using a one-
tailed t-test. Data are expressed as means +standard error of the
mean (SEM). Differences were considered statistically significant
if P<0.05.
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