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Harmonization of the fastest and
densest responses reflects
humanlike reaction time in mice

Chan Hee Kim*

Department of Physiology and Neuroscience, Dental Research Institute, Seoul National University
School of Dentistry, Seoul, Republic of Korea

Introduction: Reaction time (RT) is important for evaluating delayed latency in
behavior. Unlike humans, whose RT usually reflects a one-to-one stimulus—response
relationship, the RT of animals can show two peaks representing the fastest and
densest responses in the response distribution due to multiple responses per trial
and can be further delayed depending on stimulus duration.

Methods: Stimulus duration was controlled to investigate whether these two
peak latencies align to form a single RT. Sound cues lasting 10, 5, and 2 s, each
associated with a food reward of condensed milk, were tested in three groups
of 24 mice using delay conditioning paradigm. The frequency and latency of
responses, along with basic indices such as accuracy, were analyzed.

Results: In delay conditioning experiments using sound cues of 10, 5, and 2 s, the
2 s group exhibited the strongest positive correlations between the two peaks,
as well as between the number of responses and accuracy rate, suggesting a
coupling of the fastest and densest responses and a one-to-one relationship
between stimulus and response.

Discussion: Based on these findings, | propose harmonizing the two peaks,
elicited by stimuli that induce prompt and minimal responses, as a criterion for
designing animal experiments to better mimic humanlike RT.
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Introduction

Reaction time (RT), also known as response time (Schouten and Bekker, 1967; Luce, 19865
Baayen and Milin, 2010; Welford et al., 1980), is essential in behavior analysis. In human and
animal studies, terms such as reaction speed (Stefanics et al., 2010; Khamechian et al., 2019)
and response latency (Etzel and Wright, 1964; Mehraei et al., 2016) are utilized interchangeably
with RT. RT is typically evaluated within a specific time frame for each trial (Koelsch et al.,
2002), along with an estimate of its time point (Poulton, 1950; Butz and Hoffmann, 2002). In
human studies, researchers provide clear instructions to human subjects before experiments
to ensure RT sensitivity. Human subjects are occasionally asked to respond quickly (Altieri
and Townsend, 2011; Eshel and Roiser, 2010). However, due to communication limitations,
instructing animals to respond quickly may be impractical. Even with clear instructions and
extended training in an experimental paradigm, animals may deliberately delay their responses
if the interval between stimulus onset and the reward is sufficiently long. Furthermore, their
behavior during a trial, which includes repeated actions such as licking, nose poking, and lever
pressing, complicates the interpretation of RT-like measures. Animal behavioral responses
have focused on whether animals sufficiently and successfully respond in experimental
paradigms, and then the repeated responses have been considered part of animals’ nature.
However, these repeated responses are all RTs in the context of animal experiments, but it is
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impossible to discern which of the repeated responses are comparable
to human data. The current study proposes theoretical criteria for
determining humanlike RT from animal data.

The
be one-to-one in animal studies as in human studies (Brewer, 2011;

stimulus-response relationship per trial may not
Grice et al., 1982). Animals respond even in a moment without a
sound cue or reward. In the experimental paradigm of classical
conditioning (Figure 1), the animals’ responses are not zero in the
time window from —20 s to 0 s; instead, they increase dramatically
during the period with a sound cue and reward after 0 s. Thus, a single

10.3389/fnins.2025.1501374

timepoint of RT for each trial, commonly observed in human studies
(Kim et al,, 2021; Kim et al., 2014), may be comparable to the fastest
response in repeated animal responses (Supplementary Figure 1A).
However, the frequency of repeated responses, such as head entry
(HE) into the food cup, is critical for assessing the animals’ behavioral
performance (Harris and Carpenter, 2011; Austen and Sanderson,
20205 Jennings and Kirkpatrick, 2006). During the training period,
repeated HEs for repeated stimulations gradually become the densest
point and form a peak in the HE distribution, which reflects the
behavioral habituation and sensitization of subjects (Groves and
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FIGURE 1

CS, conditioned stimulus.

Experimental paradigm. The mice in all groups lost up to 85% of their body weight by restricting their food intake before delay conditioning. During the
CS period, the duration of the sound cue followed by food reward varied among the 10-, 5-, and 2 s groups. On the final training day (D12), the

HE peak latency in the CS period after the onset of the sound cue was higher than that in the pre-CS period before the onset of the sound cue. The
FHE peaks occurred before the HE peaks in the 10 s group, whereas in the 5 and 2 s groups, the two peaks were nearly synchronized. The latencies of
the two peaks show how mice in each group respond differently to sound cues with varying durations. HE, head entry; FHE, fastest HE; D, training day;
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Thompson, 1970; de Boer et al., 1976; Thompson, 2009; Cevik, 2014;
McSweeney et al., 1996; McSweeney and Murphy, 2009). Therefore, in
addition to the HE peak latency, the fastest HE (FHE) and its peak
may be present within the HE distribution (Figure 1 and
Supplementary Figures 1, 2). Fundamentally, the time points for RTs
in animal data would not be a single latency but rather a subset of both
components of FHE and HE peak latencies. The coexistence of two
distinct components may raise an issue that requires the identification
of a true RT in the data. Considering a one-to-one relationship like
that in humans, the FHE peak after stimulus onset would be the true
RT. In contrast, the HE peak would have reliability as the true RT
owing to its higher frequency. Nevertheless, if the FHE and HE peaks
coincide, it indicates a coupling of the fastest and densest responses.
This is an ideal option that is closer to humans’ RT.

Subtle methodological differences exist between animals and
humans owing to the distinct behavioral characteristics and
experimental procedures, even when directly comparing their RTs
(Bale et al., 2017; Esteves et al., 2021; Johnson et al., 2017). For
instance, in a task to detect a sound cue, human subjects sit down at a
desk and press a mouse whenever they detect the cue. Food restriction
before the experiment and reward per trial are not essential for human
subjects’ click behavior. They do not click to receive the reward, except
in a specific paradigm (Balodis et al., 2012; Marco-Pallares et al.,
2008). The current experimental paradigm to test the humanlike RT
of animals was selected on this basis. The purpose of this study is not
to propose new equipment or experimental paradigms to correct and
reinforce animal behavior but rather to propose quantitative indicators
that can serve as a foundation for designing experimental paradigms
to compare human and animal behavior. To eliminate additional
factors beyond the basic concept of learning food-reward associations
and to observe the mice’s natural behaviors and the underlying nature
of their responses to a sound cue, the experimental paradigm was
based on classical conditioning, which also influences operant
conditioning. The experimental protocol did not include rewards or
punishment for missed responses. Since both the frequency and
latency of behavioral responses are critical factors explored in relation
to animal behavior in numerous studies, experimental paradigms,
such as the use of retractable levers to prevent repetitive behavior,
were not considered. Also, the animals’ heads or bodies were not
restrained during the experiment. During 12days of delay
conditioning (Clark and Squire, 1998), the freely moving mice learned
the food-reward association and were trained to respond when they
detected a sound cue (Figure 1), similar to human subjects.

RT can be influenced by various experimental conditions. This
study aimed to define the effects of a temporal factor in experimental
design that could combine the two different latencies of FHE, and
HE peaks into a single cohesive unit of RT rather than treating them
as separate entities. I thought that the key factor was the duration of a
conditioned stimulus (CS) associated with an unconditioned stimulus
(US). The shorter CS may reduce unnecessary repeated responses and
encourage prompt reactions, improving the frequency and latency of
responses. Indeed, many studies have explored the effect and
significance of the CS-US interval (or CS duration) based on tests
with various CS durations (Harris and Carpenter, 2011; Austen and
Sanderson, 2020; Jennings and Kirkpatrick, 2006; Johnson, 2018;
Rosas and Alonso, 1996; Schwarz-Stevens and Cunningham, 1993;
Meltzer, 1988; Meltzer and Brahlek, 1970; Delamater and Holland,
2008; Holland, 1980; Thrailkill et al., 2020). However, the specific
durations of the stimulus vary depending on the apparatus and study
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paradigm. Thus, an absolute value cannot be used to determine the
appropriate duration for designing an experiment. To investigate this,
I tested separate groups of C57BL/6NCrljOri mice (eight male mice
for each group) with sound cues of different CS durations (white noise
of 10, 5, and 2 s) (Figure 1). I hypothesized that the latency and
frequency of the FHE and HE peaks would vary depending on the CS
durations. If the FHE and HE peak latencies are synchronized, their
frequencies would also align into a single peak because the relationship
between latency and frequency can be interdependent. Moreover,
I hypothesized that the optimal CS duration could be predicted based
on the relationship between the two peaks. Thus, using white noise
and condensed milk, I recorded the HEs of freely moving mice in an
operant chamber based on delay conditioning.

Methods
Subjects

A total of 24 naive male C57BL/6NCrljOri mice, aged 7 weeks old,
were provided by the Experimental Animal Center at Seoul National
Dental University. Eight mice were assigned to each group. Before the
delay conditioning, each mouse was housed in its own cage and subjected
to a food restriction schedule to maintain their weight at 85% of their
free-feeding weight throughout the study. They had unlimited access to
water. The mice were kept in cages in a room with a light-dark cycle of
12 h each (8 am-8 pm). Training began when the mice reached 8 weeks
old and ended when they were 10 weeks old. The care and use of every
animal were approved by the Seoul National University Institutional
Animal Care and Use Committee (SNU IACUC).

Apparatus

The experiments were conducted using operant chambers
(interior dimensions: 21.6 x 17.8 x 12.7 cm; model EBV-307 W-CT,
Med Associates), each equipped with a stainless steel grid floor
consisting of 24 rods with a diameter 0of 0.32 cm (17.8 x 15.2 X 5.7 cm,
model ENV-307 W-GF) and enclosed within MDF sound-attenuating
cubicles (model ENV-022MD). A house light (28 V DC, 1000 mA,
model ENV-315 W) remained on throughout each experiment. A
sound cue of 75 dB (Tosun et al., 2016) was produced by a white noise
amplifier (10-25,000 Hz, model ENV-325SW) and delivered through
a cage speaker (model ENV-324 W). The noise produced by fans
(model ENV-025F) in each cubicle was approximately 65 dB. Food
reward, which consisted of condensed milk, was delivered into a single
0.5-cc stainless steel cup through a liquid pipe (model ENV-303LPHD)
connected to a syringe pump (model PHM-100A-EURO). The HEs
were counted whenever mice broke the detector beam (model
ENV-303HDW) inside the liquid pipe. The experiments were
conducted using the MED-PC V software (model SOF-735).

Stimulus

The experiment included two stimuli: CS and US. The CS
consisted of white noise cues with varying durations: 10, 5, and 2 s
(Figure 1 and Supplementary Figure 3B). The selection of a CS
duration of 10 s was influenced by literature (Austen and Sanderson,
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2020; Thrailkill et al., 2020; Trott et al., 2022; Strickland et al., 2024)
on CS duration. The 5 s and 2 s durations were determined using the
HE and FHE peak latencies observed in the preliminary tests with a
10 s CS duration. The current data also observed the FHE and
HE peak patterns (Supplementary Figure 3C). To ensure that the CS
durations were within the ranges where mice could respond effectively,
I examined the responses to the 10 s CS. I selected the 2 s duration
based on the peak latency of FHE and the 5 s duration based on the
peak latency of HE observed during the late training sessions. The US
consisted of condensed milk. In accordance with the principles of
delay conditioning, the offset timings of the US matched those of the
CSs (Figure 1). Therefore, each US lasted 1 s and occurred between 9
and 10 s after the onset of the 10 s CS, 4-5 s after the onset of the 5 s
CS, and 1-2 s after the onset of the 2 s CS.

Procedure

The preconditioning phase lasted 8 days, during which the mice
underwent food restriction to reduce their weight to 85% of baseline
before the main experiment’s delay conditioning phase. They were also
acclimated to handling the US. On the last day of the preconditioning
phase, the mice had a session in the chamber without the CS but with
the US. After preconditioning, the delay conditioning experiments
were repeated daily for a total of 12 days (Figure 1). Each day, 10 trials
were conducted during the experiment. The intertrial intervals (ITIs)
were varied and were randomly set to 90, 180, or 270, based on a mean
ITI of 240 and an I'TT variance of 120 (Supplementary Figure 3A). The
total experimental time per subject was about 1 h per day, including
the preparation time. During the experiments, pumps were used to
deliver condensed milk from syringes to food cups, with the pumps
turned on during the US period. The US was delivered once over a 1-s
interval at the end of the CS presentation, regardless of whether the
mice responded. HE’s response was not required to trigger delivery.

Furthermore, the protocol did not include punishments for
missed or premature responses, nor were rewards withheld in such
cases. The mice were free to move around the chamber. In this study,
the behavior directed toward the food cup to consume the reward
food was referred to as “HE.” The timing of HEs to the food cup was
recorded at a temporal resolution of 10 ms.

Analysis

The data was analyzed in three groups of 24 mice, each with a
duration of 10, 5, and 2 s. For the HE frequency analysis, the HEs were
extracted from the CS and pre-CS time windows for 10 trials, and the
number of HEs was normalized per s. I carefully selected the time
window of the pre-CS period as an off-stimulus baseline to compare
to the CS of the on-stimulus condition. Supplementary Figure 3D
shows the details of pre-CS segmentation. In the analysis of
HE accuracy, the presence or absence of HE during each CS duration
per trial was calculated and converted to percentages (where one
correct trial equates to 10%). The number of HE was calculated using
the total number of HEs during each CS duration. The FHEs were
extracted from the first HE in each trial, including the HEs
(Supplementary Figure 1). To exclude the errors caused by too-prompt
and too-delayed responses associated with mice’s heads put in the food
cup before CS onset, I extracted a peak in all responses for both
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HE and FHE. The FHE and HE peak values between 0 s and 1 s after
the CS onset were recorded as 1 in terms of latency
(Supplementary Figures 1, 3). The maximum frequency value for the
FHE peak per 1-s epoch was 10, the trial number per day, whereas the
HE peak per 1-s epoch can be over 10 (Figures 2-4). The FHE peak
represents a peak in the distribution of FHEs, while the HE peak
corresponds to a peak in the distribution of HEs. Both peaks include
frequency and latency values (Supplementary Figure 1). Accordingly,
the latencies of the peaks did not include the incorrect HEs, as RT is
typically based on correct answers (Kail, 1991; Novikov et al., 2017).
The time windows for the estimation of the FHE and HE peaks were
each set from 0 to 10s after the onset of CS in all groups
(Supplementary Figure 4). The baseline-corrected HE frequency and
peak were calculated by subtracting the mean HE in the pre-CS period
from the HE in the CS (Supplementary Figures 5, 6).

Statistics

The statistical analysis showed that all data did not follow a
normal distribution. Thus, nonparametric analyses were employed for
all statistical procedures. Nonparametric Wilcoxon signed-rank tests
between the FHE and HE peaks were conducted using the Wilcoxon
signed-ranks test. The non-parametric correlations between each pair
of the FHE and HE peaks and the number of HEs and accuracy were
determined using the Spearman test. All three groups had a correlation
coefficient value 1, suggesting that the FHE and HE peaks coincided
(Supplementary Figure 3). Notably, converting a decimal to an integer
during the extraction of the two peaks from HEs significantly affected
the highest correlation coeflicient values (Supplementary Figure 3).
Nonparametric variances (ANOVAs) analysis was conducted using
the Kruskal-Wallis H test. In addition, post hoc analyses for ANOVAs
were conducted using Dunn’s test. The Bonferroni test adjusted the
type I error caused by multiple comparisons between the three groups
in Dunn’s test. MATLAB 9.12.0.2039608 (Math Works Inc., Natick,
MA, USA) and SPSS 25.0 software (IBM, Armonk, NY, United States)
were used to conduct all analyses.

Results

In the data analysis, I conducted a detailed analysis of behavioral
data at both the temporal and frequency levels to fully evaluate the
impact of CS duration. The analysis encompassed several steps. First,
I assessed the difference and correlation between the FHE and
HE peaks to better understand their relationship. Second, I separately
investigated the group differences in the FHE and HE peaks to better
understand their characteristics and implications. Third, I examined
classical components such as HE frequency during the CS and pre-CS
periods and HE accuracy to confirm the effect of CS duration on
subject performance.

Furthermore, I considered how shorter than longer CS durations
affected the mice’s ability to reach the food cup and how CS duration
affected the HE frequency. Based on these findings, I determined how
the subjects’ performance was affected by the relationship between the
FHE and HE peaks. Finally, I examined the correlation between the
number of HEs for each trial and accuracy across each group to
determine whether the relationship between HE responses and
correctness reflected humanlike behavior. Based on these processes,
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Difference between the FHE and HE peaks in latency and frequency. (A) Only the 10 s group exhibited significant differences in latencies between the
FHE and HE peaks (Wilcoxon signed-ranks test, p < 0.05). The latency for the HE peak was greater than that for the FHE peak. However, no significance
was observed in the 5 and 2 s groups (Wilcoxon signed-ranks test, p > 0.05). (B) The 10 s group showed significant differences in the FHE and

HE frequencies in D5 and D7-D12 (Wilcoxon signed-ranks test, p < 0.05). The frequency of the HE peak was higher than that of the FHE peak. In the

2 s group, a significant difference was observed in D3. The 5 s group was only significant in D11. Supplementary Tables 1, 2 also provide details of the
statistical analyses. *, p < 0.05. HE, head entry; FHE, fastest HE; D, training day.

I proposed a criterion for determining an appropriate CS duration to
elicit a humanlike RT based on the alignment of the FHE and
HE peaks.

Difference between the FHE and HE peaks
for each group

The results from the non-parametric Wilcoxon signed-rank test for

all training days indicated that the 10 s group mostly exhibited differences
in latency and frequency between the FHE and HE peaks. The significance
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of these findings varied by training days (D). Specifically, for latency, the
HE peaks were longer than the FHE peaks on D5, D7, D8, D9, and D11
(Figure 2A and Supplementary Table 1; Wilcoxon signed-ranks test,
P <0.05 in all cases). Similarly, the frequencies of the HE peaks were
higher than those of the FHE peaks on D5 and D7 through D12
(Figure 2B and Supplementary Table 2; Wilcoxon signed-ranks test,
P <0.05inall cases). In the 2 s group, a significant difference was observed
in D3. The 5s group was only significant in D11. Except for the
aforementioned results, no significant differences were observed in
latency or frequency between the FHE and HE peaks (p >0.05 in
all cases).

frontiersin.org


https://doi.org/10.3389/fnins.2025.1501374
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Kim 10.3389/fnins.2025.1501374
A § «={ D1} D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 (D12 e
=)
g2 & I Fi i & FF
5% 17 #2 x e # f
EES
8 E 05
22 1 i I
Eé 0 1 i = O
S5 H U |_| N
§2057010s §o o "
< m5s %8{ “IJ[
ST 1]1mM2s R [ '
S Latency HE peak
o5 (sec)
38 10 0 510 10 10 10 10 10 10 10 10 10
5E035E 5Eo 5% SEME’EQ 5@5@5@5@5E£5
o 0 0 0 0 0 0 0 0 0 0 0
051 0510 0510 0510 0510 0510 0510 0510 0510 0510 0510 0 510
10 10 10 4 o 6 6 10 4 4 2 02 o2 o
5E£5E§ SZZE”O 3&%3@5& ZEEB ZEOQ.1|EO 1Ec 1[o
& 3 0 0 0d2io 0 0 0 0 0 0 0 0
0510 0510 0510 024 036 036 0510 024 024 012 012 012
10 8 4 2 02 2 2 2r0 2 2 2 2
@5(@4%2E£1E°1E01E6{1£81E£1E6{1E01E01E0
0 0 0 0 0 0 0 0 0 0 0 0
0510 048 024 012 012 012 012 012 012 012 012 012
[}
B 2;,’ =i D1} D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12
[SE)
R # 3 # # # # i
o = -
‘g_m 1 " * " ,g-* . *4" Ed & ﬁ'*
<&
S E 051 H H H
ol H H
S o
=2 o0 = i ui
24 ] g % #
£ 505 ] ) Q #
© ¢ "YU ] O010s 20 < *
30 ] O5s g%{ %{ ns.
ST 11 # m2s L~ =
S Frequency HE peak
©° / sec
S 4 4 4 6 8 10 10 12 12 16 12 10
(6]
2d 208 2160 3leP ifaon s a3 lom § e § lamo 8 feme § e 5
o&o 0 0 0 0 0 0 0 0 o (&2 3 o
024 024 024 036 048 0510 0510 0612 0612 0816 0612 0510
4 4 6 6 10r o 8 8 10 10 8 10 10
288 2dee 32 35l 1A il s[RI E 5P 5[ P
@0 0 0 0 0 & ¢ oLo 0 ﬁ’o 0 0
024 024 036 036 051 048 048 0510 0510 048 0510 0510
4 6 12 8 8 8 8 10 12 5 10 10 10
2 3 [P 6 fge 4 [P 42 4 & 1 5 [5° 6 5@5@’95@
D B[ Riler B il [ @ ilfs[0” s[g” sl 2 [L 51
024 036 0612 048 048 048 048 0510 0612 0510 0510 0510
FIGURE 3

fastest HE; D, training day.

Correlation between the FHE and HE peaks in latency and frequency. (A) In the results of the Spearman test, the latencies of the FHE and HE peaks
were strongly and positively correlated in later training days for the 2 s group (D4-D6 and D8-D12). Positive correlations were found in the later days
of the 5 s group (D1, D4, D8, D10, D11, and D12) but only on D1 and D2 for the 10 s group. (B) Spearman test exhibited that the 2 s group exhibited
strong positive correlations in the frequencies of the FHE and HE peaks across all 12 days, except for D3. Furthermore, significant positive correlations
were observed in the 5 and 10 s groups. In the 5 s group, positive correlations were found on all days except for D1, D8, and D9. However, in the 10 s
group, positive correlations were observed only during the early stages of training (D3 and D5). The nonparametric correlation was evaluated using the
Spearman test. Supplementary Tables 3, 4 also provide details of the statistical analyses. *, p < 0.05; **, p < 0.01; and ***, p < 0.001. HE, head entry; FHE,

Correlation between FHE and HE peaks for
each group

Based on the nonparametric Wilcoxon signed-rank test results,
we employed the Spearman test to determine the correlation between
the FHE and HE peaks. As expected, the FHE and HE peak latencies of
the 2 s group were strongly and positively correlated during the later
training days (D4-D6 and D8-D12; Spearman test, p < 0.05 in all
cases). Similarly, in the 5 s group, positive correlations were observed on
D1, D4, D8, D10, D11, and D12. For the 10 s group, D1 and D2 were
the only significant variables (Figure 3A and Supplementary Table 3).
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For the frequencies of the FHE and HE peaks, the 2 s group exhibited
positive correlations across all 12 days (Spearman test, p < 0.05 in all
cases), except for D3 (Figure 3B and Supplementary Table 4). Significant
positive correlations were also found in the 5 s group except for D1, D8,
and D9 on all days. In the 10 s group, the significant results were
observed only in the early training period of D3 and D5, with a
significant negative correlation on D1.

The correlation results indicate that the FHE and HE peaks were
similar in groups with short and shorter CS durations (2 and 5 s) but
diverged in the group with the longer CS duration (10 s). In particular,
the two peaks nearly overlapped in the 2 s group.
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Difference between groups in the latency and frequency of the FHE and HE peaks. The one-way ANOVA results for the FHE and HE peak latency and
frequency indicated a significant effect of group factors (10, 5, and 2 s). (A) The FHE peak exhibited a significant group effect across training days for
both latency (D1, D2, D5, D7, D10, D11, and D12) and frequency (D2, D3, D4, D5, D7, D9, D10, and D12) (Kruskal-Wallis H test, p < 0.05). Post hoc
analyses revealed significant differences between the 10 and 2 s groups or between the 10 and 5 s groups for both latency and frequency (Dunn's test,
p < 0.05, Bonferroni-corrected). (B) The one-way ANOVA results for the HE peak indicated a significant group effect for both latency (D5-D12) and
frequency (D1-D4) (Kruskal-Wallis H test, p < 0.05). In the post hoc analysis, the latency of the 10 s group significantly differed from the other groups,
starting with D5 (Dunn'’s test, p < 0.05, Bonferroni-corrected). In the post hoc analysis for frequency, the 2 s group differed the most from the other
groups from D1 to D4 (Dunn's test, p < 0.05, Bonferroni-corrected). Supplementary Tables 5-8 also provide details of the statistical analyses. *,

p <0.05; ** p < 0.01; and ***, p < 0.001. Error bars denote 95% confidence intervals. HE, head entry; FHE, fastest HE; D, training day.

Group difference in FHE and HE peaks

In the results of one-way ANOVAs with the group factor (10, 5,
and 2 s) using the Kruskal-Wallis H test, the FHE peaks exerted a
significant group effect across the training days for both latency (in
cases of D1, D2, D5, D7, D10, D11, and D12) and frequency (in cases
of D2, D3, D4, D5, D7, D9, D10, and D12) (Figure 4A). Post hoc
revealed significant differences mostly between the 10 and 2 s groups
or between the 10 and 5 s groups for both latency and frequency,
except for D2 in frequency (Dunns test, Bonferroni-corrected
P <0.05; Supplementary Tables 5, 6).

Meanwhile, one-way ANOVA results for the HE peaks revealed a
pattern in which the significant group effect for latency on D5-D12
appeared to mirror the significance observed in frequency on D1-D4
(Figure 4B). Post hoc analysis for latency revealed significant
differences between the 10 s group and other groups during training
periods from D5 to D12 (Dunn’s test, Bonferroni-corrected p < 0.05;
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Supplementary Table 7). In the post hoc analysis for frequency, the
group differences were significantly higher in the 2 s group than in
other groups during the early training periods of D1 to D4 (Dunn’s
test, Bonferroni-corrected p < 0.05; Supplementary Table 8).

Based on the results of the FHE and HE peaks, group differences in
the FHE peaks were sporadic and irregular across the training days,
whereas those in the HE peaks displayed a more consistent pattern.
I concluded that the HE peak results reflected stimulus adaptation after
D1 to D4, as differences in the HE peak latency between the longest and
shortest CS groups persisted from D5 to D12. The results indicate that the
HE peaks better explain the effect of CS duration than the FHE peaks.

HE accuracy

HE accuracy was determined based on whether the mice’s heads
touched the food cup within the CS duration of 10, 5, and 2 s. The
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results of the one-way ANOVAs using the Kruskal-Wallis H test
indicated significant group differences in HE accuracy on D7, D8,
D9, and D11 (Figure 5A). Post hoc analyses revealed only differences
between the 10 and 2 s groups (Dunn’s test, Bonferroni-corrected
p < 0.05; Supplementary Table 9). However, no significant difference
was discovered on the last day of D12. Overall, the subjects achieved
high accuracy rates of more than 80%, regardless of the CS duration.

HE frequency

HE frequency was calculated for both the CS and pre-CS periods,
with the number of HEs normalized per 1 s for the three groups.
Significant group differences were observed during the CS period in
D3-D7, D11, and D12 (Figure 5B and Supplementary Table 10). Post
hoc analysis revealed that the 2 s group exhibited significantly higher
frequencies than the 5 and 10 s groups in D3, D4, D5, D7, D11, and
D12 (Dunn’s test, Bonferroni-corrected p < 0.05). For the pre-CS
period, one-way ANOVA results indicated significant group effects on
8 days except for D3, D4, D5, and D11 (Figure 5B and
Supplementary Table 11). In post hoc, the 2 s group exhibited higher
frequencies than the 10 and 5 s groups. The 10 and 2 s groups showed

10.3389/fnins.2025.1501374

differences on the days except for D3, D4, D5, and D11. The 10 and
5 s groups showed differences on D1 and D9, and the 5 and 2 s groups
differed on D2, D6, D7, D8, and D12 (Dunn’s test, Bonferroni-
corrected p < 0.05). These findings show how CS duration affects the
pre-CS resting state. Different CS durations most likely resulted in
frequent or infrequent HEs from the subjects.

Additional analysis was conducted on baseline-corrected values
of HE frequency in the CS and HE peak. The mean values of
HE frequency and HE peak in the pre-CS period were used as the
baselines, and each baseline effect was subtracted from HE frequency
in the CS and HE peak. However, there was no prominent difference
from the uncorrected results (Supplementary Figure 6 and
Supplementary Tables 12-14). I concluded that the responses in the
off-stimulus of pre-CS did not directly impact the HE peak and
frequency in the on-stimulus of CS.

Number of HE and correlation with
accuracy

For each group, I counted the number of HEs in the CS period
without normalizing per 1 s (as I did with HE frequency). As expected,
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Basic properties of HE. (A) The one-way ANOVA results indicated that the group effect for HE accuracy was only present on D7, D8, D9, and D11
(Kruskal-Wallis H test, p < 0.05). However, all subjects eventually performed well on the tasks, with accuracy above the mean of 80%, regardless of the
CS duration. (B) One-way ANOVA revealed a significant group effect for HE frequency during the CS period (D3-D5, D7, D11, and D12) (Kruskal—Wallis
H test, p < 0.05). Post hoc analysis revealed that the 2 s group had a significantly higher frequency than the 5 and 10 s groups (Dunn's test, p < 0.05,
Bonferroni-corrected). During the pre-CS period, the group effect was significant on 8 days except for D3, D4, D5, and D11 (Kruskal-Wallis H test,

p < 0.05). Post hoc analysis revealed that the 2 s group had higher frequencies than the 10 s group. D1 and D9 showed differences between the 10 and
5 s groups, while D2, D6, D7, D8, and D12 revealed differences between the 5 and 2 s groups (Dunn's test, p < 0.05, Bonferroni-corrected).
Supplementary Tables 9-11 also provide details of the statistical analyses. *, p < 0.05; **, p < 0.01; and ***, p < 0.001. Error bars denote 95% confidence
intervals. HE, head entry; FHE, fastest HE; D, training day; CS, conditioned stimulus.
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subjects’ longer CS durations elicited a higher response rate
(Supplementary Figure 7A). In the 10 s group, the HE occurrences
increased to approximately three after D8. Contrarily, in the 2 s group,
the HE occurrences remained below 1, whereas in the 5s group,
HE slightly surpassed 1. On D12, the mean and standard deviation
values were 3.325 + 1.676 in the 10 s group, 1.123 + 0.285 in the 5 s
group, and 0.888 + 0.099 in the 2 s group. Significant group differences
were observed between 10 and 2 s in D4 and D8-D12 (Dunn’s test,
Bonferroni-corrected p < 0.05; Supplementary Table 15).

Next, I explored the relationship between the accuracy rate and
the number of HEs per trial, which was normalized to a percentage
value for an easier comparison with the accuracy rate. Each
HE occurrence was scored as 10. The results were highly significant
across all training days, except for D7 in the 2 s group (Spearman test,
p <0.05; Figure 6A and Supplementary Figure 7B). The 2 s group
exhibited a linear trend in which the accuracy rate improved with

10.3389/fnins.2025.1501374

increased HEs across all training days 6B and

Supplementary Table 16), with the fewest HEs occurring less than

(Figure

once per trial (Figure 6C). However, the correlation results for the 5
and 10 s groups varied across training days and became less significant
near the final day. The lack of significance in the correlation results for
the 10 and 5 s groups could be attributed to the accuracy rate ceiling
effect or an excess of HEs relative to the number of trials.

Repetition of HE

In the 2 s group, the one-to-one matched relation may have occurred
due to the mice’s restrained impulsivity for anticipated food reward, or it
may simply reflect their natural tendency to momentarily pause after
reaching the food cup. To explore these possibilities, I sorted the HEs for
each trial chronologically and calculated the time intervals between them:
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FIGURE 6
Number of HE and correlation with accuracy. (A) Significant positive correlations were observed between the number of HEs and accuracy across all
groups (Spearman test, p < 0.05). For the 2 s group, these significances were consistent across all the training days except for D7. The nonparametric
correlation was assessed using the Spearman's test. (B) The graphs included the lines of best fit and data points corresponding to the correlation
coefficients in Figure 6A and show the trend in the data for each day (Supplementary Figure 7B). The scale of the x-axis was determined by the
maximum value observed across all the training days. In the case of the 2 s group, many data points overlap, resulting in a small representation of the
96 points collected from 8 subjects over 12 days. (C) The 10 s group exhibited the highest number of HEs. In the 2 s group, the HE occurrences were
below 1, while in the 5 s group, HE slightly exceeded 1. The dotted line represents the number of HE that corresponds to a one-to-one matched
relationship between the stimulus and response. Supplementary Tables 15, 16 also provide details of the statistical analyses. Significance levels are
denoted as *, p < 0.05; **, p < 0.01; and ***, p < 0.001. Error bars represent 95% confidence intervals. Abbreviations used: HE for head entry, FHE for
fastest head entry, D for training day, and CS for conditioned stimulus.
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from the CS onset to the first HE, from the first to the second HE, and
between the subsequent HEs. I counted the number of mice involved in
each HE order and the frequency with which responses occurred. If a
mouse responded at least once in 10 trials, it was counted as one mouse
in the order of that HE. For each order, the number of HEs was
normalized to the percentile, with 80 responses to 80 trials equaling 100%.
Because of incomplete successive observations of responses beyond the
second HE for all subjects, statistical analysis could not be performed in
this study.

The maximum number of HE was 10 times across all trials
and training days (Figure 7B and Supplementary Figure 8). In the
10 s group, one mouse responded 10 times on D9 and D10 (10th
HE in Supplementary Figure 8B). The seventh HE in the 5s
group (7th HE in Supplementary Figure 8B) and the third HE in
the 2 s group were the highest recorded (3rd HE in Figure 7B).
The number of subjects who produced their first HE increased
by D12 across all groups. In addition, up to eight mice of all
subject numbers in both the 10 and 5 s groups produced the
second HE by D12, indicating an association between the first
and second HEs. However, this pattern did not appear in the 2 s
group (Figure 7A). The second HE of the 2 s group from D3 to
D7, which had a similar number of participating subjects to the
5 s group, was faster than that of the 5 s group, with intervals
mostly ranging from 0 to 1 s. However, the number of subjects
did not increase as they approached D12, unlike the 5 s group.
Despite responding similarly during the 2 s CS period, the mice
in this group exhibited fewer repeated HEs than the other groups.

These findings indicate that mice in the 2s group stopped
responding after the first HE during the CS period, waiting until the
US was presented. Contrarily, the mice in the 10 and 5s groups
demonstrated more variable responses across training days, as
evidenced by fluctuations in the correlation coefficients between the
number of HEs and accuracy rate.

Discussion

In the current data, it was difficult to determine which peak—FHE
or HE—was closer to RT. A positive correlation between FHE and
HE peaks resolved the dilemma of choosing between the two peaks. As
the CS duration decreased, the FHE and HE peak latencies became more
aligned, which resulted in fewer HE occurrences and increased monotony;,
similar to human responses (Kim et al., 2021; Kim et al., 2014). The basic
properties of HE accuracy and frequency showed that the mice could
reach and respond to the food cup despite varying CS durations. The
HE accuracy scores exceeded 80% for all the 10-, 5-, and 2-s groups. The
HE frequency in the short and shorter CS durations (5 and 2 s) was the
same as in the long CS duration (10 s). The group differences in pre-CS
did not affect the results in the CS period or HE peaks.

Timing is critical for investigating behavioral responses (Killeen
and Fetterman, 1988). RT, also known as response time (Schouten and
Bekker, 1967; Luce, 1986; Baayen and Milin, 2010; Welford et al.,
1980), is an essential component in behavior analysis and serves as a
marker reflecting each subject’s background (Welford, 1988), sensory
and cognitive processes (Kim et al., 2014; Wendt et al., 2014; Krajbich
et al., 2015; Tordanescu et al., 2010; Janata, 2004; Ahveninen et al.,
2013; Rao et al,, 2001; Sheth et al., 2012), and clinical perspective
(Luck et al., 2006; Kaiser et al., 2008). RT is also associated with neural
correlation across multiple brain regions (Binder et al., 2004; Lo and
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Wang, 2006; Wig et al., 2005). In addition to accuracy, the latency of
RT accesses subjects’ task perception (Schouten and Bekker, 1967). In
human studies (Luck et al., 2006; Binder et al., 2004), accuracy and RT
are extracted and compared using the same data point. However, in
animal studies, subjects may respond repeatedly, resulting in multiple
RTs across multiple data points, forming a single accuracy rate. RT
may be a more sensitive indicator than accuracy owing to their
different mechanisms (Prinzmetal et al., 2005), which can greatly
fluctuate depending on the researcher’s instructions. Subjects can
be asked to slowly or quickly respond with little effect on accuracy
scores. In this study, all three groups responded well to each stimulus
(Figure 5A), but the FHE and HE peak latencies differed (Figure 4),
indicating that different CS durations reflected the researchers’
instructions on response timing. Longer CS durations gave subjects
more freedom in response timing, whereas shorter durations might
have created a sense of pressure and unease in responding within a
limited timeframe. Thus, the shorter CS duration of 2 s in this study
represented good instruction for more sensitive RT, in which the FHE
and HE peaks were nearly coincident in terms of latency and
frequency, and accuracy rate and HE numbers were positively
correlated over the training periods.

Temporal aspects of the experimental paradigm, including the
interstimulus interval, intertrial interval, interval between CS and US,
and CS duration, individually and collectively influence responses
(Delamater and Holland, 2008; Thrailkill et al., 2020; Meltzer, 1986;
Odling-Smee, 1975). This study focuses on the influence of CS
duration on determining the CS-US interval in delay conditioning. In
classical conditioning (Dickinson and Mackintosh, 1978; Millenson
et al,, 1977; Cooper, 1991), the time allotted for animal responses is
dictated by the interval between the stimulus and the reward.
Following the onset of the CS, the US, often food, directs the animals’
behaviors. Animals may delay their actions when faced with longer
CS-US intervals. A short CS-US interval tends to elicit quicker
responses, while a longer interval facilitates the thorough and secure
acquisition of responses. More frequent responses might reflect
behaviors associated with food addiction (Velazquez-Sanchez et al.,
2014) and a profound understanding of the task (Celma-Miralles and
Toro, 2020). Response latency and frequency are likely to show greater
variance in distributions with longer CS durations, reflecting
individual differences such as preferences, hesitation, and laziness,
which diverge from typical human RT.

The FHE and HE peaks exhibited distinct patterns between the
groups. The HE peak demonstrated the effect of different CS durations
on latency and frequency across early to late training days, indicating a
strong relationship with animals” habituated behaviors for the stimulus
(Groves and Thompson, 1970; de Boer et al., 1976; Thompson, 2009;
Cevik, 2014; McSweeney et al., 1996). Contrarily, the FHE peak showed
rarely significant group differences over several days. The frequencies
serve as reliability indicators, reflecting the overlapping responses of
individual subjects at specific time points (Harris and Carpenter, 2011;
Austen and Sanderson, 2020; Jennings and Kirkpatrick, 2006). The
nonsignificant group difference in the HE peak frequency after D5
(Figure 4B) corresponded to the saturation of the HE frequency
(Figure 5B). The results of the HE peak indicate that all subjects in the
three groups adapted to the CS duration and performed well within each
CS period. However, the FHE peak results indicate that the response of
the longer CS group was dispersed even within the subject’s data because
of the low density of responses during the extended CS period compared
to the shorter CS groups. The group differences in FHE and HE exhibited
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Number of repeating HEs and participating subjects per trial. The repetitions of HEs were observed up to 10 times across all trials and training days.
(A) In the 10 s group, the responses were recorded until the tenth HE (Supplementary Figure 8B). Meanwhile, the maximum observed in the 5 s group
was the seventh HE (Supplementary Figure 8B), while in the 2 s group, it was the third HE. The pattern of the first HE was consistent across all groups;
however, differences were observed in the second and third HEs. Specifically, the second HE increased toward eight mice on D12 in both the 10 and
5 s groups but not for the 2 s group. The second HE of the 2 s group from D3 to D7, which had the same number of participating subjects as the 5 s
group, was faster than the 5 s group, with intervals ranging from 0 to 1 s in B. However, it did not increase as the 5 s group toward D12. (B) The
latencies between HEs varied with the CS durations. The interval latency was the longest in the 10 s group and the shortest in the 2 s group. See
Supplementary Figure 8 for the details of the results from the fourth through the tenth HEs for the 10 and 5 s groups. HE, head entry; D, training day;

dissimilarity in latency and frequency. Based on the present findings,
I proposed that the 2 s CS duration, which displays synchronized FHE
and HE peaks in the current experimental paradigm, is the best CS
duration for the attainment of unbiased results in mice behavior.

The 2 s group had the highest frequency during the pre-CS period,
indicating that they checked the food cup more frequently during shorter
CS periods. In addition, a linear relationship was observed between the
HE frequency and CS duration during the pre-CS period. However, it is
worth noting that behavior during the pre-CS period did not influence
behavior during the on-stimulus period, as evidenced by the baseline-
corrected results for the HE peak frequency and latency during
CS. Despite having the highest number of HE occurrences during the CS
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period, the 10 s group had no significant differences in HE frequency
compared to the 5 or 2's groups. A linear relationship between CS
duration and response (Holland, 1980; Thrailkill et al., 2020) was only
observed between the 5 and the 2 s groups. Contrary to the linear trend
in the pre-CS period, the non-linear trend in the CS period suggests that
CS duration plays a different role during on- and off-stimulus conditions.

The HE frequency during the CS period in the 5 s group was
significantly lower than that in the 2 s group. This indicates that the
response pattern of the 5 and 2 s groups after the onset of the sound
cue would most likely be similar. Interestingly, the latency and
frequency of FHE and HE did not significantly differ between the 5
and 2 s groups, except for the HE peak frequency in D3 (Figure 4). The
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5 and 2 s groups showed positive correlations between the FHE and
HE peaks. However, the 2s group, which exhibited a stronger
correlation between the FHE and HE peaks, also showed a correlation
between the number of HE and accuracy over the training days.
Meanwhile, the correlation results of the 5 s group indicated that
the mice’s late-day behaviors were subtle and arbitrary, similar to those
of the 10 s group. Furthermore, the 2 s group responded less than 1 per
trial, whereas the 10 and 5s groups responded with more than 1
HE. These findings suggest that the 5 and 2s groups performed
similarly; however, the mice in the 2 s group learned the one-to-one
matched relationship between stimulus and response more effectively.
Moreover, the results of the second HE indicated that the mice that
produced the first HE repeated it at least once for any trial, but this was
observed only in the 2 s group out of all the groups (Figure 7). These
findings suggest that the mice in the 2 s group chose to stop responding
during the remaining time until the US was presented after the first
HE in the CS period. Contrarily, the 5 s group exhibited a steep linear
increase in the number of subjects involved in the second HE, beginning
with D8 and eventually reaching all subjects with D12, as did the 10's
group. The synchrony between the FHE and HE peaks, as well as
between the number of HEs and accuracy in the 2 s group, was caused
by the absence of the second HE. In the current data, the prediction for
the US encompassed not only enhancement of response (Coddington
and Dudman, 2018; Eshel et al., 2016; Anderson et al., 2020) but also
both inhibition and promotion of response based on CS duration.
I propose that the second HE, which is influenced by CS duration, can
be interpreted as an indicator of impulsivity toward the US in the data.
The mice’s RT was comparable to that of humans based on the
relationship between the FHE and HE peaks. In the paradigm, the
shorter 2 s CS yielded a one-to-one matched relationship with less than
0.5 Hz response frequencies. However, if the data involves licking

10.3389/fnins.2025.1501374

behavior with higher frequency responses in a head-fixed model, the
relationship may change despite the presence of synchronization
between the FHE and HE peaks. The one-to-one matched response
would be tailored to the present paradigm. Rather than trace
conditioning related to the memory-based process (Balsam, 1984), delay
conditioning was applied in this study to elicit a response based on the
stimulus duration without an interval of silence. These criteria should
be confirmed in diverse paradigms, including studies using female mice
and various species. In the results for the repetition of HE, the statistical
analysis was not applied because the number of repeated HEs varied
across subjects and orders. The analytical method must be quantified to
establish the second HE as an indicator. In the current paradigm, the
HE behavior serves not only as an operant response but also as a count
recorded while the animal consumes the condensed milk. This results in
the compounding of response time and reward collection latency into a
single measure. This issue warrants further investigation in future studies.

Nevertheless, the current results highlight that simply adjusting
the CS duration can reduce repeated responses and encourage
prompt responses similar to those observed in humans. The findings
indicated how the variety of personalities among animals can
be managed in terms of CS duration. Setting a time limit for responses
can promote genuine participation without hesitation, thereby
improving the validity and reliability of the behavioral data. Finally,
I propose a novel model with quantifiable criteria for the evaluation
of the stimulus duration in RT-related experimental paradigms
regardless of apparatus and specific characteristics of the animals.
This model is based on the harmony between FHE and HE peaks and
the relationship between the number of HEs and accuracy (Figure 8).
If animals are capable, the shorter CS durations, which can barely
elicit one response per trial, may be preferable for eliciting humanlike
responses with no repetition.
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Reaction time model for mice. The harmonization of the HE and FHE peaks evoked by the shorter stimulus is associated with the humanlike response of
mice. The number of responses to the shorter stimulus per trial is approximately 1, whereas the responses to the short and long stimuli are over 1, unlike
humans. As for the number of responses, the computation of humanlike averaged RTs can be adapted only for the shorter stimulus. HE, head entry; FHE,
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