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ABSTRACT: Psychedelics are a class of drugs that produce
unique subjective effects via agonist actions at the 5-hydroxytrypt-
amine 2A receptor (5-HT2A). The 5-HT2A-mediated head twitch
response (HTR) in rodents is used as a reliable proxy for
psychedelic drug activity in humans, but existing methods for
measuring HTRs require surgery or time-consuming visual scoring.
In the present work, we validated a simple noninvasive method for
quantitating HTRs using computer-based analysis of experimental
video recordings. Male C57BL/6J mice received injections of the
5-HT2 receptor agonist (±)2,5-dimethoxy-4-iodoamphetamine (DOI; 0.03−3 mg/kg, s.c.) and were placed into cylindrical arenas.
High frame rate videos were recorded via cameras mounted above the arenas. Antagonist experiments, which entailed pretreatment
with the 5-HT2A antagonist M100907 (0.01 or 0.1 mg/kg s.c.) prior to DOI (1 mg/kg s.c.), were also recorded. The experimental
videos were analyzed for HTRs using a newly developed feature of a commercial software package and compared to visual scoring
carried out by trained observers. As expected, DOI produced dose-related increases in HTRs, which were blocked by M100907.
Computer scoring was positively correlated with visual scoring, and no statistical difference between the two methods was found.
The software captured nearly all visually observed HTRs, false positives induced by other behaviors (e.g., grooming) were rare and
easily identified, and results were improved by optimizing lighting conditions. Our findings demonstrate the utility of combining high
frame rate video recordings with commercial software analyses to measure HTRs, validating an additional reliable method to study
psychedelic-like drug activity in mice.
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The head twitch response (HTR) is a reliable uncon-
ditioned behavioral response displayed in rodents

andother mammals, after administration of agonists of the 5-
hydroxytryptamine 2A receptor (5-HT2A).

1,2 The HTR was
first observed in mice given intravenous lysergic acid
diethylamide (LSD) and it was noted by the researchers that
this behavioral response may be a reliable tool to study the
effects of LSD and other known psychedelics such as mescaline
and psilocin.3 HTR behavior in mice was later suggested to be
a screening tool that could be used to predict psychedelic
activity in humans,4 which was recently confirmed in studies
showing a strong positive relationship between potency for
HTR induced by a wide range of psychedelics in mice and the
doses in humans that produce psychedelic subjective drug
effects.5 Importantly, HTR in mice can discriminate
psychedelic from non-psychedelic 5-HT2A agonists acting on
cortical receptor populations.6 Due to these observations, the
HTR in mice has been successfully used to assess the potential
psychedelic activity of a wide range of compounds, test the
efficacy of antipsychotic drugs, and study changes in 5-HT2A
function.1,5,7

To facilitate measuring the HTR in various contexts, many
research groups have developed methods to quantify this
behavior in mice. The simplest and most widely used methods
for quantifying HTRs involve either direct visual observa-
tion8−12 or a review of video recordings of rodents after
administration of 5-HT2A agonists13−17 to tally the number of
behavioral responses for each subject (i.e., visual scoring).
Although visual scoring of HTRs is a viable strategy, it is time-
consuming, suffers from potential observer bias, and requires
the training of multiple behavioral raters. Methods employing
visual scoring have been improved with the introduction of
video-based tracking and magnetometer detection of HTRs,
both of which require mice to be anesthetized for surgical
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Figure 1. Computer software-based HTR scoring method for recording and analyzing components. (A) Workflow for recording and analyses with
the software-based system. (B) Aerial and side-view of the recording setup for analyzing HTRs in mice. Images of setting up the background (C),
arena (D), and animal color model (E) files to run software scoring on recorded videos of mouse HTR experiments. (F) Image depicting the
review of a video with experimental details and event details listed.

Figure 2. Comparison of computer software and visual scoring methods to detect pharmacological effects of DOI in mice. (A) Correlation between
visual scores tallied by two trained raters for dose−response and antagonist studies. HTRs were recorded for 30 min after DOI administration. (B,
E) Two-way ANOVA comparisons of visual vs computer scores with Tukey’s post-test for dose−response and antagonist experiments. Filled values
and bars with asterisks represent statistically significant within scoring method treatment differences (p < 0.05) versus respective vehicle controls (0
or 0, 0). (C) Correlation between average visual and computer scores for HTRs produced in dose−response studies with DOI (0.03−3 mg/kg
s.c.). (D) Dose−response curves for DOI to produce HTRs as determined by visual and computer counts. ED50 potency values were 0.14 and 0.15
mg/kg s.c. for computer and visual counts, respectively. (F) Correlation between average visual and computer scores for HTRs produced in studies
evaluating the ability of M100907 (0.01 or 0.1 mg/kg s.c.) administered 30 min prior to DOI (1 mg/kg s.c.) to block HTRs. Pearson r and p-values
are shown in the figures for correlation analyses (C and F) or are reported in the associated text in the Results and Discussion Section for two-way
ANOVAs (B and E).

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Article

https://doi.org/10.1021/acsptsci.1c00237
ACS Pharmacol. Transl. Sci. 2022, 5, 321−330

322

https://pubs.acs.org/doi/10.1021/acsptsci.1c00237?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00237?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00237?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00237?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00237?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00237?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00237?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00237?fig=fig2&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.1c00237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


placement of an object (plastic piece or magnet) on the dorsal
surface of the head to facilitate recording and scoring.18,19

Magnetometer recording methods for detecting HTRs have
been further refined to be semiautomated,19 and more recently
fully automated, to capture visual counts with high
accuracy.20,21 In addition to surgical placement of magnets to
measure HTRs in magnetometer detection systems, data also
support the use of magnets glued to aluminum ear-tags in these
systems.22 While magnetometer detection systems have been
well characterized for testing a wide range of psychedelic as
well as non-psychedelic drugs, all available modern automated
methods require surgical implantation of magnets or at least
anesthesia for proper ear-tag placement.19−22

The current study was designed to validate a simple
noninvasive method for quantifying HTRs using computer
software analysis of video recordings. This novel scoring
method takes advantage of a new feature of a commercially
available software package (TopScan−Clever Sys Inc., Reston,
VA) to allow automated behavioral scoring of mouse HTR
events from high frame rate video recordings (Figure 1A−F;
Supporting Information Videos 1 and 2). To test the
hypothesis that computer software scoring of HTRs can
recapitulate visual scoring by trained observers, pharmaco-
logical studies using a known 5-HT2 agonist, (±)2,5-
dimethoxy-4-iodoamphetamine (DOI), were conducted in
mice. The relationship between visual scoring and computer
software-based scoring was evaluated to support the validation
of a new computer software-based tool to score HTR in mice.

■ RESULTS AND DISCUSSION

Comparison of Computer Software and Visual Scores
in Dose−Response and Antagonist Studies with DOI.
The experiments comparing computer scoring of HTRs to
visual scoring were based on the well-established ability of DOI
to induce HTRs in rodents.1 For dose−response experiments,
C57BL/6J mice received s.c. doses of DOI (0.03−3 mg/kg) or
their saline vehicle. For antagonist experiments, 1 mg/kg of
DOI was administered 30 min after pretreatment with the
selective 5-HT2A antagonist M100907 (0.01 or 0.1 mg/kg).
HTRs were recorded for 30 min after DOI administration
(Figure 1A,B). HTRs were tallied by two trained observers, as
well as by a novel computer-based software video analysis
method. Visual scores from both trained observers were
positively correlated across the dose−response and antagonist
pharmacological studies (Figure 2A), thus demonstrating that
scoring from visual inspection of experimental videos is
consistent across raters.
Computer scores and visual scores for the dose−response

studies were not statistically different (scoring method F1,60 =
0.74, p = 0.39; scoring method x dose interaction F5,60 = 0.03, p
= 0.99), but a significant main effect of DOI dose was observed
(F5,60 = 17.29, p < 0.0001). Post-hoc tests revealed that both
scoring methods detected significant increases in HTR after
0.3, 1, and 3 mg/kg s.c. DOI when compared to vehicle
controls (p < 0.05 Tukey’s test; Figure 2B; Table 1).
Computer scores and visual scores for the DOI dose−response
results were strongly and positively correlated (Figure 2C),
indicating results from both scoring methods are similar.
Finally, the ED50 potency values for both the computer (0.14
mg.kg s.c.) and visual (0.15 mg/kg s.c.) scores were nearly
identical, again supporting the similarity of the counts for both
scoring methods (Figure 2D).

In antagonist studies, testing the ability of M100907 to block
HTRs produced by DOI, no differences were found between
visual and computer counts (scoring method F1,50 = 1.29, p =
0.26; scoring method × treatment interaction F4,50 = 0.28, p =
0.89; Figure 2E). Overall treatment effects were observed (F4,50
= 68.37, p < 0.0001), which revealed that the only group to
produce significant HTR vs vehicle for both scoring methods
was the M100907 vehicle + DOI group (p < 0.05 Tukey’s
test). M100907 at both doses blocked HTRs produced by DOI
(Figure 2E; Table 2). As observed for computer and visual

scores from DOI dose−response studies, scores for the
antagonist studies were strongly and positively correlated
(Figure 2F), again suggesting a similarity between scores from
both HTR scoring methods.
Importantly, our results with DOI dose−response and

antagonist pharmacological studies are consistent with the
previous literature, which demonstrate that DOI produces
HTRs via actions at 5-HT2A receptors.1,6 The present results
also support the conclusion that the counts detected by the
software analysis and direct visual observation are very similar
and statistically indistinguishable. Out of all of the HTRs
identified by direct visual observation, the software identified
86% and only 2−3% of events were removed as false positives
prior to data analyses when visually confirming events
designated HTRs by the software (Figure 1F; Supporting
Information Video 3). Altogether, these results suggest that the
software was able to reliably detect a high number of HTRs
identified by trained observers, and no statistical differences
were observed between scoring methods.

Effects of Increased Lighting on Computer Software
vs Visual Detection of DOI-Induced HTRs in Mice. Based
on the initial results, it was suggested by the software
developers that increasing light levels and dispersion may
improve the accuracy of the software counts vs visual counts
for mouse HTR events. The developers noticed that in some
parts of the videos, slight shadows and lighting inconsistencies
throughout the testing arena may have hindered the detection
of some HTRs by the software. To test this, experiments
examining the ability of 1 mg/kg s.c. DOI to produce HTRs
were conducted under conditions of increased illumination

Table 1. Dose−Response Effects of DOI to Produce HTR as
Determined by Visual and Computer Scoring Methods

dose DOI
(mg/kg s.c.)

visual score
(mean ± SEM)

computer score
(mean ± SEM) n

0 6.2 ± 1.5 4.8 ± 1.1 6
0.03 12.3 ± 1.9 9.5 ± 1.9 6
0.1 21.8 ± 2.3 18.3 ± 1.1 6
0.3 55.2 ± 3.3 50.7 ± 3.9 6
1 60.5 ± 9.5 53.2 ± 10.2 6
3 48.5 ± 14.7 45.0 ± 16.0 6

Table 2. Blockade of DOI-Induced HTR by M100907 as
Determined by Visual and Computer Scoring Methods

dose M100907, DOI
(mg/kg s.c.)

visual score
(mean ± SEM)

computer score
(mean ± SEM) n

0, 0 4.0 ± 1.6 2.2 ± 1.0 6
0.1, 0 1.2 ± 0.9 0.8 ± 0.8 6
0.01, 1 9.8 ± 2.9 7.0 ± 2.0 6
0.1, 1 1.3 ± 0.6 0.8 ± 0.4 6
0, 1 49.0 ± 6.8 42.7 ± 6.6 6
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with GoPro Zeus Mini magnetic swivel clip accessory lights
(GoPro) placed above the open field arenas (Figure 3A). The
lights were set to 125 lumens, which provided additional light
at the level of the mouse and increased the dispersion of light
in the testing arena.
As expected, overall treatment differences were detected

(F1,14 = 135.8, p < 0.0001) and DOI produced significantly
more HTRs compared to vehicle controls for both the
computer as well as visual scoring methods under increased
lighting conditions (p < 0.05 Tukey’s test; Figure 3B; Table 3).

Again, no statistical differences were found between scoring
methods (scoring method F1,14 = 0.24, p = 0.63; scoring
method x treatment interaction F1,14 = 0.009, p = 0.92). Visual
scores from two trained raters were strongly and positively
correlated for experiments examining the effects of increased
light on the HTR scoring accuracy of the computer software-
based scoring method (data not shown; Pearson r = 0.9978, p
< 0.0001), indicating similarity of scores. Further, the average
rater score and the software-generated scores for this
experiment were also strongly and positively correlated, again
supporting the similarity of visual vs computer scoring
methods (Figure 3C). The false positive discovery rate was
again low (2−3%), and all of these events were removed prior
to data analyses in the data review stage to confirm HTRs
(Figure 1F; Supporting Information Video 3). Finally, software
scores in this set of experiments detected 94% of total HTRs
identified by direct visual observation, supporting improved
accuracy with increased illumination in the testing arenas.
Testing the Performance of Computer Software-

Based HTR Detection for Potential False Positive
Events. Amphetamine-Induced Hyperlocomotion and Ster-
eotypy-like behavior. Since many psychedelic compounds can
interact with non-5-HT2A sites and can induce complex
behavioral effects,2,16,23−25 we sought to test whether the
computer software-based system would generate false positive
HTR events associated with other types of drug-induced

behavioral responses. First, to test whether an increase in
locomotor activity or repetitive movements (i.e., stereotypy-
like behavior) can elicit false positive HTR events in the
computer software-based system, we examined the dose-
related effects of the known psychostimulant D-amphetamine
(AMPH) in mice. As expected,26−29 the time-course data in
Figure 4A illustrate that AMPH produced dose- and time-
dependent effects on distance traveled over the 45 min testing
session. The highest dose of 10 mg/kg produced an initial
significant increase in total distance traveled over the first 5−
15 min post injection (Figure 4B, F3,12 = 6.92 p = 0.0059, p <
0.01 vs vehicle) that dropped from 15 to 45 min back to the
saline vehicle control level (Figure 4C, n.s. p > 0.05). AMPH
(3 mg/kg) increased the distance traveled starting at
approximately 15−20 min post injection (Figure 4A), which
was significantly higher (F3,12 = 13.20 p = 0.0004) than vehicle
controls for total distance traveled over the last 30 min of the
testing session (Figure 4C, p < 0.001 vs vehicle).
The time-course data also illustrate that AMPH produced

dose- and time-dependent effects on time spent engaged in
stereotypy-like behavior during the testing session (Figure
4D). Specifically, 10 mg/kg produced a significant increase (p
< 0.05 vs vehicle), while 3 mg/kg AMPH exhibited a
significant decrease (p < 0.01 vs vehicle) in total time spent
engaged in stereotypy-like behavior for the last 20 min of the
testing session (Figure 4E, F3,12 = 21.78 p < 0.0001). The
increased stereotypy noted at 10 mg/kg likely explains the
decrease in distance traveled starting at 20−25 min for this
dose (Figure 4A), as mice were engaged in stereotypy-like
behaviors instead of locomotor activity (Figure 4D,E).
Conversely, the 3 mg/kg dose of AMPH produced a significant
decrease in time spent engaged in stereotypy-like behavior that
corresponded with an increase in distance traveled for the last
30 min of the testing session (Figure 4A,C). AMPH (1 mg/kg)
produced no significant changes in behavior vs vehicle controls
under these conditions. Ultimately, the AMPH data highlight
that the mice were engaged in hyperlocomotion and
stereotypy-like behaviors, which allowed the assessment of
potential false positive HTR events associated with these
behaviors.
The total number of HTRs was assessed over the last 30 min

of the testing session using the computer software-based
detection system. All doses of AMPH produced significant
decreases in the total number of HTRs scored across the
testing session vs vehicle controls (Figure 4F, F3,12 = 11.17 p =
0.0009). There were 11 false positive events discovered that

Figure 3. Effects of increased lighting on the similarity of HTR scores from visual vs computer software-based detection methods. (A) Added
GoPro light accessory to increase dispersed lighting in open field test arenas during experimental recordings. (B) Two-way ANOVA comparison of
visual vs computer scores for experiments testing DOI vs saline to produce HTRs over the 30 min testing session with Tukey’s post-test. (C)
Correlation between average visual scores and computer scores. Bars with asterisks represent statistically significant within scoring method
treatment differences (p < 0.05) versus saline vehicle. Pearson r and p values are shown in the figure for the correlation analysis (C) or are reported
in the associated text in the Results and Discussion Section for the two-way ANOVA comparison (B).

Table 3. Effects of DOI vs Vehicle for Producing HTRs as
Determined for Visual vs Computer Scoring Methods under
Increased Lighting Conditions

dose DOI
(mg/kg s.c.)

visual score
(mean ± SEM)

computer score
(mean ± SEM) n

0 7.3 ± 2.3 5.0 ± 1.4 4
1 75.6 ± 7.3 72.2 ± 6.9 5
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were removed from the final HTR analysis. Ten of 11 false
positive events were in the 10 mg/kg dose condition and
seemed related to abnormal ear posture induced by stereotypy-
like behavior at this dose. The other false positive count was
triggered by an atypical quick head movement of a mouse
treated with 3 mg/kg of AMPH. The discovery of a small
number of false positive events associated with hyper-
locomotion and stereotypy-like behavior reinforces the
requirement of reviewing HTR events detected by the
computer software prior to data analysis. Overall, AMPH-
induced behavioral responses seemed to mask the basal level of
HTRs seen in control mice, probably due to hyperlocomotion
and engagement in stereotypy-like behavior. In summary, the
computer software-based HTR detection system does not
introduce false positive HTR counts due to hyperlocomotion
per se, but some false positives are generated from stereotypy-
like behaviors that alter canonical ear posture and head

movements of rodents. Importantly, these false positives are
easily identified and removed by reviewing specific HTR
events prior to data analysis.

SKF-38393-Induced Grooming. Next, we tested the ability
of drug-induced grooming events to elicit false positive HTR
counts using the computer software-based HTR detection
system. A dose of 10 mg/kg of the selective dopamine D1-like
receptor partial agonist, SKF-38393, is known to reliably
increase grooming time in mice and has been used in
validation studies for magnetometer-based detection sys-
tems.19,20,30 Thus, we administered 10 mg/kg of SKF-38393
to mice and 15 min experimental sessions were captured on
video, beginning 15 min after drug administration, and used to
detect possible false positive HTR events using computer
software scoring. The videos were assessed for HTRs and
duration of grooming sequences via blinded visual scoring. As
anticipated,19,30 SKF-38393 produced significantly more total

Figure 4. Dose−response effects of amphetamine on locomotor activity, stereotypy-like behavior, and HTR in mice. (A) Time course of distance
traveled after s.c. administration of saline vehicle, 1, 3, or 10 mg/kg amphetamine (AMPH). (B, C) One-way ANOVA comparisons of dose-related
effects of AMPH vs vehicle on total distance traveled from 5 to 15 (B) or 15 to 45 (C) min post injection. (D) Time-course of time spent engaged
in stereotypy-like repetitive locomotor behaviors. (E) One-way ANOVA comparison of total stereotypy time induced by AMPH vs vehicle. (F)
One-way ANOVA results from software-based detection of HTR responses induced by AMPH vs vehicle controls. Bars with asterisks represent
statistically significant treatment differences (Dunnett’s post-test, p < 0.05) versus saline vehicles. p-values are shown in the associated text in the
Results and Discussion Section.

Figure 5. Effects of SKF-38393 on grooming duration and HTR scores from visual vs computer software-based detection methods. (A)
Comparison of total time spent grooming in SKF-38393 (SKF) and saline vehicle-treated mice. (B) Two-way ANOVA comparison of visual vs
computer scores for experiments testing SKF vs saline to produce HTRs with Tukey’s post-test. (C) Correlation between visual scores and
computer scores for SKF experiments. Filled values and bars with asterisks represent statistically significant within scoring method treatment
differences (p < 0.05) versus saline vehicle. Pearson r- and p-values are shown in the figures for correlation or are reported in the associated text in
the Results and Discussion Section for two-way ANOVA analyses.
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time spent grooming over the testing session compared to
vehicle controls (Figure 5A, t = 4.42 df = 10 p = 0.0013). SKF-
38393 treatment (F1,20 = 19.35 p = 0.0003) also produced a
slight increase in the total number of HTRs over the testing
session, significantly higher than saline vehicle controls for
both computer and visual counts (p = 0.03 and 0.02,
respectively, Figure 5B). There was no statistically significant
difference between scoring methods (F1,20 = 0.31 p = 0.58) and
no scoring method x treatment interaction (F1,20 = 0.01 p =
0.91), and scores from both detection methods were robustly
correlated (Figure 5C). Furthermore, the software picked up
75 out of 80 HTRs visually scored (94%). There were 3
grooming events in SKF-38393-treated mice incorrectly scored
as HTR events by the software; however, this is in line with our
reported false positive rate of ∼3% and again highlights the
importance of reviewing events scored prior to data analysis.
The overall data from SKF-38393 experiments suggest that the
computer software-based HTR detection system is relatively
insensitive to most potential false positive events evoked by
normal or excessive grooming events.
Advantages and Limitations of Using Computer Soft-

ware-Based Scoring for HTR Detection. The data described in
this report demonstrate that the software-based scoring of
HTRs can be a useful tool for studying 5-HT2A receptor
activity, with some advantages and limitations when compared
to existing methods. Computer software-based scoring of HTR
events offers several advantages over traditional visual scoring.
Visual scoring either from video recordings13−17 or at several
intervals during the testing session8−12 is cumbersome, time-
intensive, subject to potentially biased scoring, and requires
trained raters, all of which can be mitigated with the software
scoring method described here or by use of magnetometer
systems. Scoring with the software-based system is automated,
guarding against biased scoring. Scoring with this system is also
much less cumbersome and time-intensive as a result of
automated computer software scoring. One can set up a batch
of analyses and let the software run while completing other
tasks, freeing up much of the time needed for traditional visual
scoring from video recordings or being present during
experiments to observe behavioral responses.
Magnetometer-based HTR scoring systems share many of

the same advantages of software-based scoring relative to
traditional visual scoring, due to the development of semi-19 as
well as fully automated20,21 systems. However, all modern
automated magnetometer-based methods require intracranial
surgery and head magnet placement or anesthesia for proper
ear-tag placement.22 Further, using head-mounted magnets or
ear-tags has limitations in that they can detach from the skull,
cause ulcerations or deformation of the ear, or become
attached by magnetic attraction with tags of cage mates if
group-housed.22,31 The software-based HTR scoring system is
noninvasive by utilizing color contrast ear tracking and requires
no objects to be placed on subjects for the recording of HTR
events. Color contrast animal models for video analyses have
also been used to detect other body parts for behavioral
scoring, such as the paw for gait analyses,32 and this strategy
may be amenable for use in detecting other features of animal
behavior in various contexts.
Another benefit of the software-based HTR detection

described here is that each event can be visually reviewed for
each recording to remove any false positive events and confirm
HTR events prior to data analysis (see Supporting Information
Video 3). Magnetometer-based systems also have effective

methods for filtering out and detecting false positive signals in
data generated20−22 but lack any way to visually confirm these
events as described for the software-based scoring. The ability
to visually review video clips of HTR events, and have full
video recordings of experimental sessions to conduct addi-
tional analyses or interrogate for other behavioral effects, is
another advantage of the software-based detection system.
Indoleamine psychedelics, like tryptamines (i.e., psilocybin)
and lysergamides (i.e., LSD), are nonselective receptor agonists
when compared to phenylalkylamine psychedelics (i.e., DOI),
often leading to more complex behavioral effects in
rodents.16,24,25,33,34 Therefore, having the ability to not only
assess HTR behavior, but also other behavioral effects is an
important experimental consideration that can be addressed
with video-based behavioral analysis and optimized with
automated software scoring.
Further comparing magnetometer-based vs the computer

software-based system for scoring of HTRs, the software-based
system is limited by the lack of ability to measure the dynamics
of the head movement as in magnetometer-based systems.20−22

Magnetometer-based systems can discriminate between low-
frequency, high-frequency, low-amplitude, and long-duration
HTRs to study differences in dynamics between drug
treatments or other experimental manipulations.21 The
software-based HTR scoring system from Clever Sys Inc.
identifies features of each response such as average velocity
values for all head movements recorded for each HTR event
scored in analyzed videos, but these parameters have not been
explicitly validated for studying dynamics of HTR-induced
head movements. Having the ability to assess the dynamics of
the head movement, as in the magnetometer-based HTR
detection systems, can be an important feature for filtering out
false positive data and other non-HTR events.19,21 It may also
be useful to study differences in the dynamics of HTR head
movements between different classes of psychedelics or other
novel compounds emerging from drug discovery efforts.7,35

Future studies could address whether software-based scoring is
capable of capturing any information about head dynamics by
comparing parameters scored in magnetometer and software-
based HTR detections systems. Currently though, measuring
dynamics of HTR head movements is only available by using
magnetometer-based detection systems.
Accuracy for software-based HTR detection was found to be

slightly lower (94%) than reported for magnetometer-based
systems (96−99%) vs visually identified HTRs. However, no
statistically significant differences were observed between
visual scores and computer scores of HTRs, and scores from
both methods were highly correlated in all of the present
studies, supporting sufficient accuracy for use as another tool
to examine HTR in drug discovery and neuroscience. Further,
since comparisons to visual scoring are the standard for
assessing the accuracy of most modern HTR detection
systems19,20,22 and visual scores are known to show inter-
rater variability,19,36 the differences between accuracies of
magnetometer- and software-based systems may be negligible.
Supporting this is the fact that the potency of (±)DOI in our
studies (0.14 mg/kg s.c. for computer counts) is comparable to
the potency of (−)DOI as detected in a magnetometer-based
detection system.5 Further, the HTR counts at 1 mg/kg s.c.
(±)DOI in our study (∼72 counts/30 min) were also
comparable to the counts at 1 mg/kg i.p. (±)DOI (∼75
counts/30 min) as determined in a magnetometer-based
detection system.22 This suggests that potency and maximal
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effects of DOI for HTR in mice were similar when determined
in computer software- and magnetometer-based HTR
detection systems.
Additionally, the noninvasive and “plug and play” nature of

software-based detection may make it more easily adopted
across research laboratories. Since the advent of semi- and fully
automated magnetometer HTR detection systems, a few
laboratories have adopted this method for studying HTR in
mice,19−22,37 but many investigators still rely on visual
scoring.7,11,13,25,38−42 Software-based HTR detection systems
offer another option for research groups wishing to automate
the scoring of HTR events with comparable reliability to
magnetometer methods. False positives were generally low and
can be easily removed, similar to event and signal filtering
described for magnetometer-based detection systems. Addi-
tionally, false positives from hyperlocomotion and grooming
were rare. There were a small number of false positive HTR
events scored by the software from a stereotypy-induced
change in ear posture that should be noted, but again these
events are easily spotted for removal when reviewing prior to
data analysis. Admittedly, the current studies did not assess the
potential for false positive jumping events, which has been
identified to be important in validation studies for magneto-
meter-based HTR detection systems.20−22 Despite this
limitation and based on unpublished observations testing
other psychedelics in HTR studies that sometimes induce
jumping at high doses, we report that these events can be easily
visualized and removed prior to data analysis as described
herein.
One other disadvantage of software-based HTR detection vs

modern magnetometer detection systems is the time for data
acquisition. While the software-based HTR detection method
described here greatly decreases the time spent scoring events
vs visual scoring, the software-based method falls short of
modern magnetometer methods in this regard. More
specifically, software-based analyses of a single video lasting
30 min would take approximately 1 h due to the slower video
speeds used. By comparison, the modern magnetometer-based
HTR detection systems are capable of providing data in near
real-time fashion after an experiment. Future improvements of
the software-based detection platform should evaluate the
potential for analyzing videos at higher speeds in real time to
assess whether this limitation could be mitigated to provide
data accurately under these conditions. Having multiple
computers running HTR analysis software may also speed up
total analysis times for software-based HTR detection to be
more in line with the relative speed of magnetometer HTR
systems. The software-based HTR detection system is dynamic
in this sense, making it potentially adaptable across varying
needs for both occasional and high-throughput use.
Finally, the strain of mice and rodent species used can

influence the effects of DOI on HTR (see Canal and Morgan
Table 1 for examples).1 Rats generally have a lower-frequency
HTR compared to mice, and across strains of mice, there is
variability in the frequency of HTR observed at 1 mg/kg DOI.
C57BL/6J mice are most regularly used and produce a reliable
HTR at this dose of DOI as well as across many different
psychedelic agents,5 whereas other strains such as DBA-2J or
C57BL/6N are more and less sensitive at the same dose of
DOI.1 This highlights the importance of strain, substrain, and
species when studying HTR in rodents. One potential issue is
whether software-based scoring of HTR events can generalize
to other strains of mice that differ in color from C57BL/6J

mice or to other rodent species used to study 5-HT2A activity.
We predict that the color contrast model should be able to
accommodate scoring in other strains of mice and rodent
species, but this may require the use of different background
contrast colors, altered software color model settings, different
arenas, and altered lighting conditions depending on the
desired set up conditions. It is our view that pilot studies
necessary for setting up the computer-based system in each
specific laboratory could be optimized to measure HTR in
other strains of mice and other rodent species.

■ CONCLUSIONS

Our results show that computer software-based scoring of
HTRs is strongly correlated with direct visual scoring of HTRs
from video recordings. The number of HTRs obtained by both
scoring methods was statistically indistinguishable for dose
response effects of DOI as well as in antagonist pretreatment
studies administering the 5-HT2A antagonist, M100907, prior
to DOI. The data further demonstrate that increasing light
levels in the test area can improve the accuracy of computer
software counts to more closely mimic counts obtained by
direct visual observation. Few false positives were detected, and
these events were easily identified and removed prior to data
analyses. Overall, the present findings support the utility of this
novel noninvasive computer software-based scoring method to
study drug-induced HTRs in mice. This method provides
another tool for the assessment of HTRs in mice that is
reliable, noninvasive, and unbiased.

■ METHODS

Animals. All experiments were performed using adult (2−4
months old) male C57BL/6J mice (The Jackson Laboratory)
weighing 20−30 g. Mice were housed in the vivarium at the
Intramural Research Program (IRP) of the National Institute
on Drug Abuse (NIDA) in Baltimore MD. The animal facilities
are fully accredited by the Association for the Assessment and
Accreditation of Laboratory Animal Care. Mice were single-
housed with ad libitum access to food and water, under
standard 12 h light−dark conditions (lights on from 0700 to
1900 h). The NIDA IRP Animal Care and Use Committee
approved all procedures described in the present studies.

Drugs. (±)-DOI hydrochloride (DOI) was purchased from
Cayman Chemical and dissolved in a sterile 0.9% saline vehicle
for drug administration. (+)-M100907 freebase, generously
provided by Drs. A. Sulima and K. Rice, was initially dissolved
in 100% DMSO and diluted to 1% DMSO/99% sterile saline
(0.9%) vehicle for drug administration. D-amphetamine sulfate
(NIDA IRP pharmacy) and SKF-38393 hydrochloride (Sigma)
were both dissolved in a 0.9% sterile saline vehicle. All drug
doses and their respective vehicles were administered
subcutaneously (s.c.) at a volume of 0.01 mL/g body weight.

Experimental Design and Video Recordings. Hero
Black 7 GoPro cameras (GoPro) were used to record high
frame rate (120 frames per sec) overhead videos (960p
resolution) of male C57BL/6J mice (Figure 1B) that received
injections of the known 5-HT2 receptor agonist DOI or its
saline vehicle. For dose−response experiments, DOI was
administered s.c. at doses ranging from 0.03 to 3 mg/kg. For
antagonist experiments, 1.0 mg/kg of DOI was administered
30 min after pretreatment with the 5-HT2A antagonist
M100907 (0.01 or 0.1 mg/kg s.c.). On the day of an
experiment, mice in their home cages were transported from
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the vivarium to the experimental test room and were given 1 h
for acclimation. For the experimental sessions, mice received
drug or vehicle injections and were placed into cylindrical
acrylic arenas (7.5 in diameter) housed inside of TruScan
mouse locomotor boxes (Coulbourn Instruments). The arenas
had transparent floor panels with white bench paper
underneath to provide a light background for contrast.
GoPro cameras were mounted ∼ 10 inches above the arena
floor, and experimental test sessions were recorded for 30 min
post injection. All experiments occurred during the light phase
of the light−dark cycle between 0900 and 1700 h local time.
Subjects were randomized to treatment conditions and were
repeat tested once per 1−2 weeks to avoid tolerance to the
effects of DOI on HTR.1,43−45 After videos of each experiment
were recorded, the video files were transferred to an external
hard drive for storage until subsequent computer analysis as
described below.
Computer Software-Based HTR Scoring. A commer-

cially available software package (TopScan, Clever Sys Inc.)
was adapted by the developer for use in measuring HTR. A
custom feature of the TopScan software package monitors the
ears of the mice to detect head movements that are classified as
HTRs. All videos were analyzed for HTRs according to the
developer’s instructions. Briefly, experimental details (mouse
ID, treatment, date, experiment #, etc.) were entered into the
software and the following three procedures were carried out
for each video: (1) a background image file was generated to
distinguish the arena and its background from the mouse, as
shown in Figure 1C, (2) an arena file was generated that can
be customized to the shape and area of any arena contained in
each video, as shown in Figure 1D, and (3) an animal color
model file used to track the ears was checked to ensure there
was clear visualization of the ears for each set of videos, as
shown in Figure 1E (See Supporting Information Videos 1 and
2). The animal color model is dynamic and can be adapted for
different lighting conditions or to detect different color
contrasts. In the present case, the animal color model was
optimized for tracking lightly colored ears of C57BL/6J mice
versus their dark-colored body under the lighting conditions of
our recording setup. All of the experiments used the same
animal color model except experiments that tested increased
lighting conditions. In this case, the animal color model had to
be adjusted to accommodate the increase in illumination. An
ideal animal color model image to track the ears is shown in
Figure 1E.
Using all three of the aforementioned parameters created for

each video in the software, and the experimental information
entered into the software database, we ran automated software
scoring of experimental videos. The automated analysis can be
done for each video one by one or in larger batches of videos
scored one after the other, called “batch analyses.” The
advantage of batch analyses is that once the software finishes
scoring a given video, it will automatically move on to score
the next video in a series designated by the user. The
automated scoring of each video takes about twice the amount
of time required for the actual video recording (for example, it
takes 20 min to score a 10 min video). After videos are scored,
all HTRs identified for each video can be quickly reviewed in
the software as a list of short video segments that can be
viewed and used to remove any potential non-HTR events or
false positives as well as confirm HTRs (Figure 1F and
Supporting Information Video 3). Finally, the data can be

exported in several different formats for further processing and
statistical analyses.

Trained Observer HTR Visual Scoring. Two trained
observers watched the videos and visually scored the number
of HTRs in 5 min bins for each 30 min experimental session.
The total number of HTRs observed for each 30 min video
was tallied. The visual scoring was carried out blind to
treatment conditions, and HTRs from the two trained
observers were averaged to determine the total number of
HTRs per video as well as to assess the relationship to the
software-based scoring method.

Amphetamine-Induced Locomotor Activity and Ster-
eotypy-like Behavior. Mice (n = 4/dose) were injected
subcutaneously with 0 (vehicle), 1, 3, or 10 mg/kg amphet-
amine and placed in the same arenas used for HTR detection.
The testing session lasted for 45 min post injection and videos
for HTR analyses were captured for the last 30 min of the
session. Locomotor activity (distance traveled in cm) in the
horizontal plane was recorded throughout the testing using
TruScan photobeam arrays (Coulbourn Instruments). Stereo-
typy-like repetitive episodes (comprised of at least 3
movements less than 1.499 beam spaces occurring 2 sec or
less apart) were also recorded with this system.

SKF-38393-Induced Grooming. SKF-38393 (10 mg/kg)
or vehicle was administered s.c. and mice (n = 6/treatment)
were placed in arenas used for HTR recordings for 30 min.
The last 15 min was recorded for HTR analysis and for blinded
visual scoring of the number of HTRs and duration of
grooming events for each video.

Data Analysis and Statistics. Visual scores from the
trained observers and computer scores from the software
analyses were compared by two-way ANOVA (scoring method
× treatment) with Tukey’s post-hoc multiple comparisons test
to assess differences between scoring methods and effects of
drug treatment. Pearson r correlations were computed to assess
relationships between visual scores from trained observers and
computer software scores. Potency (ED50) values were
determined from dose−response studies using nonlinear
regression of the rising phase of the curve. One-way
ANOVA with Dunnett’s post-hoc multiple comparison test
vs vehicle controls was used to evaluate treatment effects of
AMPH on distance traveled, stereotypy-like repetitive
locomotor behavior, and HTR. Unpaired Student’s t-test was
used to compare the grooming time of SKF-38393 treatment
vs vehicle controls. α was set at p < 0.05 for all analyses, which
were conducted using GraphPad Prism 9 software.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsptsci.1c00237.

Setting up computer software analyses (background &
arena) (Video 1) (MP4)
Setting up computer software analyses (color model &
analyses) (Video 2) (MP4)
Reviewing events from HTR analyses (Video 3) (MP4)
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