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Abstract

Background—->Prepulse inhibition (PPI) of startle is a sensorimotor gating phenomenon
perturbed in a variety of neuropsychiatric conditions. Psychedelics disrupt PPI in rats and humans,
but their effects and involvement of the serotonin 5-HT,a receptor (5-HToaR) in mice remain
unexplored.

Methods—We tested the effect of the psychedelic 1-(2,5-dimethoxy-4-iodophenyl)-2-
aminopropane (DOI) (0.5 mg/kg, i.p.) on startle amplitude and %PPI in response to acoustic
stimuli under up to four different experimental conditions that included changes in background
and stimulus intensity, prepulse and pulse duration, and interstimulus interval in male and female
129S6/SvEv mice. We also evaluated the effect of the 5-HT,aR antagonist M100,907 (1 mg/kg,
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i.p.) on DOI-induced startle amplitude and %PPI, as well as the effect of the psychedelic LSD
(0.24 mg/kg, i.p.) and the dopamine agonists apomorphine (5 mg/kg, s.c.) and SKF-82,958 (0.5
mg/kg, i.p.) in male 129S6/SvEv mice.

Results—DOI altered startle amplitude with either pulse alone or prepulse + pulse presentations
in all PPI conditions, and increased %PPI in three out of four PPI conditions in male mice — an
effect that was prevented by M100,907. In female mice, DOI increased %PP1 without affecting
startle amplitude. %PPI was positively correlated with startle amplitude in males while being
negatively correlated in female mice. In male mice, LSD also increased %PPI, although it did not
affect startle amplitude, whereas apomorphine and SKF-82,958 induced decreases in %PPI.

Conclusion—Our findings highlight a distinct effect of the psychedelic DOI on PPl in 12956/
SvEv mice, suggesting 5-HT,aR-dependent PPI improvement in a paradigm-dependent and sex-
dependent manner.

Keywords
Serotonin 5-HT,p receptor; G protein-coupled receptor (GPCR); Psychedelics; Hallucinogens;
Lysergic acid diethylamide (LSD); Psilocybin; Sensorimotor gating; Prepulse inhibition (PPI);
Psychopharmacology; Sex differences

Introduction

Psychedelics, also known as classic hallucinogens, are psychoactive compounds that
function primarily through the serotonergic system. Structurally, psychedelics can be
classified into two main groups: phenethylamines, including mescaline and the substituted
amphetamine 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI), and tryptamines,
such as lysergic acid diethylamide (LSD), psilocybin, and its active compound psilocin
(Glennon 1994; Hanks and Gonzalez-Maeso 2016a, 2016b; Nichols 2016). In healthy
volunteers, the acute effects of psychedelics include alterations in processes related to
perception, emotion, and sensory processing (Vollenweider and Preller 2020). Most of the
distortions induced in humans by psychedelics such as psilocybin (Vollenweider et al.

1998) and LSD (Schmid et al. 2015) are prevented by pre-administration of the relatively
selective serotonin (or 5-hydroxytryptamine) 2A receptor (5-HT,aR) antagonist ketanserin.
Using rodent behavior models that predict psychedelic activity, such as head-twitch response
(Canal and Morgan 2012), previous findings also demonstrated that either pharmacological
blockade with the highly selective 5-HT,R antagonist M100,907 (volinanserin) (de la
Fuente Revenga et al. 2020) or deletion of the 5-HT,,R (Htr2a) gene (Gonzélez-Maeso et
al. 2007) prevent this murine predictor of psychedelic effects in humans. Together, these
data in mice and humans suggest that the 5-HT,aR is the likely main molecular target
responsible for the sensory and cognitive alterations associated with the acute administration
of psychedelics.

Other acute effects of psychedelics include alterations in sensorimotor gating, which is
related to the regulation of sensory information while it is transmitted to motor output
systems (Halberstadt and Geyer 2018; Hanks and Gonzalez-Maeso 2013; Swerdlow et al.
2016). Sensorimotor gating is an important adaptive function of the brain through which a
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sensory overload is prevented by filtering out (or gating) irrelevant information. This process
is disrupted in multiple psychiatric disorders including schizophrenia. Prepulse inhibition
(PPI) of the startle response is a measure of sensorimotor gating in which response to a
startle-inducing stimulus (pulse) is diminished when the stimulus is preceded by a lesser
intensity, non-startle-inducing stimulus (prepulse) (Gémez-Nieto et al. 2020). Deficits in
PPI are consistent with a disruption in sensorimotor gating behavior. It is well established
that other families of psychoactive drugs, such as amphetamine and phencyclidine (PCP)
or the closely related dissociative dizocilpine (MK-801), lead to PPI deficits in both rat
and mouse models (Allen et al. 2011; Kurita et al. 2012; Swerdlow et al. 1990). However,
current findings on the effects of psychedelics on PPI in rodents remain unclear and, at
times, inconsistent.

As an example, most of the previous publications using rat models suggest that
psychedelics, such as DOI (Oliveras et al. 2017; Padich et al. 1996; Sipes and Geyer 1994;
Varty et al. 1995), DOB or 1-(2,5-dimethoxy-4-bromophenyl)-2-aminopropane (Johansson
et al. 1995), LSD (Halberstadt and Geyer 2010; Ouagazzal et al. 2001), mescaline
(Palenicek et al. 2008), 2C-B or 2,5-dimethoxy-4-bromophenethylamine (Palenicek et al.
2013), and 251-NBOMe or 4-iodo-2,5-dimethoxy-N-(2-methoxybenzyl) phenethylamine
(Miliano et al. 2019), diminish PPI of the acoustic startle response. These studies also
suggest that PPI deficits induced by psychedelics can be prevented by pre-administration of
the 5-HT,AR antagonists M100,907 or MDL-11,939, but not by the 5-HT»cR antagonists
SB-242084 or SER-082 (Ouagazzal et al. 2001; Padich et al. 1996; TE Sipes and Geyer
1995). In mouse models, DOI (1 and 5 mg/kg) produced deficits in PPI behavior in
129S6/SvEv and C57BL/6J mice (Allen et al. 2011; Halberstadt and Geyer 2018). On the
other hand, DOM or 1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane ranging from 0.5
to 4 mg/kg showed a lack of effect on PPI in C57BL/6J, 129Sv, and ICR mice (Dulawa

and Geyer 2000). Another study also reported that DOI (1 mg/kg) had no effect on

PPl in C57BL/6J x 129S6/SVvEV hybrid mice (Hazama et al. 2014). Interestingly, other
groups have reported that tryptamine psychedelics such as DMT, 5-MeO-DMT, and psilocin
increase, rather than decrease, PPI in several strains of mice including CD-1 (Freedland and
Mansbach 1999) and 129/SvEv (Halberstadt and Geyer 2011). Considering that 5-HT; AR
agonists also increase PPI in mice, activation of 5-HT1AR by tryptamine psychedelics has
been proposed as a potential mechanism underlying augmentation of PPI in this rodent
model. This hypothesis is further supported by the partial blockade of the increase in PPI
produced by 5-MeO-DMT in mice by the 5-HT1 4R antagonist WAY-100635 (Dulawa et al.
2000; Gogos et al. 2008; Halberstadt and Geyer 2011). However, the exact role of 5-HToAR
in PPI alterations induced by psychedelics in mouse models remains unexplored.

Another explanation for the varying effect of psychedelics on PPI in mice might be related
to the different parameters that define a PPl experiment, such as the intensities of the
prepulse (s) and pulse above background noise, the duration of the prepulse and pulse, and
the time between the prepulse and pulse (interstimulus interval). As it pertains to the effects
of psychedelics in humans, psilocybin reduced PPI at a short interstimulus interval (30

ms) while increasing PPI at longer (>100 ms) interstimulus intervals (Gouzoulis-Mayfrank
et al. 1998; Vollenweider et al. 2007). Other groups have characterized the effect of

such variations in experimental conditions on PPl outcomes in different strains of mice
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(Aubert et al. 2006; Paylor and Crawley 1997; Varty et al. 2001), but how changes in

the PPI experimental conditions affect the outcomes of psychedelics on PPI in mice has
not been explored. Additionally, most of the previous preclinical findings have only been
reported in male mice, whereas sex-related differences in sensorimotor gating processes
have been described in humans (Swerdlow et al. 1993). Here we tested the effects of the
phenethylamine psychedelic DOI on startle response and PPI of startle response under a
battery of experimental conditions that included changes in background intensity, stimulus
intensity, prepulse and pulse duration, and interstimulus interval in male and female 129S6/
SvEvV mice.

DOl or 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane was obtained from Sigma-Aldrich
(St. Louis, MO). M100,907 (volinanserin) or (R)-(+)-a-(2,3-dimethoxyphenyl)-1-[2-(4-
fluorophenyl)ethyl]-4-piperinemethanol, SKF-82,958 or 6-chloro-2,3,4,5-tetrahydro-1-
phenyl-3-(2-propen-1-yl)-1H-3-benzazepin-e-7,8-diol hydrobromide, and apomorphine or
(R)-5,6,6a,7-tetrahydro-6-methyl-4 H-dibenzo[ de,g]quinoline-10,11-diol hydrochloride were
obtained from Tocris (Minneapolis, MN). LSD or lysergic acid diethylamide was obtained
from Lipomed (Cambridge, MA). Drugs were dissolved in saline (0.9%). All drugs

or vehicle were administered intraperitoneally (i.p.), except apomorphine, which as
administered subcutaneously (s.c.). Injection volumes were determined based on body
weight (0.01 ml/g).

Experiments were performed on adult (10-17 weeks old) male and female 129S6/SvEv mice
(Taconic). This strain of mice was selected because extensive studies regarding cognitive
and anxiety-related processes (Weisstaub et al. 2006; Morici et al. 2015; Morici et al. 2018),
responses to chronic stress (Jaggar et al. 2017), and signaling mechanisms affecting gene
expression and head-twitch behavior following psychedelic administration (Gonzalez-Maeso
et al. 2007; Moreno et al. 2011) have been performed in 129S6/SvEv mice. Additionally,
129S6/SvEv mice have previously shown high levels of PPI of both acoustic and tactile
startle responses compared to other inbred strains (Paylor and Crawley 1997). Animals were
housed on a 12 h light/dark cycle at 23 °C with food and water ad libitum, except during
behavioral testing which took place during the light cycle. All procedures were conducted

in accordance with the National Institutes of Health (NIH) guidelines and were approved by
the Virginia Commonwealth University Animal Care and Use Committee. Behavioral testing
took place between 9:00 a.m. and 6:00 p.m. Behavioral tests were separated by at leasta 1
week wash-out period.

Head-twitch response

Detection of head-twitch responses in mice was performed as previously reported (de la
Fuente Revenga et al. 2020) with additional computational (Halberstadt 2020) and visual
inspection. Neodymium magnets (N50, 3 mm diameter x 1 mm height, 50 mg) were glued
with cyanoacrylate to the top surface of aluminum ear tags for rodents (Las Pias Ear Tag,
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Stoelting Co.) with the magnetic south of the magnet in contact with the tag. Mice were
ear-tagged bilaterally through the pinna antihelix under ketamine/xylazine anesthesia (120
mg/kg and 12 mg/kg, respectively) and allowed to recover before conducting behavioral
testing. After treatment with DOI (0.5 mg/kg) or vehicle, ear-tagged mice were placed
inside a plastic container surrounded by a coil (~500 turns 30 AWG enameled wire) of
which output was amplified (Pyle PP444 phono amplifier) and recorded at 1000 Hz using

a NI USB-6001 (National Instruments) data acquisition system. Testing lasted 30 min. Data
acquisition was performed as previously described (de la Fuente Revenga et al. 2019). Data
were processed using a previously described signal analysis protocol (de la Fuente Revenga
et al. 2020). To refine head-twitch detection, the signal was also processed using a deep
learning-based protocol based on scalograms (Halberstadt 2020). Mismatches between both
detection methods were inspected visually without clues relative to the timestamp of the
event or treatment group. After manual classification of dubious events, the final values of
head-twitch counts were corrected with a custom script. The VI threshold for the initial
filter using the findpeaks function in MATLAB (Mathworks, R2019a) was halved to a more
permissive (0.01 V1) threshold than previously reported (de la Fuente Revenga et al. 2020).
The convolutional neural network (CNN) employed was trained using head-twitch (~1200)
and non-head-twitch (~600) events at a 1:1 training and test ratio from our previous studies
(de la Fuente Revenga et al. 2020) and unpublished data from experiments conducted on
magnet ear-tagged mice. The combined false-positive and false-negative rate of the classifier
was less than 3% in the test set.

Prepulse inhibition of startle response

Assays were conducted as previously reported with minor modifications (Enga et al.

2017). Briefly, recording of the startle magnitude in response to acoustic stimuli was
performed using the SR-LAB™ Startle Response System (San Diego Instruments). Mice
were habituated to the testing room at least 1 h prior to the start of the experiment.

In experiments using DOI (0.5 mg/kg) or LSD (0.24 mg/kg), treatment or vehicle was
administered to subjects immediately prior to testing. The 5-HT,AR antagonist volinanserin
was administered 10 min before DOI or vehicle as a pretreatment. SFK82,958 (0.5 mg/kg),
apomorphine (5 mg/kg), or vehicle was injected 10 min prior to the onset of testing. The
experiment proceeded as follows: Mice were placed in the testing chambers for a 5-min
acclimation period at background noise, followed by the pseudo-random presentation of five
trial types. These included 13 pulse-only trials, 13 of each three prepulse + pulse trials, and
13 no pulse trials for a total of 65 trials. There was an average of 15 s (range 12-18 s)
between trials. In addition, the pulse-only trial was presented five times at the beginning and
end of the testing session (Fig. 1a). Each session lasted about a total of 30 min.

A range of variables were studied to determine consistency of results across conditions
including the background noise, pulse duration and intensity, prepulse duration and intensity,
as well as the interstimulus interval. Background noise was set to either 65 dB or 69 dB.

The pulse was 20 ms or 40 ms at 119 dB or 120 dB. The three prepulses were 10 ms or

20 ms at 68 dB, 71 dB, 72 dB, 73 dB, 75 dB, 77 dB, 81 dB, or 85 dB. The interstimulus
interval, or time between the end of the prepulse and the onset of the pulse, was 60 ms or

80 ms (Fig. 1b, c, d, e). %PPI for each prepulse intensity was determined as a percentage
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using the following equation: [1 — (average startle magnitude (Vinax) Of prepulse + pulse
trials) / average startle magnitude (Viax) of pulse-only trials)] x 100. The five pulse-only
trials presented at the beginning and at the end of testing (see Fig. 1a) were excluded from
calculating %PPI.

Statistical analysis

Results

Animals were randomly allocated into the different experimental groups. Datapoints were
excluded based on previously established criterion and were set to + 2 s.d. from the group

Effect of the psychedelic DOI on PPI in male mice

We tested the effect of DOI (0.5 mg/kg) or vehicle on PPI of startle response under

four different experimental conditions. This dose of DOI was selected based on pilot
dose-response assays (0.5, 1.0, 2.0, and 5.0 mg/kg, or vehicle — data not shown) and

was validated on head-twitch behavior in male and female mice. Fig. 2 a shows an effect

of DOI on head-twitch during the first 30 min post injection (two-way repeated measures
ANOVA treatment effect: A3,20] = 40.00, p< 0.001). Total head-twitch counts were also
increased upon DOI administration (vehicle vs DOI, A1,20] = 212.3, p< 0.001; sex-related
differences, A1,20] = 1.48, p> 0.05). Post hoc analysis showed that the head-twitch
response was increased in both male (p < 0.001) and female (p < 0.001) mice injected with
DOI as compared to vehicle, whereas this effect of DOI on head-twitch behavior was similar
in both sexes (o > 0.05) (Fig. 2b).

Previous results by other groups showed in rodents that alterations in PPI induced by acute
psychoactive drug administration at lower prepulse intensities can be overcome by longer
or more intense prepulses (Vollenweider et al. 2007). Similarly, PPI levels at lower prepulse
intensities close to the background noise level can be too small or variable upon drug-
induced manipulation to be detected reliably. To account for this, four PPI experimental
conditions were selected with different parameters within the PPI test, specifically intensity
of the background, intensities of the prepulses and pulse, prepulse and pulse duration, and
interstimulus interval to maximize the ability to detect psychedelic-induced changes in both
startle magnitude and %PPI (Table 1; Fig. 1).

We first assessed PPI with a 40-ms pulse at 120 dB; 20 ms prepulses at 68, 71, and 77 dB;
an interstimulus interval of 80 ms; and background noise set to 65 dB in male mice (Table
1; Fig. 1b). This paradigm was based on an optimal protocol suggested for PPI assays in
129Sv mice (Geyer and Dulawa 2003). Under these experimental conditions, there was a
main effect of DOI on the startle amplitude (vehicle vs DOI, A1,90] = 12.66, p < 0.001; PPI
conditions, A4,90] = 70.10, p < 0.001) (Fig. 3a). Post hoc analysis showed that the startle
amplitude in response to the pulse alone was increased by DOI (p < 0.05), whereas there
was a nonsignificant trend (p = 0.058) in the effect of DOI on the increase of the startle
amplitude with a prepulse of 68 dB, but not with prepulses of 71 dB (p> 0.05) or 77 dB
(p>0.05) (Fig. 3a). DOI, however, did not affect %PPI under these experimental conditions
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(vehicle vs DOI, A1,54] =0.002, p> 0.05; prepulse intensity, A[2,54] = 107.5, p< 0.001)
(Fig. 3b).

We next tested whether increasing the background noise but keeping the same difference
between prepulses and background sounds (3 dB, 6 dB, and 12 dB above background)
influenced the effect of DOI and on startle amplitude and % PPI in male mice. With a
40-ms pulse at 120 dB; 20 ms prepulses at increased intensities of 72, 75, and 81 dB;

an interstimulus interval of 80 ms; and background noise set to 69 dB (Table 1; Fig. 1c),
there was a main effect of DOI on startle amplitude (vehicle vs DOI, A1,85] =5.09, p<
0.05; PPI conditions, A4,85] = 71.26, p < 0.001) (Fig. 4a). Post hoc analysis showed that
DOl increased startle amplitude in the pulse-only trials (p < 0.01), whereas DOI did not
affect the startle amplitudes with prepulses of 72, 75, and 81 dB (p > 0.05) (Fig. 4a). DOI
affected %PPI under these experimental conditions (vehicle vs DOI, A1,51] =7.23, p<
0.01; prepulse intensity, A2,51] = 63.05, p< 0.001) (Fig. 4b). Post hoc analysis showed a
trend in the effect of DOI toward increased %PPI with a prepulse of 72 dB (p = 0.065), but
not with prepulses of 75 or 81 dB (p > 0.05) (Fig. 4b).

We then evaluated the effects of increasing the difference between the prepulses and
background noise to 4 dB, 8 dB, and 16 dB and reducing the pulse duration using a
paradigm previously used to detect PPI deficits with the dissociative ketamine in mice (Enga
et al. 2017). With a 20-ms pulse at 120 dB; 20 ms prepulses at 73, 77, and 85 dB; an
interstimulus interval of 80 ms; and background noise set to 69 dB (henceforth referred to

as 20-80-20) (Table 1; Fig. 1d), there was a main effect of DOI on startle amplitude in male
mice (vehicle vs DOI, A1,90] = 11.73, p< 0.001; PPI conditions, A4,90] = 110.1, p<
0.001) (Fig. 5a). Post hoc analysis showed that DOI did not affect the startle amplitude in
response to the pulse alone, (o> 0.05), whereas DOI decreased the startle amplitude with a
prepulse of 73 dB (p< 0.01) or 77 dB (p < 0.05), but not a prepulse of 85 dB (p > 0.05) (Fig.
5a). DOI affected %PPI under these experimental conditions (vehicle vs DOI, A1,54] =
40.47, p< 0.001; prepulse intensity, A2,54] = 168.9, p < 0.001) (Fig. 5b). Post hoc analysis
showed that %PPI1 was increased by DOI with prepulses of 73 dB (0 < 0.001) and 77 dB (p <
0.001), but not of 85 dB (p> 0.05) (Fig. 5b).

Given these unexpected increases in PPI, we then tested conditions described in a previous
study that reported that DOI leads to deficits in PPl in male CD-1 mice (Ibarra-Lecue et

al. 2018). We adjusted the conditions by decreasing the duration of both the prepulses and
interstimulus interval while increasing the duration and decreasing the intensity of the pulse.
With a 10-ms pulse at 119 dB; 10 ms prepulses at 73, 77, and 85 dB; an interstimulus
interval of 60 ms; and background noise set to 69 dB (/enceforth referred to as 10-60-40)
(Table 1; Fig. 1e), there was a main effect of DOI on startle amplitude in male mice (vehicle
vs DOI, A1,90] =5.68, p< 0.05; PPI conditions, A[4,90] = 128.6, p< 0.001) (Fig. 6a).

Post hoc analysis showed that the startle amplitude in response to the pulse alone was not
affected by DOI (p > 0.05), whereas DOI decreased the startle amplitude when preceded by
a prepulse of 73 dB (p < 0.05), but not with prepulses of 77 dB (p> 0.05) or 85 dB (p>
0.05) (Fig. 6a). DOI affected %PPI under these experimental conditions (vehicle vs DOI,
H1,54] = 27.87, p< 0.001; prepulse intensity, A[2,54] = 98.94, p< 0.001) (Fig. 6b). Post
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hoc analysis showed that %PPI was increased by DOI with prepulses of 73 dB (p < 0.001)
and 77 dB (p < 0.01), but not of 85 dB (p > 0.05) (Fig. 6b).

M100,907 blocks the effects of DOl on PPI in male mice

Our next goal was to test the effect of the 5-HT,5R antagonist M100,907 on DOI-induced
effects on PP1. Among all the experimental conditions tested in male mice (Fig. 2), we
further examined those in which DOI only affected %PPI and not the startle amplitude

in response to the pulse alone, with the goal of defining the role of 5-HT,AR-dependent
signaling in psychedelic-induced alterations in sensorimotor gating. We therefore evaluated
the effect of M100,907 on DOI-induced startle amplitude and PPI under 20-80-20 and
10-60-40 experimental conditions.

With the 20-80-20 experimental condition (Table 1; Fig. 1d), there was an effect of drug
treatment (DOI and/or M100,907 or vehicle) on startle amplitude in male mice (drug
treatment, A3,171] = 4.65, p< 0.01; PPI conditions, A4,171] = 153.0, p < 0.001) (Fig.
7a). Drug treatment affected %PP1 under these experimental conditions (drug treatment,
A3,102] = 3.93, p< 0.05; prepulse intensity, A2,102] = 242.7, p < 0.001) (Fig. 7b). Post
hoc analysis showed a %PPI difference between the vehicle and DOI groups (o < 0.05) and
the DOI and M100,907 groups (p < 0.05), but not between the M100,907 and M100,907 +
DOl groups (p> 0.05) (Fig. 7b).

With the 10-60-40 experimental condition (Table 1; Fig. 1e), there was an effect of drug
treatment (DOI and/or M100,907, or vehicle) on startle amplitude in male mice (drug
treatment, A3,180] = 2.62, p < 0.05; PPI conditions, A4,180] = 155.8, p < 0.001) (Fig 8a).
Drug treatment affected %PPI under these experimental conditions (drug treatment, A3,108]
=5.72, p< 0.001; prepulse intensity, A2,108] = 340.2, p< 0.001) (Fig. 8b). Post hoc
analysis showed a %PPI difference between the vehicle and DOI groups (p < 0.01) and the
DOI and M100,907 groups (p < 0.05), but not between the M100,907 and M100,907 + DOI
groups (o> 0.05) (Fig. 8b). Post hoc analysis also showed that %PPI was increased by DOI
with a prepulse of 73 dB (p < 0.001), an effect that was prevented by M100,907 (p > 0.05)
and not observed with prepulses of 77 dB (p > 0.05) or 85 dB (p > 0.05) (Fig. 8b).

Effect of the psychedelic DOI on PPI in female mice

We next focused our attention on the effect of DOI on PPI in female mice. As before with
the effect of the 5-HT,R antagonist, we tested female mice under the two experimental
conditions in which DOI only affected %PPI and not the startle amplitude in response to the
pulse alone.

With the 20-80-20 experimental condition (Table 1; Fig.1d), there was no effect of DOI on
startle amplitude in female mice (vehicle vs DOI, A1,90] = 1.65, p> 0.05; PPI conditions,
HA4,90] = 46.25, p< 0.001) (Fig. 9a). DOI affected % PPI under these experimental
conditions (vehicle vs DOI, A1,54] = 4.84, p< 0.05; prepulse intensity, A2,54] = 135.7, p<
0.001) (Fig. 9b). However, this quantitatively weak effect was not corroborated by post hoc
analysis since %PP1 was unaffected by DOI with prepulses of 73 dB (p > 0.05), 77 dB (p>
0.05) or 85 dB (p > 0.05) (Fig. 9b).
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With the 10-60-40 experimental condition (Table 1; Fig.1e), there was no effect of DOI on
startle amplitude in female mice (vehicle vs DOI, A1,85] = 0.16, p < 0.05; PPI conditions,
H4,85] = 36.88, p< 0.001) (Fig. 10a). DOI affected %PPI under these experimental
conditions (vehicle vs DOI, A1,51] = 4.95, p< 0.05; prepulse intensity, A2,51] = 107.9,
p<0.001) (Fig. 10b). Post hoc analysis showed that %PPI was increased by DOI with a
prepulse of 73 dB (p < 0.05), but not of 77 dB (p> 0.05) or 81 dB (p > 0.05) (Fig. 10c).

Under these two PPI experimental conditions (20-80-20 and 10-60-40; see Table 1 and Fig.
1 d and e), a three-way ANOVA showed sex-related differences in the effects of DOI on

PPI (Tables 2 and 3). Thus, both startle amplitude and % PPI were reduced in female mice
compared to their male counterparts. There were also sex-related differences in the effects of
DOI on both startle amplitude and %PPI (Tables 2 and 3).

Sex differences in correlation between startle response and PPI

As mentioned in the “Methods” section (see also Fig. 1a), animals were presented with

5 pulse-only trials at the beginning and the end of the PPI session. Comparing the startle
amplitudes in response to these trials before and after the PPI session, our data show

startle habituation in both male and female mice under both the 20-80-20 and 10-60-40
experimental conditions (Table 4; Fig. 11). There were also sex-related differences between
startle amplitudes (Table 4; Fig. 11), though these were not affected by DOI (Table 4; Fig.
11) as similarly noted during the combination of prepulses and pulses (see Figs. 5, 6, 9, and
10).

We also tested whether the magnitude of the startle amplitudes during the 5 pulse-only trials
at the beginning of the PPI session correlated with average %PPI1 in male and female mice.
Interestingly, there was a positive correlation between startle amplitudes prior to the PPI test
and average %PPI in male mice (Fig. 12a), but an inverse correlation in female animals (Fig.
12h).

Effect of other psychoactive drugs on PPl in male mice

We next asked whether these effects of DOI on PPI in male 129S6/SvEv mice were also
produced by the tryptamine psychedelic LSD. With the 20-80-20 experimental condition
(Table 1; Fig. 1d), there was no effect of LSD on startle amplitude in male mice (vehicle

vs LSD, A1,65] = 0.0001, p> 0.05; PPI conditions, A4,65] = 36.88, p< 0.001) (Fig. 13a).
However, LSD affected %PPI under these experimental conditions (vehicle vs LSD, A1,39]
=31.76, p< 0.001; prepulse intensity, A[2,39] = 117.6, p< 0.001) (Fig. 13b). Post hoc
analysis showed that %PPI was increased by LSD with prepulses of 73 dB (p< 0.01) or 77
dB (p< 0.001), but not 81 dB (p > 0.05) (Fig. 13Db).

Given our relatively unexpected findings of increased PPI following DOI administration,
we evaluated the effects of two additional non-psychedelic drugs: apomorphine and the
dopamine D, receptor agonist SKF-82,958, which have been reported to produce PPI
deficits in male mice (Ralph-Williams et al. 2003). Using the 20-80-20 experimental
condition (Table 1; Fig. 1d), there was an effect of drug treatment on startle amplitude

(drug treatment, A2,45] = 22.83, p< 0.001; PPI conditions, F[4,45] = 33.87, p < 0.001)
(Fig. 14a). Post hoc analysis showed that the startle amplitude in response to the pulse alone
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was decreased by apomorphine (p < 0.001) but not by SKF-82,958 (p > 0.05) (Fig. 14a).
Additionally, there was a trend for apomorphine to decrease the startle amplitude with a
prepulse of 73 dB (p = 0.05), but not with prepulses of 77 dB (p > 0.05) or 85 dB (p > 0.05),
nor with SKF-82,958 with prepulses of 73 dB (p> 0.05), 77 dB (p> 0.05) or 85 dB (p>
0.05) (Fig. 14a). Drug treatment affected %PPI under these experimental conditions (drug
treatment, A2,27] = 37.32, p< 0.001; prepulse intensity, A2,27] = 67.13, p< 0.001) (Fig.
14b). Post hoc analysis showed that %PPI was decreased by apomorphine with prepulses of
73 dB (p < 0.05), but not of 77 dB (p > 0.05) or 85 dB (p = 0.06), and by SKF-82,958 with
prepulses of 73 dB (p < 0.001) or 77 dB (p < 0.001), but not 85 dB (o> 0.05) (Fig. 14b).

Discussion

Perhaps our most compelling finding is that the phenethylamine psychedelic DOI produced
an augmentation of PPI in male 129S6/SvEv mice. Most of the previous observations in rat
models supported a decrease in PPI induced by different chemical families of psychedelics,
but the effects reported in mice were inconsistent, with examples of augmentation,
reduction, and lack of effect (Halberstadt and Geyer 2018). Our data corroborate previous
observations by other groups that showed an increase in PPI in response to treatment

with tryptamine psychedelics in male 129S6/SvEv mice (Halberstadt and Geyer 2011) and
further support the robust nature of this phenotype since it was clearly observed among
three out of the four PPI experimental conditions that we evaluated in male mice. This
augmentation was prevented by the highly selective 5-HT,aR antagonist M100,907 and
validated upon administration of LSD, another psychedelic structurally distinct from DOI.
On the other hand, strict dopaminergic agonists apomorphine and SKF-82,958 reduced PPI
in male 129S6/SvEv mice as expected, validating our experimental design.

A potential explanation for the effect of psychedelics on PPl augmentation in 129S6/SvEv
mice may be related to a psychedelic-induced increase in arousal or alertness. Previous
studies in humans, rats, and mice have suggested that an increase in general level of
alertness might facilitate processing of the prepulse and thus lead to increased levels of PPI
(Rio-Alamos et al. 2019). Additionally, others have found a positive relationship between
ratings of the effects of LSD and emotional arousal in healthy volunteers (Zentner et

al. 2008), and controlled studies of microdosing of LSD reported objective increases in
psychomotor vigilance (Bershad et al. 2019). A drug-induced enhanced state of alertness
that could ultimately affect PPI manifestation is a plausible explanation further supported
by the positive correlation between the startle responses obtained during the 5 stimulus-only
trials — a potential index of alertness — at the beginning of the PPI session and the

%PPI datasets in the same cohort of male mice. This correlation however was negative in
female mice, which suggests an important sex-related difference in the underlying substrate
of this effect of psychedelics. Additionally, given that LSD is also a 5-HT1 AR agonist,

and 5-HT, AR agonists have been found to produce PPl improvements in mice, we cannot
exclude that LSD produced this behavior through an alternative mechanism in male mice
(Dulawa et al. 2000; Gogos et al. 2008).

Our initial data in male mice were collected using a battery of four PPI experimental
conditions. The variations within the experimental setup, including changes in background,
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prepulse and pulse intensities, and duration of prepulse, interstimulus interval, and pulse
were selected based on previous findings by other groups showing that changes in these
experimental parameters affect both startle amplitudes and %PP1 outcomes (Halberstadt
and Geyer 2018; Hanks and Gonzélez-Maeso 2013; Swerdlow et al. 2016). We observed a
DOl-dependent increase in %PPI in three out of the four PPI conditions, whereas changes
in startle amplitude with either pulse alone or prepulse + pulse trials occurred across all four
PPI conditions in male mice. These data suggest that the most important factor leading to
increases in %PPI is a DOI-induced decrease in startle amplitude in response to prepulse

+ pulse trials. A secondary factor may be related to an increase in startle amplitude in the
pulse-only trial, but only if the startle amplitudes in the prepulse + pulse trials are unaffected
by DOI. Our observations also support the conclusion that a background intensity of 69 dB
or above is necessary to expose the effect of DOI on %PPI in male 129S6/SvEv mice.

Because our goal was principally focused on sex-related differences in DOI-induced changes
in %PPI, we paid special attention to the PPI conditions in which DOI affected %PPI but
left startle amplitude in response to the pulse alone unaffected. This principally occurred
under the 20-80-20 and 10-60-40 PPI conditions (see Table 1) in male mice. Using the
same conditions, DOI also affected %PP1 in female 129S6/SvEv mice without an effect of
DOl on startle amplitudes with prepulse and pulse unlike in males. Although statistically
significant, this effect of DOI on %PPI augmentation was reduced in female as compared
to male 129S6/SvEv mice. While the behavioral effects of psychedelics between different
rodent models may differ, these sex-related differences in startle magnitude and %PPI have
also been reported in rats (Reilly et al. 2009) and humans (Swerdlow et al. 1993). Further
work will be required to better understand the molecular and neural circuit mechanisms
responsible for these sex-related differences in 129S6/SvEv mice as compared to other
strains of mice.

Another important observation was that whereas DOI does not affect startle amplitude
within the pulse alone trials under the 20-80-20 and 10-60-40 PPI conditions in either males
or females, our data showed a statistically significant reduction in the startle amplitude
during the 5 stimulus-only trials at the end of the PPI session as compared with the 5
stimulus-only trials at the beginning of the PPI session. This indicates the occurrence of
startle habituation. Similar findings have been reported in rats (Farid et al. 2000), as well
as alterations in the stability of the acoustic startle reflex and habituation in schizophrenia
patients (Ludewig et al. 2002). From a translational perspective, we suggest the systematic
inclusion of these controls in the experimental design since habituation processes may
negatively bias the interpretation of PPI findings based on previously obtained startle
amplitude datasets.

Brain regions involved in startle and PPI are located within the brain stem and

include cochlear nuclei, caudal pontine reticular nucleus, inferior and superior colliculi,
pedunculopontine and laterodorsal tegmental nuclei as well as substantia nigra. In

addition, cortico-limbic areas, such as the nucleus accumbens, ventral pallidum, basolateral
amygdala, septohippocampal system, mediodorsal thalamus, and medial prefrontal cortex,
also modulate PPI (Fendt et al. 2001; Swerdlow et al. 2001). Brain areas enriched in
5-HT,aR expression include the frontal cortex, ventral striatum, several thalamic nuclei,

Psychopharmacology (Berl). Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

\ohra et al.

Funding

Page 12

and the hypothalamus (Lopez-Giménez et al. 1997, 2001; Lopez-Giménez et al. 1998).
Considering the sex-related differences observed in both startle amplitude and %PPI as
well as the effect of DOI on these behavioral changes and the sex-specific correlations
between startle amplitude and %PPI, these findings provide support for the hypothesis
that differences in cell-type or neural circuit-specific location of 5-HTo4R in male versus
female mice may lead to distinct regulation of sensorimotor gating processes. Our results
also suggest that these sex-related differences are not generalizable to other neural circuits
and behavior models of psychedelic drug action since DOI-induced head-twitch behavior
was comparable in male and female 129S6/SvEv mice. Additionally, generalization of our
exploratory findings on sex-related differences related to DOI effects on startle reflex and
augmentation of PPI in 129S6/SvEv mice should be tested in future studies with other
psychedelics, especially those in advanced stages of development as potential therapeutics in
psychiatric disorders such as depression.

Our findings highlight a distinct facet of psychedelic action that may advance our
understanding of sex and species-specific mechanisms responsible for their unique
behavioral effects. Such complex multifaceted action of psychedelics across domains, mouse
strains, species, and sexes could also be exploited to ultimately reveal new molecular
substrates for the development of more effective treatments for psychiatric disorders.
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(J.M.S), and NIH-T32MH020030 (M.d.l.F. R.). A.F.-T received support from grants PSI12017-82257-P (MINECO)
and 2017SGR-1587.
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Fig. 1.
Schematic representation of the experimental conditions within the acoustic startle reflex

and PPI assays. a Mice were exposed to a pseudo-random presentation of five trial types (13
pulse-only trials, 13 of each three prepulse + pulse trials, and 13 no pulse trials for a total of
65 trials). In addition, the pulse-only trial was presented five times at the beginning and end
of the testing session. b—e Mice were exposed to up to four different experimental conditions
that included changes in background and stimulus intensity, prepulse and pulse duration, and
interstimulus interval mean. Statistical significance of experiments involving three or more
groups and two or more treatments was assessed by two-way or three-way ANOVA followed
by Sidak’s multiple comparison test. Statistical significance of experiments involving

time courses and two treatments was assessed by two-way repeated measures ANOVA.
Statistical significance of experiments involving three or more groups was assessed by
one-way ANOVA followed by Sidak’s multiple comparison test. Statistical significance of
experiments involving two groups was assessed by Student’s ftest. Correlation analysis was
conducted using the Pearson’s r. Statistical analysis was performed with GraphPad Prism
software version 9 (La Jolla, CA). The level of significance was set atp = 0.05. All values in
the figure legends represent mean + SEM.

Psychopharmacology (Berl). Author manuscript; available in PMC 2023 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Vohra et al. Page 18

0
a < | H Vehicle
307 £ |Opol
_ 8 | O Vehicle
3 g 1Opol
Eg 209 ¢
o
8§
X c
E £
T € 104
n
hal
0 I I I 1
-15 0 15 30
Time
b 80 i
60 8
- ***O *%% O
(=
g =
©
; § 40 () So
= o
I
20
o
0 L8 B33
DOI - 4 - 4
males females

Fig. 2.

a '?'ime-course showing head-twitch (HTR) counts on 15-min blocks in male and female
129S6/SvEV mice injected (i.p.) with DOI (0.5 mg/kg) or vehicle. Black arrow indicates

the administration timepoint. b Head-twitch counts corresponding to the first 30 min after
injection of DOI or vehicle (7= 6 mice per group). Two-way repeated measures ANOVA (a)
and two-way ANOVA (b) followed by Sidak’s multiple comparison test. ***p < 0.001, n.s.,
not significant
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Fig. 3.
Effect of DOI (0.5 mg/kg) on startle amplitude (a) and %PPI (b) in male 129S6/SvEv mice.

Experimental conditions included a 40 ms pulse at 120 dB, 20 ms prepulses at 68, 71 and 77
dB, an interstimulus interval of 80 ms, and background noise set to 65 dB (/7= 10 mice per
group). Two-way ANOVA followed by Sidak’s multiple comparison test. *p < 0.05, ***p <
0.001, n.s., not significant
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Effect of DOI (0.5 mg/kg) on startle amplitude (a) and %PPI (b) in male 129S6/SvEv mice.
Experimental conditions included a 40-ms pulse at 120 dB; 20 ms prepulses at 72, 75, and
81 dB; an interstimulus interval of 80 ms; and background noise set to 69 dB (7= 9-10 mice
per group). Two-way ANOVA followed by Sidak’s multiple comparison test. *p < 0.05, **p

< 0.01, n.s., not significant
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Effect of DOI (0.5 mg/kg) on startle amplitude (a) and %PPI (b) in male 129S6/SvEv mice.

Experimental conditions included

a 20-ms pulse 120 dB; 20 ms prepulses at 73, 77, and 85

dB; an interstimulus interval of 80 ms; and background noise set to 69 dB (n7= 10 mice per
group). Two-way ANOVA followed by Sidak’s multiple comparison test. *p < 0.05, **p <
0.01, ***p< 0.001, n.s., not significant
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Fig. 6.

Ef%ect of DOI (0.5 mg/kg) on startle amplitude (a) and %PPI (b) in male 129S6/SvVEv mice.
Experimental conditions included a 40-ms pulse at 119 dB; 10 ms prepulses stimulus at 73,
77, and 85 dB; an interstimulus interval of 60 ms; and background noise set to 69 dB (7=
10 mice per group). Two-way ANOVA followed by Sidak’s multiple comparison test. *p <
0.05, **p < 0.01, ***p < 0.001, n.s., not significant
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Fig. 7.

Effect of M100,907 (1.0 mg/kg) and DOI (0.5 mg/kg) on startle amplitude (a) and %PPI (b)
in male 129S6/SvEv mice. Experimental conditions included a 20-ms pulse 120 dB; 20 ms
prepulses at 73, 77, and 85 dB; an interstimulus interval of 80 ms; and background noise
set to 69 dB (n7=9-10 mice per group). Two-way ANOVA followed by Sidak’s multiple
comparison test. *p < 0.05, **p < 0.01, n.s., not significant
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Page 24

Effect of M100,907 (1.0 mg/kg) and DOI (0.5 mg/kg) on startle amplitude (a) and %PPI
(b) in male 129S6/SvEv mice. Experimental conditions included a 40-ms pulse at 119 dB;

10 ms prepulse stimulus at 73, 77, and 85 dB; an interstimulus interval of 60 ms; and

background noise set to 69 dB (/7= 10 mice per group). Two-way ANOVA followed by
Sidak’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, n.s., not significant
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Fig. 9.

Effect of DOI (0.5 mg/kg) on startle amplitude (a) and %PPI (b) in female 129S6/SvEv
mice. Experimental conditions included a 20-ms pulse 120 dB; 20 ms prepulses at 73, 77,
and 85 dB; an interstimulus interval of 80 ms; and background noise set to 69 dB (7=

10 mice per group). Two-way ANOVA followed by Sidak’s multiple comparison test. *p <
0.05, n.s., not significant
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Fig. 10.
Effect of DOI (0.5 mg/kg) on startle amplitude (a) and %PPI (b) in female 129S6/SvEv

mice. Experimental conditions included a 40-ms pulse at 119 dB; 10 ms prepulse stimulus
at 73, 77, and 85 dB; an interstimulus interval of 60 ms; and background noise set to 69 dB
(n=9-10 mice per group). Two-way ANOVA followed by Sidak’s multiple comparison test.
*p<0.05, n.s., not significant
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Fig. 11.
Effect of DOI (0.5 mg/kg) on startle amplitude within the 5 stimulus-only trials at the

beginning and the end of the PPI session at 20-80-20 (a, ¢) and 10-60-40 (b, c) PPI
conditions in 129S6/SvEv male (a, b) and female (c, d) mice (n=9-10 mice per group).
Three-way ANOVA (see also Table 4). *p < 0.05, **p < 0.01, n.s., not significant
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Pearson’s correlation between magnitudes within the 5 stimulus-only trials at the beginning

of the PPI session and %PPI at 20-80-20 and 10-60-40 PPI conditions in male (a) and

female (b) 129S6/SVEV mice
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Fig. 13.

Ef?’ect of LSD (0.24 mg/kg) on startle amplitude (a) and %PPI (b) in male 129S6/SvEv
mice. Experimental conditions included a 20-ms pulse 120 dB; 20 ms prepulses at 73, 77,
and 85 dB; an interstimulus interval of 80 ms; and background noise set to 69 dB (7= 7-8
mice per group). Two-way ANOVA followed by Sidak’s multiple comparison test. **p <
0.01, ***p < 0.001, n.s., not significant
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Fig. 14.
Effect of apomorphine (5 mg/kg) and SKF-82,958 (0.5 mg/kg) on startle amplitude (a)

and %PPI (b) in male 129S6/SvEv mice. Experimental conditions included a 20-ms pulse
120 dB; 20 ms prepulses at 73, 77, and 85 dB; an interstimulus interval of 80 ms; and
background noise set to 69 dB (7= 4 mice per group). Two-way ANOVA followed by
Sidak’s multiple comparison test. *p < 0.05, ***p < 0.001, n.s., not significant
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