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Abstract

Timing deficits are observed in patients with schizophrenia. Serotonergic hallucinogens can also
alter the subjective experience of time. Characterizing the mechanism through which the
serotonergic system regulates timing will increase our understanding of the linkage between
serotonin (5-HT) and schizophrenia, and will provide insight into the mechanism of action of
hallucinogens. We investigated whether interval timing in mice is altered by hallucinogens and
other 5-HT> receptor ligands. C57BL/6J mice were trained to perform a discrete-trials temporal
discrimination task. In the discrete-trials task, mice were presented with two levers after a variable
interval. Responding on lever A was reinforced if the interval was < 6.5 s, and responding on lever
B was reinforced if the interval was > 6.5 s. A 2-parameter logistic function was fitted to the
proportional choice for lever B (%B responding), yielding estimates of the indifference point ( 75q)
and the Weber fraction (a measure of timing precision). The 5-HT, antagonist M100907
increased 7sq, whereas the 5-HT,¢ antagonist SB-242,084 reduced 7go. The results indicate that
5-HT,a and 5-HT,¢ receptors have countervailing effects on the speed of the internal pacemaker.
The hallucinogen 2,5-dimethoxy-4-iodoamphetamine (DOI; 3 mg/kg IP), a 5-HT, agonist,
flattened the response curve at long stimulus intervals and shifted it to the right, causing both 75
and the Weber fraction to increase. The effect of DOI was antagonized by M100907 (0.03 mg/kg
SC) but was unaffected by SB-242,084 (0.1 mg/kg SC). Similar to DOI, the selective 5-HT,a
agonist 25CN-NBOH (6 mg/kg SC) reduced %B responding at long stimulus intervals, and
increased 75q and the Weber fraction. These results demonstrate that hallucinogens alter temporal
perception in mice, effects that are mediated by the 5-HT,a. It appears that 5-HT regulates
temporal perception, suggesting that altered serotonergic signaling may contribute to the timing
deficits observed in schizophrenia and other psychiatric disorders.
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1. INTRODUCTION

The perception of time is required for the precise organization of behavior as well as the
anticipation of outcomes and future events. Temporal perception occurs over multiple
timescales, ranging from milliseconds to days, and includes functions such as sensory-motor
timing and circadian rhythm (Buhusi and Meck, 2005). Interval typing, another type of
temporal perception, is responsible for the discrimination of durations in the seconds to
minutes range. Given the crucial importance of timing to the regulation of behavior,
impaired temporal processing would have profound consequences. Timing deficits have
been observed in patients with a variety of neuropsychiatric disorders, including
schizophrenia (Rammsayer, 1990; Tracy et al., 1998; Volz et al., 2001; Davalos et al., 2003,
2011; Elvevag et al., 2003; Carroll et al., 2008, 2009a,b). There is evidence indicating that
impaired temporal processing is a core deficit of schizophrenia, contributing to cognitive
dysfunction, hallucinations, and inappropriate behavior (Carroll et al., 2008; Ward et al.,
2011). Importantly, according to a recent meta-analysis, the timing deficits in schizophrenia
patients are independent of impairments of attention, memory, or cognition (Ciullo et al.,
2015).

Similar to schizophrenia, serotonergic hallucinogens can markedly alter the subjective
experience of time (Kenna and Sedman, 1964; Heimann, 1994). According to anecdotal
reports, the serotonergic hallucinogens lysergic acid diethylamide (LSD) and mescaline
speed up or slow down the subjective experience of time, or produce feelings of timelessness
(Serko,1913; Beringer, 1927; DeShon et al., 1952; Hoch et al., 1952). Recently, psilocybin
was found to disrupt timing in human volunteers (Wittmann et al., 2007; Wackerman et al.,
2008). Hallucinogens induce their characteristic effects by activating 5-HT,a receptors
(Nichols 2004; Halberstadt, 2015), but it remains to be determined whether their effects on
temporal perception are mediated by 5-HToa.

Interval timing is often assessed in rodents using /mmediate and retrospective timing
schedules. Immediate timing schedules require subjects to regulate their behavior based on
the passage of time (temporal differentiation), whereas in retrospective schedules subjects
are trained to respond differentially depending on the duration of an interval that has already
elapsed (temporal discrimination). The discrete-trials task (DTT) developed by Body et al.
(2002a) is an example of a retrospective timing schedule. In the DTT, a lamp is illuminated
for a variable duration, and then two levers are presented. Responding on lever A is
reinforced if the stimulus duration is shorter than a specific value, and responding on lever B
is reinforced if the stimulus duration is longer than the value. Timing is measured by the
indifference point ( 75p, the time when animals are equally likely to respond on lever A and
lever B), a measure of central pacemaker speed, and by the Weber fraction, a measure of the
precision of timing. The Weber fraction is defined as the ratio of the difference limen to 7s.
When tested in rats performing the DTT, the hallucinogen and 5-HT,a /¢ receptor agonist
2,5-dimethoxy-4-iodoamphetamine (DOI) increases the Weber fraction (indicating increased
variability of timing) and tends to increase 7sq (consistent with a reduction of pacemaker
speed) (Asgari et al., 2006; Hampson et al., 2010). DOI also alters temporal differentiation
in immediate timing schedules, although it reduces Tgg in those tasks (Body et al., 2003,
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2006a,b; Cheung et al., 2007). The selective 5-HT,a antagonist M100907 blocks the effects
of DOI on interval timing, indicating that its effects are mediated by 5-HT,a receptors
(Body et al., 2006a,b; Asgari et al., 2006). Several other 5-HT receptor agonists have effects
on interval timing in rodent models, including the 5-HT releasing agent fenfluramine (Body
et al., 2004), the 5-HT; 5 agonist 8-OH-DPAT (Chiang et al., 2000; Body et al., 2002a,b),
and the mixed 5-HT,a,3 agonist quipazine (Body et al., 2005; Asgari et al., 2005).

To date, no published studies have assessed whether 5-HT receptor ligands alter interval
timing in mice. Given the opportunities provided by genetic mutations to investigate the
neural mechanisms for interval timing, these studies are essential. Hence, we developed a
version of the DTT that can be used to test whether interval timing is altered by
hallucinogens and by 5-HT receptor ligands in mice. The goal of the present investigation
was to determine whether DOI alters temporal discrimination in mice. Studies also assessed
whether N-(2-hydroxybenzyl)-2,5-dimethoxy-4-cyanophenethylamine (25CN-NBOH), a
putative 5-HT,a-selective agonist (Hansen et al., 2014), can mimic the effects of DOI on
temporal discrimination. We also examined whether timing is altered by blockade of 5-HT,a
and 5-HT ¢ receptors with M100907 and SB-242,084, respectively.

2. MATERIALS AND METHODS
2.1. Subjects

2.2. Drugs

Mice were housed in a vivarium at the University of California San Diego (UCSD), an
AAALAC-approved animal facility that meets Federal and State requirements for care and
treatment of laboratory animals. Male C57BL/6J mice were obtained from Jackson Labs
(Bar Harbor, ME); they were allowed to acclimate for approximately 1 week after arrival.
All mice were housed up to 4 per cage in a climate-controlled room with a reversed light
cycle (lights on at 1900 hours, off at 0700 hours). All testing occurred between 1000 and
1800 hours; animal testing was conducted in accord with the ‘Principles of laboratory
Animal Care’ NIH guidelines and were approved by the UCSD animal care committee.

Drugs used were 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane hydrochloride (DOI,;
Sigma Chemical Co., St Louis, MO); 6-chloro-2,3-dihydro-5-methyl-A~[6-[(2-methyl-3-
pyridinyl)oxy]-3-pyridinyl]-1H-indole-1-carboxyamide dihydrochloride (SB-242,084), N-
(2-hydroxybenzyl)-2,5-dimethoxy-4-cyanophenethylamine hydrochloride (25CN-NBOH;
Tocris Bioscience, Ellisville, MO); and (R)-(+)-a-(2,3-dimethoxyphenyl)-1-[2-(4-
fluorophenyl)ethyl]-4-piperidinemethanol (M100907; Hoechst Marion Roussel Inc., Kansas
City, MO). The purity of M100907 was confirmed by LC-MS analysis. DOI was dissolved
in isotonic saline. M100907 and 25CN-NBOH were dissolved in water containing 5%
Tween 80. SB 242,084 was dissolved in water containing 1% Tween 80. DOI was
administered intraperitoneally at a volume of 5 mL/kg body weight. 25CN-NBOH,
M100907, and SB-242,084 were administered subcutaneously at a volume of 5 mL/kg body
weight.
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2.3. Assessment of the head-twitch response

The head twitch response (HTR) was assessed using a head-mounted magnet and a
magnetometer coil, as described previously (Halberstadt and Geyer, 2013, 2014). Food and
water were provided ad /ibitum, except during behavioral testing. 25CN-NBOH was
administered immediately prior to the start of a 30-min assessment. Total HTR counts were
analyzed by non-linear regression, as well as by one-way analysis of variance (ANOVA) and
post-hoc Tukey’s test. The alpha level was set at 0.05.

2.4. Binding Studies

Radioligands used for 44 binding assays are listed in Table S1. The screening was performed
by the NIMH Psychoactive Drug Screening Program (NIMH PDSP). 25CN-NBOH was
dissolved in DMSO and primary binding screens were conducted in quadruplicate. Sites
exhibiting >50% inhibition at 10,000 nM were subjected to a competitive binding assay to
determine Kj values. Detailed experimental details are available from the NIMH PDSP
website at http://pdsp.med.unc.edu/UNC-CH%20Protocol%20Book.pdf.

2.5. Discrete-trials timing task

2.5.1. Apparatus—Training and testing in the discrete-trials task occurred in 2-lever
operant chambers (21.6x17.8x12.7 cm, Med Associates Inc., St. Albans, VT). One wall in
each chamber contains a food-delivery magazine (Lafayette Instruments, Lafayette, IN) and
2 motor-driven retractable levers 2.2 cm above the grid floor and spaced 10.4 cm apart, with
an incandescent house-light located near the ceiling. Two white light-emitting diodes
(LEDs), mounted horizontally near the top of the magazine, were used to signal reward
availability, and a green LED was mounted horizontally above each lever. Liquid
reinforcement (Strawberry Nesquik® plus non-fat milk, 20 pL) was delivered by a peristaltic
pump (Lafayette Instruments, Lafayette, IN) to a well located in the floor of the magazine.
Magazine entries were monitored using an infrared beam mounted horizontally, 5 mm above
the floor and recessed 6 mm into the magazine. The chamber was located in a sound-
attenuating box, ventilated by a fan that also provided a low level of background noise. The
control of stimuli and recording of responses were managed by a SmartCtrl Package 8-
In/16-Out with additional interfacing by MED-PC for Windows (Med Associates Inc., St.
Albans, VVT) using custom programming.

2.5.2. Procedure—Muice were maintained at 85% of their free-feeding weight and trained
5 days a week, at the same time each day, during the dark (awake) phase of their light-dark
cycle. Mice were first trained using a session in which reinforcement was dispensed every
15 s into the magazine, which was simultaneously illuminated. Magazine entries resulted in
the light being extinguished until the next reinforcement is delivered. This training was
repeated daily (Monday—Friday) until there were =30 magazine entries in 10 min for 2
consecutive days. In the second session, mice were trained to respond on either lever in
order to obtain reinforcement under an FR1 schedule. This session was repeated daily
(Monday-Friday) until all mice made >70 lever presses within a 30 min session on 2
consecutive days.
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The mice were subsequently trained daily (Monday—Friday) in the discrete-trials task, with
each training session lasting 30 min or 120 trials (whichever was completed first). At the
beginning of each session, the house light was extinguished and the magazine light and the
green LEDs above the levers were illuminated; trials were initiated when the mouse entered
and then exited the magazine. At the beginning of each trial, the magazine light was
extinguished, and then, following a variable duration (2.5, 5.0, 8.0, or 10.5 s, in
pseudorandom order), the levers were presented for 10 s. Responding on lever A was
reinforced if the interval was <6.5 s, and responding on lever B was reinforced if the interval
was >6.5 s. The position of the two levers (left vs. right) was counterbalanced across
subjects. An incorrect response or omission (failure to respond within 10 s) resulted in a
time-out “punishment” where the levers were retracted, the house light was illuminated, and
no aperture was responsive for 4 s. The next trial was initiated when the mouse entered and
then exited the magazine. One-fifth of the trials were forced choice trials where only one
lever was extended and was not retracted until a response was made. Training occurred until
all mice attained a %correct [correct/(correct+incorrect)*100] score of >85% for the 2.5 and
10.5 s trials. Correct, incorrect, omissions, and reward latencies were also recorded. Test
sessions were identical to the training sessions except that more durations (2.5, 3.4, 4.3, 5.2,
6.1, 6.9, 7.8, 8.7, 9.6, and 10.5 s) were used, there were no forced choice trials, and the
sessions lasted 45 min or 200 trials.

2.5.3. Experimental Design—There was a minimum of 7 days between experimental
test sessions; group assignments were randomized. DOI and 25CN-NBOH were
administered 10 min and 5 min prior to the start of the test session, respectively. For dose-
response experiments, M100907 and SB-242,084 were administered 10 min prior to the start
of the test session. For blockade experiments, M100907 and SB-242,084 were administered
30 min prior to the start of the test session.

2.5.4. Data Analysis—The proportion of responses made on lever B (%B responding)
was analyzed by two- or three-way ANOVA with pretreatment and/or treatment as between-
subject factors and stimulus duration as a repeated measure. Post-hoc analyses were carried
out using Dunnett’s test or Tukey’s test. The alpha level was set at 0.05.

A 2-parameter logistic function was used to fit the data: %B8= 1/(1 + exp~ (- 750)), where e
is the slope of the function and #is the stimulus duration. The difference limen was
calculated as (775 — 75)/2, and the Weber Fraction was calculated as: (775 — 725)/(2 % Txp).
The Weber fraction, difference limen, slope (&), Tso, goodness of fit (/2), and the number of
trials completed were analyzed by one- or two-way ANOVA with pretreatment and/or
treatment as between-subject factors. Post-hoc analyses were carried out using Dunnett’s
test or Tukey’s test. Subjects were excluded from analysis if they failed to complete at least
100 trials during an experiment or if the logistic function failed to fit their %B responding
data.
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3. RESULTS

3.1. Acquisition and baseline performance of the discrete-trials interval-timing task

C57BL/6J mice rapidly learned to perform the DTT (Fig. 1A). Figure 1B shows the
proportional choice of lever B (%B responding) induced by the two extreme stimulus
durations (2.5 and 10.5 s) during the first 50 training sessions, and Fig. 1C shows the
number of animals responding at criterion. The mice performed slightly better than chance
during the first training session because of the use of forced choice trials, which were
included so that a bias did not develop for either lever. The cohort of mice (/7=40) began to
discriminate the 2.5 s stimulus (=85% correct responding) on the 16th training session and
the 10.5 s stimulus on the 29th training session. For individual mice, the average number of
sessions required to reach criterion was 16.6+1.1 (mean+SEM), with a range of 6—42. Figure
2 shows %B responding during a vehicle challenge in 38 mice that had reached criterion and
were stably performing the task. As expected, the proportion of responses on lever B
increased progressively with the stimulus duration. A two-parameter logistic function was
used to analyze %B responding. The value of 75q (6.47+0.12 s) was almost exactly the same
as the criterion of the task (6.5 s, the arithmetic mean of the range of durations). The two-
parameter logistic function provided a highly accurate fit for the data (/2 = 0.927+0.010).
The Weber fraction for the saline challenge was calculated as 0.218+0.017, and the
difference limen was 1.36+0.07 s.

3.2. Effect of M100,907

We examined the effect of M100907 on timing in the DTT. M100907 was tested at doses
known to be highly effective at blocking 5-HT,a receptors in C57BL/6J mice (Halberstadt
and Geyer, 2014). There was a main effect of stimulus duration on %B responding
(H09,297)=258.7, p<0.0001); all subsequent experiments showed a similar effect (data not
shown). There was also a main effect of M100907 on %B responding (A3,33)=2.95,
p<0.05). The highest dose of M100907 (0.3 mg/kg) shifted the psychometric response curve
to the right (see Fig. 3A), resulting in a significant reduction of %B responding 6.1, 6.9, 7.8,
and 8.7 s after trial onset (p<0.01, 0.05, Dunnett’s test), and increasing 7gg from 6.35+0.32 s
to 7.71+0.45 s (p<0.05, Dunnett’s test). By contrast, as shown in Table 1, M100907 had no
effect on the Weber fraction, difference limen, or the slope parameter (). The highest dose
of M100907 reduced the number of trials completed from 167.2+3.6 to 141.3+8.9 (p<0.05,
Dunnett’s test), but the number of trials completed was sufficient to yield an accurate
assessment of timing.

3.3. Effect of SB-242,084

There was a main effect of treatment with SB-242,084 on %B responding (A(3,34)=3.99,
p<0.02) and an interaction between treatment and stimulus duration (A27,306)=2.42,
p=0.0002). The two highest doses of SB-242,084 (0.3 and 1 mg/kg) shifted the psychometric
response curve to the left, resulting in a significant increase in %B responding 5.2 and 6.1 s
after trial onset (p<0.05, p<0.01, Tukey’s test; Fig. 3B). Administration of 1 mg/kg
SB-242,084 also significantly reduced 75q, from 6.51+0.17 s to 5.66+0.17 s (p<0.01,
Tukey’s test). SB-242,084 had no effect on the Weber fraction, difference limen, &, or the
number of trials completed (Table 2).
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3.4. Effect of DOI

The effect of DOI on %B lever responding is shown in Fig. 4. There was a significant
interaction between drug treatment and stimulus duration (A27,315)=2.31, p=0.0003). DOI
produced a flattening of the response curve, especially at longer stimulus intervals, and
shifted the curve to the right. The highest dose of DOI (3 mg/kg) produced significant
reductions in %B responding 6.1, 7.8, 8.7, and 10.5 s after trial onset (p<0.01, 0.05,
Dunnett’s test).

DOl significantly increased the Weber fraction and the difference limen and reduced the
slope of the curve (&), indicating treatment with DOI reduced the precision of timing (Table
3). Although DOI tended to shift the curve to the right and 3 mg/kg DOI increased 75q from
6.43+0.18 s to 7.08+0.41s, the effect on 75q did not achieve statistical significance (Main
effect: A3,35)=1.86, NVS). Administration of 3 mg/kg DOI reduced the number of trials
completed during the test session from 183.2+4.3 to 137.4+6.8 (p<0.01, Dunnett’s test).

3.5. Interaction between DOl and M100907

%B responding is illustrated in Figure 5A. There was a three-way interaction between
M100907, DOI, and stimulus interval (A9,279)=4.08, p<0.002), as well as a main effect of
DOI (A1,31)=10.13, p<0.004) and an interaction between DOI and stimulus interval
(H09,279)=3.93, p=0.0001). Specific comparisons revealed that 3 mg/kg DOI reduced %B
responding during the 6.9, 7.8, 9.6, and 10.5 s trials (p<0.01, Tukey’s test). Pretreatment
with 0.03 mg/kg M100907 blocked the effect of DOI on %B responding to the 6.9 and 10.5
s stimuli (p<0.01, Tukey’s test). There was not a significant main effect of M100907 on %B
responding (A1,31)=2.94, NS), nor was there a significant interaction between M100907
and stimulus duration (A9,279)=1.22, NS).

As was observed in the DOI dose-response experiment (see above), treatment with 3 mg/kg
DOl significantly increased the Weber fraction and the difference limen, and reduced the
slope of the psychometric curve (&), effects consistent with a reduction of the precision of
timing (Table 4). DOI did not significantly alter the Weber fraction, difference limen, or ein
animals pretreated with M100907, and analysis of variance showed significant pretreatment
x treatment interactions for all of those measures, but the differences between the DOI and
DOI plus M100907 groups were not significantly different. However, detection of pairwise
differences was confounded by effects of M100907 on baseline timing performance. For
example, pretreatment with M100907 significantly increased the Weber fraction from
0.131+0.015 to 0.202+0.025 (p<0.05, Tukey’s test) and significantly reduced e from
1.434+0.166 to 0.930+0.107 (p<0.05, Tukey’s test).

As shown in Table 4, DOI alone produced a rightward shift of the psychometric timing curve
and significantly increased 7sq from 6.56+0.13 s to 7.35+0.20 s (p<0.01, Tukey’s test).
There was a trend toward an M100907 x DOI interaction for 754 (H1,31)=2.92, p=0.0975),
but M100907 failed to completely block the 75q increase produced by DOI.

DOl significantly reduced the number of trials completed (AH1,31)=8.76, p<0.006).
Conversely, DOI had no effect on the number of trials completed when administered to mice
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that had been pretreated with M100907 (Pretreatment x Treatment interaction: A1,31)=6.54,
p<0.02).

3.6. Interaction between DOI and SB-242,084

In contrast to the effect of M100907, pretreatment with 0.1 mg/kg SB-242,084 did not block
the ability of DOI to alter %B responding (see Fig. 5B). As expected, DOI significantly
reduced %B responding at long stimulus intervals (Main effect of DOI: A1,34)=5.36,
p<0.03; DOI x Stimulus interval: A9,306)=5.42, p<0.0001), but there was no specific
interaction between SB-242,084 and DOI (SB-242,084 x DOI: H1,34)=0.15, NS,
SB-242,084 x DOI x Stimulus interval: A9,306)=0.49, NS).

There were also no specific interactions between SB-242,084 and DOI with regard to
measures of timing precision, curve slope, or clock speed (see Table 5). Although there was
a significant difference between the difference limen in animals treated with DOI alone
(1.74+0.16 s) compared with animals given SB-242,084 plus DOI (1.24+0.16 s; p<0.05,
Tukey’s test), this difference likely occurred due to an effect of pretreatment with
SB-242,084 (Main effect of SB-242,084: AH1,34)=8.49, p<0.007).

Interestingly, with regard to the number of trials completed, there was a significant
SB-242084 x DOl interaction (H1,34)=6.22, p<0.0001). Pretreatment with SB-242,084
blocked the ability of DOI to reduce the number of trials completed (p<0.01, Tukey’s test;
Table 5).

3.7. Effect of 25CN-NBOH

To further assess whether 5-HT, activation can alter interval timing, we tested 25CN-
NBOH, a 5-HTyx agonist (K; = 1.3 nM) purported to be 100-fold selective versus 5-HT,¢
(Kj = 132 nM) (Hansen et al., 2014). To confirm the selectivity of 25CN-NBOH for 5-HT,a
receptors, we submitted it to the NIMH PDSP for a comprehensive binding screen at 44
neurotransmitter binding sites and transporters. 25CN-NBOH binds to the human 5-HTp
receptor expressed in recombinant cell membranes with high affinity (K; = 2.2 £ 0.5 nM),
binding to 5-HT,g and 5-HTy¢ receptors with 26- and 23-fold lower affinity, respectively
(see Table 6). The comprehensive binding screen confirmed that 25CN-NBOH is highly
selective for 5-HT, sites (Table S1). 25CN-NBOH exhibits moderate affinity for sigma-1 (K;
=284 nM), ayc (Kj =543 nM), 5-HTg (K = 573 nM), sigma-2 (K; = 575 nM), asa (K =
803 nM), arp (K = 1,226 nM), histaminergic H, (Kj = 1,505 nM), and B, (K; = 1,609 nM)
receptors, and low affinity for other sites. 25CN-NBOH was previously reported to induce
the head twitch response (HTR) in NIH Swiss mice, an effect that was mediated by the 5-
HT,p receptor (Fantegrossi et al., 2014). As shown in Figure 6A, 25CN-NBOH induces the
HTR in C57BL/6J mice with an EDsg = 0.36 mg/kg (95% CI = 0.20-0.65) and produces a
maximal response at 3 mg/kg (Drug effect: A5,22)=18.85, £<0.0001). These findings
confirm that 25CN-NBOH activates the 5-HT,a receptor /n vivo.

We tested 25CN-NBOH in mice trained to perform the DTT at doses ranging from 0.3-3
mg/kg. At those doses, however, 25CN-NBOH did not significantly alter %B responding
(Drug effect: A3,36)=1.43, N/S) or specific measures of timing (see Table S2). Nevertheless,
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3 mg/kg 25CN-NBOH tended to increase 7s5q and the difference limen, and reduced the
slope of the curve, suggesting the doses used may have been subthreshold.

A follow-up experiment confirmed that interval timing is significantly altered by a slightly
higher dose of 25CN-NBOH (Fig. 6B). Similar to DOI, 6 mg/kg 25CN-NBOH reduced %B
responding at long stimulus intervals (Drug effect: A2,29)=10.37, p=0.0004; Drug x
Stimulus interval: A18,261)=4.41, p<0.0001). Administration of 6 mg/kg 25CN-NBOH also
significantly increased 75q from 6.52+0.18 s to 7.63%0.24 s (p<0.01, Dunnett’s test; Table
7), increased the difference limen from 1.12+0.11 s to 1.65+0.12 s (p<0.01, Dunnett’s test),
and reduced the slope of the curve from 1.088+0.109 to 0.704+0.050 (p<0.05, Dunnett’s
test). There was also a trend toward a main effect of 25CN-NBOH on the Weber fraction
(H2,29)=2.62, p=0.0897) but the increase was not significant. Similar to DOI, the highest
dose of 25CN-NBOH reduced the total number of trials completed (p<0.01, Dunnett’s test).

4. DISCUSSION

We trained mice to perform a discrete-trials temporal discrimination task. Performance on
the task matched previous data from rats (Body et al., 2002a; Asgari et al., 2005, 2006;
Hampson et al., 2010; Valencia Torres et al., 2011). As was observed in rats, the probability
of responding on the “long” lever (lever B) increased with the stimulus duration, yielding an
ogival curve. A two-parameter logistic function provided an excellent fit for the data, and
accounted for 90395% of the variance. Under control conditions, the indifference point ( 75q)
was located close to the criterion of the task (6.5 s, the arithmetic mean of the range of
stimulus durations), consistent with previous discrete-trials studies in rats (Body et al.,
2002a; Asgari et al., 2005, 2006; Hampson et al., 2010; Valencia Torres et al., 2011).
Temporal discrimination was highly precise, as demonstrated by the range of values of the
Weber fraction (0.13-0.22) and difference limen (0.86-1.36 s) in control animals. We also
found that temporal discrimination was disrupted by the hallucinogens DOI and 25CN-
NBOH, whereas the psychometric response curve was shifted by selective blockade of 5-
HToa and 5-HTy¢ receptors.

The hallucinogen DOI consistently altered temporal discrimination across multiple
experiments, flattening the psychometric function at long stimulus durations, displacing the
curve to the right (significantly increasing 7gg in 1 of 3 experiments), reducing the slope of
the curve, and increasing the Weber fraction and difference limen. DOI produced the same
pattern of effects in rats performing the DTT (Asgari et al., 2006; Hampson et al., 2010).
According to pacemaker/accumulator models of timing, the value of 75q serves as a measure
of central pacemaker speed, whereas the Weber fraction reflects the precision of temporal
discrimination (Gibbon, 1977, 1991). Therefore, DOI appears to produce a disruption of
temporal discrimination (increased Weber fraction) and slows the internal clock (increased

Ts50).

The effects of DOI on temporal discrimination are likely mediated by the 5-HT, receptor.
DOl has high affinity for 5-HT sites but displays limited selectivity for 5-HT, versus 5-
HTyc receptors. Importantly, the effects of DOI in %B responding were completely blocked
by pretreatment with the selective 5-HT, antagonist M100907, but were not affected by
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pretreatment with the selective 5-HT,¢ antagonist SB-242,084. M100907 has subnanomolar
affinity for 5-HT4 and at least 100-fold lower affinity for 5-HT,¢ and a4 receptors, with
negligible affinity for other sites (Kehne et al., 1996). At doses comparable to those used in
the present study, M100907 blocks 5-HT;a-mediated responses in C57BL/6J mice
(Halberstadt and Geyer, 2014) and protects 5-HT,a receptors from inactivation with EEDQ
(Canal et al., 2010), but does not interact with 5-HTyc or a4 receptors (Patel et al., 2001; da
Silva and Sanders-Bush, 2008). By contrast, SB-242084 has over 100-fold selectivity for 5-
HTy¢ receptors compared with 5-HT, and 5-HT»p receptors (Kennett et al., 1997).
Although most of the binding data published for M100907 and SB-242084 have been
obtained using human and rat receptors, a recent study confirmed that M100907 is 165-fold
selective for 5-HToa vs. 5-HTo¢ receptors in mice, whereas SB-242,084 exhibits 960-fold
selectivity for 5-HT,c over 5-HT»p in that species (Canal et al., 2013). Similar to the present
results, the effect of DOI on the performance of rats in the DTT and the free-operant
psychophysical procedure was reportedly blocked by pretreatment with M100907 and the 5-
HT, antagonist ketanserin (Body et al., 2003, 2006a,b; Asgari et al., 2006).

The selective 5-HT,4 agonist 25CN-NBOH mimicked the effects of DOI on temporal
discrimination, flattening the response curve at long stimulus durations, shifting the curve to
the right (leading to a robust increase of 75p) and reducing its slope, and reducing the Weber
fraction and difference limen. Although 25CN-NBOH is less selective than was reported
previously in the literature (Hansen et al., 2014), we confirmed it is 23-fold selective for 5-
HToa receptors vs. 5-HT,¢ receptors, and has negligible affinity for non-5-HT> sites.
Importantly, 25CN-NBOH is more selective than DOI, which is ~5-fold selective for 5-
HT54 in humans (Almaula et al., 1996; Pigott et al., 2012; Canal et al., 2013) and 12-fold
selective in mice (Canal et al., 2013). Given the results obtained with 25CN-NBOH, it is
reasonable to conclude that DOI disrupts temporal discrimination by activating 5-HT,a but
not 5-HT ¢ receptors.

Although DOI and 25CN-NBOH appear to disrupt timing, alternative explanations for the
data are also possible. For example, DOI may disrupt non-temporal processes required to
perform the DTT, such as attention, motivation, working memory, or decision-making. DOI
is a potent hallucinogenic drug, and can produce profound perceptual and cognitive
alterations in humans (Shulgin and Shulgin, 1991). High levels of 5-HT,a activation disrupt
the spatial tuning of PFC pyramidal neurons during working memory tasks in animal models
(Williams et al, 2002), and high doses of DOI reportedly impair attention and vigilance in
operant tasks (Nakamura and Kurasawa, 2000). As noted by Asgari et al. (2006), the effects
of DOI in the DTT could be caused by a breakdown of stimulus control. In other words,
DOI may produce a global disruption of discriminative performance, rather than having a
specific effect on temporal processing. Indeed, temporal stimulus control may be weaker at
longer intervals, which could potentially explain why DOI and 25CN-NBOH preferentially
alter %B responding at long durations. To determine whether DOI is producing non-specific
effects on stimulus control, Hampson et al. (2010) trained rats to perform a light-intensity
discrimination task that was designed to match the difficulty of the DTT. In that task, rats
had to respond on two levers differentially depending on whether the intensity of a light
stimulus was <22 cd/m? or >22 cd/m2. Importantly, doses of DOI that altered timing in the
DTT had no effect on performance of the light-intensity discrimination task, indicating DOI
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does not produce a general disruption of stimulus control in discrimination studies
(Hampson et al., 2010).

Another factor indicating that DOl and 25CN-NBOH are not merely disrupting non-
temporal processing is based on the strategy mice use to perform the DTT. At the beginning
of a trial, rats and pigeons performing temporal discrimination tasks position themselves
close to the “short” operandum, but then move to the “long” operandum as the trial
progresses. At the end of the trial, the animals perform the temporal discrimination by
responding on the closest operandum (Ho et al., 1995; Fetterman et al., 1998; Machado and
Keen, 2003). Consistent with the findings in rats and pigeons, we have observed that mice
use an identical strategy to perform the DTT (data not shown). These patterns of activity
(*adjunctive behaviors”) conform to the Behavioral theory of Timing (BeT) of Killeen and
Fetterman (1988), who proposed that a progression of behavioral states can serve the same
role as clock pulses in pacemaker-accumulator models of timing. Importantly, although DOI
and 25CN-NBOH reduced %B responding at long stimulus intervals, the mice still managed
to correctly respond more than 80% of the time during the 10.5 s-trials. Such a high level of
performance indicates that DOI and 25CN-NBOH did not disrupt the serial progression of
adjunctive behaviors used by the mice to perform the temporal discrimination. It therefore
appears unlikely that DOI and 25CN-NBOH disrupted stimulus control in the task.

There is extensive evidence that the prefrontal cortex (PFC) is involved in temporal
perception and supra-second timing. A recent theory of timing, known as the Striatal Beat
Frequency (SBF) model, posits that the PFC and other cortical areas serve as a source of
oscillatory activity that is used by the dorsal striatum to track time (Mattell and Meck 2004;
Buhusi and Meck 2005; Meck et al 2008). According to the SBF model, medium spiny
neurons (MSNs) in the dorsal striatum receive input from multiple PFC pyramidal neurons
that oscillate at different frequencies, and the MSNs respond to specific PFC ensemble firing
patterns through a process of coincidence detection. Because pyramidal neurons fire at
different frequencies, they produce periodic constructive and destructive interference, and
information about duration can be extracted from their relative phase. Given the involvement
of the corticostriatal pathway in interval timing, DOI and other 5-HT agonists
(hallucinogens) may alter timing by disrupting oscillatory network activity in the PFC. 5-
HT,a receptors expressed by fast spiking interneurons play a critical role in regulating PFC
oscillatory activity (Puig et al., 2010). As shown by local field potential recordings in PFC,
DOI reduces low-frequency oscillations in anesthetized rats (Celada et al., 2008) and inhibits
gamma oscillatory activity in freely moving rats (Wood et al., 2012). Additionally, after
administration of DOI, the firing of individual neurons is decoupled from the rhythmic
oscillatory activity of the PFC network. It is anticipated that the effects of DOI on PFC
oscillatory would cause profound alterations of timing and temporal perception.

Administration of M100907 and SB-242,084 shifted the psychometric response curve,
producing a significant change in the value of T75q, but had no effect on the shape of the
curve or on measures of temporal precision. M100907 shifted the curve to the right and
increased Tsp, whereas SB-242,084 shifted the curve to the left and reduced Tg. Based on
those findings, we have concluded that clock speed is slowed by 5-HT,4 blockade and
increased by blockade of 5-HTy¢. It is not surprising that 5-HT,a and 5-HT,¢ antagonists
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produce countervailing effects on 75 because those 5-HT, subtypes are known to act in a
functionally antagonistic manner (Schreiber et al., 1995; Vickers et al., 2001; Halberstadt et
al., 2009; Fantegrossi et al., 2010).

Similar to the present findings, other groups have reported data showing that M100907
slows the perception of time. One line of evidence is based on the effect of M100907 in
differential reinforcement of low-rate (DRL) tasks, where rats must withhold responses for a
certain amount of time in order to obtain reinforcement. M100907 shifts the inter-response
time distribution to the right and increases the reinforcement rate in rats performing under a
DRL 20-s schedule (Anastasio et al., 2011) and a DRL 72-s schedule (Marek et al., 2005),
effects consistent with a reduction of clock speed. According to several previous studies,
M100907 does not alter temporal differentiation or temporal discrimination in rats (Body et
al., 2006a,b; Asgari et al., 2006). However, those data were not based on full dose-response
experiments, but were collected in the context of antagonist blockade studies, which would
likely have used low, behaviorally inactive doses M100907.

There is a relationship between dopamine (DA) levels and clock speed; SB-242,084 and
M100907 may alter 7gg by modulating DA release. Dopaminergic projections play an
important role in interval timing (Coull et al., 2011) and are hypothesized to control the
speed of the central pacemaker (Meck, 1996; Gibbon et al., 1997). The speed of the internal
clock increases after administration of indirect DA agonists, including cocaine, (+)-
amphetamine, and methamphetamine (Meck, 1983; Cevik, 2003; Matell et al., 2004; Cheng
et al., 2006; Cheung et al., 2006; Body et al., 2009; Heilbronner and Meck, 2014), whereas
haloperidol and other DA D5, receptor antagonists reduce clock speed (Meck, 1983, 1986;
Drew et al., 2003; MacDonald and Meck, 2005). DA release in frontal cortex is tonically
inhibited by the 5-HT ¢ receptor (Milan et al, 1988) and phasically facilitated by the 5-
HT,a receptor (Gobert and Milan, 1999). 5-HT,¢ antagonists, including SB-242084, are
known to increase basal DA release (Di Matteo et al., 1999; Pozzi et al., 2002; Blackburn et
al., 2006). Although 5-HT,a antagonists do not influence basal DA release, they have been
shown to attenuate DA efflux under conditions where release is stimulated (Schmidt et al.,
1994; Pehek et al., 2001; Porras et al., 2002). By increasing DA efflux, SB-242084 should
increase the speed of the internal clock, producing a proportional increase in perceived time
and a reduction of 7gy. On the other hand, 5-HT,a blockade with M100907 would likely
slow the internal clock by reducing task-related DA release, reducing perceived time and
increasing T7g.

Interestingly, 750 was increased regardless of whether 5-HT,a was blocked (with M100907)
or activated (with DOI and 25CN-NBQOH). It appears that the 5-HT, receptor may regulate
750 in a non-monotonic fashion. There is some precedent for this type of effect: 5-HTop
activation modulates working memory with an inverted-U-shaped dose-response function
(Williams et al., 2002). Additional studies are required to determine why the 5-HTop
receptor has non-linear effects on 75q. Several selective 5-HT, antagonists are currently
under development as antipsychotics and hypnotics. Based on the present findings, it is
possible that those agents may be capable of altering temporal perception if administered at
doses producing high levels of 5-HT,a receptor blockade.
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In conclusion, we have trained mice to perform a discrete-trials temporal discrimination
task. Development of the task in mice enables examination of the genetic contributions to
interval timing, and facilitates the use of optogenetic challenges. These experiments confirm
that temporal discrimination in mice is altered by serotonergic hallucinogens via 5-HTop
receptors, consistent with the involvement of the 5-HT,a receptor in hallucinogenesis.
Furthermore, as predicted, 5-HToa and 5-HT,¢ receptor antagonists altered pacemaker
speed, potentially explaining their effects on premature responding. 5-HT receptors are
hypothesized to play a role in schizophrenia because they are activated by serotonergic
hallucinogens and antagonized by atypical antipsychotics such as clozapine and risperidone
(Geyer and Vollenweider, 2008; Quednow et al 2010). Given the evidence that temporal
perception is altered in patients with schizophrenia, further studies are warranted to
determine whether the 5-HT receptor contributes to those deficits and to their potential
amelioration by antipsychotic drugs. Importantly, there are close similarities between the
design and results of the DTT and the interval bisection task, a retrospective task used to
assess timing in humans (Kopec and Brody, 2010). Follow-up studies are planned to assess
the effects of serotonergic receptor ligands on timing in humans.
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. Mice were trained to discriminate between short and long stimulus intervals.

. Hallucinogens increased the variability of temporal discrimination via 5-
HTA.

. 750 was increased 5-HToa blockade and reduced by 5-HT,¢ blockade.
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(A) Format of the discrete-trials task. (B) Change in proportional choice of lever B (%B
responding) for the two extreme stimulus durations (2.5 and 10.5 s) over the first 50 training
sessions. The dotted lines show criterion (=85% correct responding). Data shown are group

means£SEM, (C) Number of animals responding at criterion over the first 50 training

sessions.
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Figure 2.
Proportional choice of lever B (%B responding) in 38 mice injected with saline. Data shown

are group meanstSEM,
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Effects of M100907 (A) and SB-242,084 (B) on temporal discrimination. The data shown

1duosnuep Joyiny

(group means£SEM) are the proportional choice of lever B (%B responding) as a function of
stimulus duration. *Significant difference from the control group, p<0.05. **Significant
difference from the control group, p<0.01.
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Effect of DOI on temporal discrimination. The data shown (group means+SEM) are the
proportional choice of lever B (%B responding) as a function of stimulus duration.
*Significant difference from the control group, p<0.05. **Significant difference from the

control group, p<0.01.
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Figure 5.
Effect of pretreatment with 0.03 mg/kg M100907 (A) or 0.1 mg/kg SB-242,084 (B) on the

response to 3 mg/kg DOI on temporal discrimination. Vehicle pretreated mice are shown in
the left panel, and antagonist pretreated mice are shown in the right panel. The data shown
(group means£SEM) are the proportional choice of lever B (%B responding) as a function of
stimulus duration. *Significant difference from the control group, £<0.05. #Significant
difference from DOI alone, p<0.05.
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Figure 6.
(A) Effect of 25CN-NBOH on the head twitch response (HTR). Mice were treated with

25CN-NBOH and HTR was assessed for 30 minutes. Data shown are group means+SEM for
the entire 30 min session. (B) Effect of 25CN-NBOH on temporal discrimination. The data
shown (group means+SEM) are the proportional choice of lever B (%B responding) as a
function of stimulus duration. *Significant difference from the control group, p<0.05.
**Significant difference from the control group, p<0.01.
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Affinity of human 5-HTa, 5-HT2g, and 5-HT ¢ receptors for 25CN-NBOH.

Table 6

5-HT A 5-HTog 5-HT,¢c
Ki (nM) Ki (nM) Ki (nM)
[BH]ketanserin | [BHILSD | [*H]mesulergine
25CN-NBOH 22%05 58.0+8.2 49874

Values are the mean+SEM of 3-4 independent determinations. Radioligand concentrations were 0.5 nM, 1 nM, and 0.5 nM, respectively.
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Table 7
Effect of 25CN-NBOH on the discrete-trials task.

Vehicle 1 mg/kg 6 mg/kg

(n=11) (n=9) (n=12) ANOVA
Weber fraction 0.171+0.015 | 0.175+0.020 | 0.217+0.015 F329=2.62, p=0.0897
Difference limen (s) | 1.12+0.11 1.09+0.11 1.65+0.12 % | F220=7.89, p<0.002
Slope (&) 1.088+0.109 | 1.098+0.125 | 0.704+0.050* | F,9=7.89, p<0.002
Ta0 (5) 652018 | 6.33:0.20 | 7634024 | F220=1150, p=0.0002
7 0.965+0.007 | 0.965+0.009 | 0.882+0.031* | £, 29=5.52, p<0.01
Trials completed 180.2+39 | 182.4%3.7 | 13454847 | Fa20=19.87, p<0.0001

Ak
Significant difference versus vehicle control, p<0.01 (Tukey’s test).
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