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Abstract
Rationale Cannabinoid CB1 inverse agonists hold therapeutic
promise as appetite suppressants but have produced suicidal
behaviors among a small subpopulation in clinical trials.
Anatomical and pharmacological evidence implicate the
5HT1A serotonin receptor in suicide in humans and impulsiv-
ity in humans and animals.
Objective The objective of the study is to assess whether
5HT1A blockade is necessary for CB1 ligands to produce
impulsivity.
Methods Sprague Dawley rats were administered the CB1
inverse agonist AM 251, the CB1 antagonist AM 6527, or
the peripherally restricted antagonist AM 6545, with or with-
out pretreatment with the 5HT1A antagonist WAY 100,635
(WAY) on the paced fixed consecutive number (FCN) task,

which measures choice to terminate a chain of responses pre-
maturely. As FCN is sensitive to changes in time perception,
which have been demonstrated with CB1 blockade, a novel
variable consecutive number task with discriminative stimulus
(VCN-SD) was also performed and proposed to be less sensi-
tive to changes in timing.
Results Pretreatment with WAY enabled mild but significant
reductions in FCN accuracy for AM 251 and AM 6527. No
effects were found for AM 6545. On the VCN-SD task, sub-
stantial impairments were found for the combination of WAY
and AM 251.
Conclusions AM 251, but not the antagonists AM 6527 or
AM 6545, produced impulsivity only following systemic
5HT1A blockade. Although preliminary, the results may indi-
cate that disrupted serotonin signaling produces a vulnerabil-
ity to undesirable effects of CB1 inverse agonists, which is not
evident in the general population. Furthermore, neutral CB1
antagonists do not produce this effect and therefore may have
greater safety.
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Serotonin . Suicide

Introduction

Rimonabant and other cannabinoid CB1 inverse agonists are
effective at reducing appetite, producing weight loss, and im-
proving markers of metabolic disorders such as diabetes (Van
Gaal et al. 2005; Scheen et al. 2006; McLaughlin 2012;
Thompson et al. 2016). They may also have promise in
assisting in cessation of nicotine use (Le Foll et al. 2008)
and possibly in enhancing certain learning domains (Dillon
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et al. 2011; Boggs et al. 2012). However, symptoms such as
depression and anxiety became apparent in a minority of par-
ticipants (Christensen et al. 2007; Nissen et al. 2008;
Johansson et al. 2009; Moreira and Crippa 2009), culminating
most notably in a small number of suicide attempts (Topol
et al. 2010). The reasons for such troubling side effects as
suicidality in these and other psychotropic medications are
uncertain and have led to reduced enthusiasm for the devel-
opment of CB1 antagonists, in spite of therapeutic potential
they would possess if these adverse events were better under-
stood and minimized.

Prior to these results, only a few preclinical studies in ani-
mals may have indicated such deleterious effects onmood and
suicidality (e.g., Deroche-Gamonet et al. 2001). There may be
several reasons for this, one of which is the inherent difficulty
in modeling suicidality in animals. Furthermore, depression
and suicidality may be apparent only in a vulnerable clinical
subpopulation, while animal models of depression require a
strong enough effect in most (typically wild type and drug
naïve) subjects to produce statistical significance.
Analogously, even though rimonabant caused 3.0% of partic-
ipants to discontinue treatment due to depression, there were
no overall group differences on the Hospital Anxiety and
Depression Scale (Christensen et al. 2007), and rimonabant
was reported to increase quality of life in the RIO-Europe
study (Van Gaal et al. 2005). There is therefore a clear need
to identify individual differences that predispose certain pa-
tients to deleterious side effects and to screen novel therapies
for similar effects.

In spite of the difficulty in modeling suicidal behavior,
some insight may be gained by investigating the mechanism
of behaviors that may contribute to suicidality, such as impul-
sivity (Dougherty et al. 2004; Seo et al. 2008; Malkesman
et al. 2009; Dalley and Roiser 2012). Impulsivity is not a
unitary phenomenon. In animals, it has been functionally di-
vided using several taxonomies (Evenden 1999; Dellu-
Hagedorn 2006; Pattij et al. 2007; Dalley et al. 2011; Dalley
and Roiser 2012). Analysis of human behavior and personal-
ity also supports the general distinction between impulsive
response and impulsive choice (Reynolds et al. 2006), al-
though other types have been identified (Evenden 1999),
and such distinctions are not always employed in inquiries
into its relevance in suicide attempts (e.g., Brezo et al. 2006;
Gvion et al. 2014). While it is therefore difficult to predict
which type of animal impulsivity is most relevant to suicide,
the fixed consecutive number (FCN) task may be appropriate
for several reasons. In this two-choice design, animals must
inhibit one type of response until a learned sequence of anoth-
er type of response is complete. Animals are required to re-
spond on one (counting) lever a number of times before
transitioning to a second (reinforcing) lever (Mechner and
Guevrekian 1962). FCN has been used to model impulsivity
because selecting the reinforcing lever prematurely (i.e.,

switching to a reinforcing response before the count criterion
is attained) results in reset of the count at zero (Dellu-
Hagedorn 2006; Rivalan et al. 2007).

By employing a single reinforcer, FCN reduces the possi-
bility that alterations in choice behavior are due to CB1
antagonism-induced decreases in sensitivity to differences in
reinforcer magnitude, which is relevant in tasks such as delay
discounting or delayed reinforcement. Nevertheless, it
has been classified with impulsive choice tasks a model of
cognitive impulsivity (Dellu-Hagedorn 2006). These types
of tasks have been suggested for the preclinical modeling of
suicide (Malkesman et al. 2009). Furthermore, lithium, but not
valproate, is both clinically effective at reducing suicidal be-
havior and decreases impulsive choice (Halcomb et al. 2013).
Of great importance, 5HT1A agonism reduces impulsive FCN
responding on a paced version (responding is paced by
retracting the counting lever between presses, to reduce the
influence of motor slowing), while antagonism enhances im-
pulsive responding (Evenden 1998). This is particularly rele-
vant because the 5HT1A receptor has been found to be abnor-
mally expressed in the brains of suicide victims (Hsiung et al.
2003; Thompson et al. 2012). Therefore, while likely not the
only relevant assay, the FCN task may be of use in preclini-
cally modeling aspects of impulsivity that are relevant in sui-
cide. It is proposed here that interrupted 5HT1A signaling may
produce vulnerability to effects of CB1 inverse agonism on
suicidality, mediated in part via increases in impulsive
behavior.

In the present study, separate groups of animals were first
treated with three types of CB1 ligands: AM 251, an inverse
agonist and rimonabant analog; the putative neutral antagonist
AM 6527; and the peripherally restricted neutral antagonist
AM 6545. Because the therapeutic potential of these com-
pounds is related to their hypophagic effects, doses were se-
lected that have been shown to induce significant hypophagia.
AM 251 significantly inhibits feeding and food-motivated
responding in the range of 2.0–8.0 mg/kg, without overt signs
of motor slowing or the complete abolition of feeding behav-
ior (McLaughlin et al. 2003; Tallett et al. 2007; Hodge et al.
2008; McLaughlin et al. 2010), as does AM 6545 (Randall
et al. 2010). The neutral antagonist AM 6527 was found to
produce this profile of behavior at doses of 1.0 to 4.0 mg/kg
(Thompson et al. 2016). Neutral antagonists, especially pe-
ripherally restricted compounds, exhibit fewer side effects
than inverse agonists (Limebeer et al. 2010). Initial assays of
AM 6545 demonstrated not only null effects on cAMP release
(indicating neutral antagonism) but also low brain penetrabil-
ity in rats and mice over a range of five or more hours, relative
to the neutral CB1 antagonist AM 4113 (Cluny et al. 2010). It
was predicted that all compounds would have minimal nega-
tive effects on the paced FCN task, as has been shown for the
unpaced FCN task (Mansbach et al. 1996) and the delayed
reinforcement model of impulsive choice (Pattij et al. 2007).
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Importantly, a variation was then conducted in which ani-
mals were pretreated with the 5HT1A antagonist WAY
100,635 (WAY) and then administered the same CB1 ligand
over a slightly lower dose range. Dose range, route, and pre-
treatment time for WAY used in the present design replicate
that which produced impulsive behavior in this task on its own
(Evenden 1998). In the coadministration designs, we hypoth-
esized that animals would respond impulsively, particularly
those treated with AM 251, and possibly AM 6527 and AM
6545 to a lesser extent, due to a generally safer profile in these
two compounds. This would suggest that disrupted 5HT1A

signaling permits CB1 antagonist-mediated impulsive
behavior.

Methods (experiments 1–3)

Subjects

Twenty-four adult male Sprague Dawley rats (Hilltop Labs,
Scottdale, PA, USA) were used. Rats were pair-housed in a
colony room with a 12-h light-dark cycle (lights on 0800–
2000 h), and procedures were carried out at approximately
1300 h. After arrival, animals were allowed to feed ad libitum
and acclimate to the colony room until weights reached at least
250 g and then placed on food restriction to a minimum of
85% free-feeding body weight. Water was available at all
times except during operant conditioning sessions. Animal
protocols were approved by the Institutional Animal Care
and Use Committee of Edinboro University of Pennsylvania
(Protocol No. 20111) and were in accord with the Guide for
the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Research 2011).

Apparatus and procedure

Habitest™ experimental chambers (Coulbourn Instruments,
Whitehall, PA, USA) contained one retractable (counting)
and one fixed (reinforcing) lever on either side of a food tray.
Location of the levers to the left or right of the food tray was
alternated between chambers. A computer running Windows
XP controlled experimental contingencies and recorded lever
presses and nose pokes into the food tray.

Training sessions were conducted 30 min per day, 5 days
per week. After one session of magazine training, the counting
lever was retracted and animals were subjected to a continu-
ous reinforcement schedule on the reinforcing lever. After a
minimum of 100 responses in a session, animals began an
alternation protocol in which successive responses on the
counting and reinforcing levers were reinforced, and the
counting lever was retracted after each response and reinserted
after a reinforcing lever press. The number of counting lever
responses required before a reinforcing lever response would

result in pellet delivery was gradually increased, and a 1-s
interresponse interval (IRI; i.e., presses of the counting lever
caused it to retract for 1 s) was introduced at FCN-2. Also
beginning with this schedule, reinforcing lever responses
made before the criterion was achieved on the counting lever
led to a reset of the count at zero and a 5-s timeout signaled by
the house light. This included responses made after other re-
inforcing lever presses, which were termed zero chains. The
IRI increased to a final value of 2.6 s at FCN-4. At each
training level, criterion to advance to the next level was at
least 10 chains with an accuracy (ratio of reinforced chains
to total chains) of 70%.

In the final protocol, on which all drug testing occurred, all
chains that met or exceeded eight were reinforced (i.e., FCN-
8). All counting lever responses retracted the lever for 2.6 s.
As soon as the eighth response in a chain was emitted, any
subsequent response on the reinforcing lever would result in a
single food pellet delivered to the recessed food tray in be-
tween the two levers. At that point, subsequent responses on
the counting lever would continue to retract the lever for 2.6 s
and were recorded for analysis, but had no other programmed
consequence. As in training, responding on the reinforcing
lever prior to the eighth counting lever press resulted in a 5-s
timeout signaled by the house light and a reset of the count at
zero. Responses on either lever during the timeout had no
programmed consequence. Test procedures began when no
rat had more than three consecutive sessions of increasing
accuracy on FCN-8.

Drugs

All compounds were injected systemically in a counterbalanced,
repeated-measures design with at least two baseline FCN train-
ing days prior to each test and with at least 3 days between
injections. Data from intervening baseline days were used to
ensure no carryover of drug effect. The CB1 ligands AM 251,
AM 6527, and AM 6545 were synthesized at the Center for
Drug Discovery, Northeastern University and were dissolved
in 15% DMSO, 15% Tween-80, and 70% saline and delivered
via i.p. injection. WAY (Abcam, Cambridge, MA, USA, and
Tocris, Minneapolis, MN, USA) was dissolved in 0.9% saline
and administered s.c.

Experiments 1a and 1b

Eight animals were administered the CB1 inverse agonist AM
251 in doses of 2.0, 4.0, and 8.0 mg/kg or vehicle control,
30 min prior to FCN testing. After 6 weeks of task perfor-
mance to allow for drug washout, a co-administration study
of AM 251 and WAY commenced, in which subjects were
pretreated with WAY s.c. 15 min prior to testing and AM
251 i.p. 10 min prior. Conditions were (dose WAY-dose AM
251) as follows: saline-vehicle; 0.1 mg/kg-vehicle; 0.1 mg/kg-
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2.0 mg/kg; 0.1 mg/kg-4.0 mg/kg; 0.3 mg/kg-vehicle;
0.3 mg/kg-2.0 mg/kg; 0.3 mg/kg-4.0 mg/kg.

Experiments 2a and 2b

Eight animals were administered AM 6527 (CB1 neutral an-
tagonist) in doses of 1.0, 2.0, and 4.0 mg/kg or vehicle control
30 min prior to testing. Four weeks later, they were co-
administered WAYprior to AM 6527. Conditions were (dose
WAY-dose AM 6527) as follows: saline-vehicle; 0.1 mg/kg-
vehicle; 0.1 mg/kg-1.0 mg/kg; 0.1 mg/kg-2.0 mg/kg;
0.3 mg/kg-vehicle; 0.3 mg/kg-1.0 mg/kg; 0.3 mg/kg-2.0 mg/
kg.

Experiments 3a and 3b

Subjects (n = 8) were given the peripherally restricted neutral
antagonist AM 6545, administered i.p. 30 min before testing
at doses of 2.0, 4.0, and 8.0 mg/kg and vehicle. Four weeks
later, experiment 3b commenced, which included pretreat-
ment with 0.1 and 0.3 mg/kgWAY (s.c. 15 min before testing)
prior to AM 6545 doses of 4.0 and 8.0 mg/kg or vehicle.

Statistical analysis

The main measure of impulsivity was accuracy, defined as
reinforced chains/sum of all chains, both reinforced and unre-
inforced, and expressed as a percentage. Reinforced chains
were those that reached a minimum of eight responses before
a reinforcing lever press. Other response measures were chain
length, number of chains, and counting and reinforcing lever
responses, as well as response rate on the counting lever.
Chain length was the mean number of counting lever re-
sponses per chain in each session. On the other hand, number
of chains is a count of all completed chains in the session, as
counting and reinforcing lever responses are a count of all
such responses, regardless of consequence. Response rate is
defined as average time (ms) from lever insertion to the sub-
sequent response on counting lever presses within chains, ex-
cluding the initial response that began the chain. The three
counting measures, as well as response rate, are taken as gross
measures of motivation or activity. Accuracy, chain length,
and chains exclude zero chains, defined as trials that began
and ended with a single reinforcing lever response. Analysis
of zero chains produced no effects in any experiment (p-
s > 0.05) and therefore are not shown in the results.

One-way repeated-measures ANOVAwas conducted on all
measures in sessions with at least seven chains. Significant
ANOVAs in experiments 1a, 2a, and 3a were followed by
nonorthogonal paired comparisons (Keppel and Wickens
2004) of each dose to vehicle. In experiments 1b, 2b, and
3b, comparisons were planned between the vehicle-vehicle
control condition and both WAY-alone treatments (0.1 and

0.3 mg/kg). Four more post hoc comparisons were made be-
tween the CB1 antagonist-treatment conditions and the com-
bination of vehicle and WAY treatment, to determine if the
combination of WAY and CB1 ligand impairs performance
relative to WAYalone. To further elucidate differential effects
of CB1 ligands in the presence of different concentrations of
WAY, a 3 (WAY condition) × 3 (CB1 ligand dose) repeated-
measures ANOVA was also conducted for each experiment.
The 2.0 and 4.0 mg/kg conditions of AM 251, 1.0 and 2.0 mg/
kg conditions of AM 6527, and 4.0 and 8.0 mg/kg conditions
of AM 6545, along with the vehicle for each, were entered as
one factor and compared in WAY pretreatment conditions of
no pretreatment (i.e., part A of each experiment), 0.1, and
0.3 mg/kg. Although some dose conditions are excluded from
this analysis, a significant interaction would indicate differen-
tial effects of the CB1 ligand on accuracy, depending upon
pretreatment with WAY.

Results (experiments 1–3)

Three animals failed to complete at least seven chains when
administered 4.0 mg/kg of AM 6527; this dose was therefore
removed for analyses of percentage and session average data,
including accuracy and chain length in experiment 2a. One rat
in the AM6545 group failed to meet training criteria, resulting
in n = 7 for experiment 3. Figure 1 depicts the mainmeasure of
accuracy, which is equivalent to the percentage of chains of at
least eight responses; full survival plots of all chain lengths are
shown in Supplementary Fig. S1. For some repeated-
measures ANOVAs, assumption of sphericity was violated;
in those cases, results are presented with a Greenhouse-
Geisser correction. AM 251 (Fig. 1a), AM 6527 (Fig. 1b),
and AM 6545 (Fig. 1c) did not significantly impair accuracy
per se nor did they significantly affect chain lengths. For mea-
sures of overall activity, there was a reduction of chains for
AM 251 (F(3, 21) = 3.12, p = 0.048, ηp

2 = 0.308) and for AM
6527 a decrease in chains (F(3, 21) = 12.63, p < 0.001,
ηp

2 = 0.643) and in counting (F(3, 21) = 15.24, p < 0.001,
ηp

2 = 0.685) and reinforcing (F(3, 21) = 9.84, p < 0.001,
ηp

2 = 0.584) lever presses. No other effects were significant
(ps > 0.05). These results are displayed in Table 1.

In contrast, AM 251 impaired accuracy under conditions of
5HT1A blockade with 0.3 mg/kg WAY (F(6, 42) = 3.26,
p = 0.010, ηp

2 = 0.318) at both the 2.0 and 4.0 mg/kg doses
(Fig. 2a). A similar effect was found with AM 6527 (Fig. 2b;
F(6, 42) = 3.50, p = 0.007, ηp

2 = 0.334). In this case, effects of
AM 6527 were more mild, as the 4.0 mg/kg AM 6527 dose
reduced accuracy only when animals were administered the
higher 0.3 mg/kg WAY dose, compared with animals only
treated with this dose of WAY, and the vehicle for AM 6527
(survival plots shown in Supplementary Fig. S2). On the other
hand, when directly comparing the experiments with and
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withoutWAYusing a 3 (WAY condition) × 3 (CB1 ligand dose)
ANOVA, no interaction was found for AM 251 or AM 6527.

Figure 2c displays accuracy for dose combinations ofWAY
and the peripherally restricted antagonist AM 6545. Although
there was a significant dose effect of accuracy (F(6,
36) = 2.71, p = 0.028, ηp

2 = 0.311), planned comparisons
revealed a significant decrease only in the 0.1 mg/kg WAY-
AM 6545 vehicle condition, relative to both the vehicle-
vehicle control and the 0.1 mg/kg WAY-4.0 mg/kg AM
6545 condition, suggesting that AM 6545 reversed the
WAY-induced deficit. Using a 3 × 3 ANOVA across experi-
ments, a significant interaction (F(4, 24) = 3.19, p = 0.031,
ηp

2 = 0.347) was found, suggesting that AM 6545 affected
accuracy differently depending on dose of WAY. A reduction
in chain length was also found (Table 2; F(6, 36) = 2.82,
p = 0.023, ηp

2 = 0.320), with a decrease in the 0.1 mg/kg
WAY condition, and a lengthening with the combination of
0.1 mg/kg WAY and 4.0 mg/kg AM 6545, relative to this

condition. The combination of WAY and AM 251 or AM
6527 did not significantly affect chain length.

Both AM 251 (F(6, 42) = 2.76, p = 0.024, ηp
2 = 0.283) and

AM 6527 (F(6, 42) = 7.32, p < 0.001, ηp
2 = 0.511), in com-

bination with WAY, decreased the number of chains and also
counting lever presses (AM 251 F(6, 42) = 3.98, p = 0.003,
ηp

2 = 0.362; AM 6527 F(6, 42) = 10.20, p < 0.001,
ηp

2 = 0.593), as shown in Table 2. In the WAY pretreatment
designs, AM 251 (F(6, 42) = 3.00, p = 0.016, ηp

2 = 0.300),
AM 6527 (F(6, 42) = 4.66, p = 0.001, ηp

2 = 0.400), and AM
6545 (F(6, 42) = 3.38, p = 0.008, ηp

2 = 0.326), all reduced
reinforcing lever responses, but only AM 6527 led to in-
creases in response latency (F(6, 42) = 4.95, p = 0.001,
ηp

2 = 0.414). All other analyses were nonsignificant.

Brief discussion

AM 251, AM 6527, and AM 6545, respectively, a CB1 in-
verse agonist, antagonist, and antagonist that putatively does
not penetrate the brain, had no effect on accuracy (percentage
of reinforced chains) in the FCN task alone. In contrast, both
AM 251 and AM 6527 significantly decreased accuracy when
serotonergic activity was blocked at the 5HT1A receptor with
WAY. This is in spite of the fact that, for both CB1 ligands, the
highest doses given per se (experiments 1a and 2a) were not
used, because it was predicted that WAY would permit
impulsivity-driven responding at lower doses. Indeed, both
lower doses of AM 251 decreased accuracy in the presence
of 0.3 mg/kg WAY, while up to 8.0 mg/kg had no effect on its
own (experiment 1a). When preceded by 0.1 mg/kg WAY, the
4.0 mg/kg dose of AM 251 narrowly missed the criterion
(p = 0.053) for a significant decrease in accuracy. The lower
dose of 2.0 mg/kg is approximately the minimal effective dose
to significantly inhibit food intake in rats (McLaughlin et al.
2003; Tallett et al. 2007; Hodge et al. 2008; McLaughlin et al.
2010). AM 6527 also decreased accuracy, but only at the
highest combination of 0.3 mg/kg WAY and 4.0 mg/kg AM
6527. This dose of AM 6527 is above the ED50 for suppres-
sion of food intake (0.58 mg/kg; Sink et al. 2009). Effects in
the presence of WAY are in comparison with WAY and the
vehicle of the CB1 ligand, suggesting that they do not result
from WAYalone. On the other hand, when doses of AM 251
and AM 6527 in experiments 1b and 2b were compared to the
same doses in experiments 1a and 2a, respectively, no signif-
icant interaction was found. Taken together, effects of the CB1
inverse agonist AM 251, and antagonist AM 6527, are mild,
even following WAYpretreatment, and have no effect alone.

On the other hand, AM 6545 did not affect accuracy, either
when given alone or in the presence of WAY; if anything, low
doses of AM 6545 may have even reversed the impulsivity-like
effect of 0.1 mg/kg WAY, as supported by a significant interac-
tion of AM 6545 dose andWAYpretreatment condition. This is

a

b

c

Fig. 1 Accuracy is shown for a AM 251, b AM 6527 (4.0 mg/kg
represents data from n = 5 subjects), and c AM 6545 in the FCN task
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in spite of the fact that, because AM 6545 was completely
ineffective when given alone (whereas AM 251 and AM
6527 produced nonsignificant trends of decreasing accuracy),
the two higher doses (4.0 and 8.0 mg/kg) were used in exper-
iment 3b. The fact that AM 6545 reversed the impulsive effect
of WAY (but was ineffective per se) was unexpected but inter-
estingly may reveal other possible, even peripheral sites of ac-
tion, because AM 6545 has limited brain penetrability. Low
baseline sympathetic activation is related to increased impulsive
behavior (Takahashi et al. 2007; Wang et al. 2013). CB1 recep-
tors are found on the terminals of postganglionic noradrenergic
fibers and modulate the sympathetic nervous system (Szabo
et al. 2001); CB1 antagonism may therefore lead to an incre-
ment in noradrenergic activity. In this scenario, it is conceivable
that AM 251 and AM 6527 have similar effects on peripheral
CB1 receptors, but these are masked by effects produced by
binding to central sites. On the other hand, as the unexpected
effect of WAY and AM 6545 only occurred in one condition,
confidence in any interpretation should be tempered.

Overall, these results are consistent with the interpretation
that AM 251 and AM 6527 produce little to no impulsive
behavior alone, but do so to a higher degree in a state of
disrupted 5HT1A receptor signaling, while AM 6545 produces
no relevant impairments, even in the presence of WAY.

Confound of time perception

Critically, however, examination of task performance after the
conclusion of experiments 1–3 strongly called into question
the interpretation that the effects of AM 251 and AM 6527

were due to impulsive responding. After the conclusion of the
experiments, the IRI was adjusted to longer or shorter delays,
in order to determine whether animals were counting re-
sponses during chains or using a timing strategy by maintain-
ing a consistent interval between the start and end of a chain.
In this procedure (data not shown), average chain length
(number of responses per chain) was substantially altered,
while the time to complete a chain was relatively more stable
in the face of altered task parameters. This suggests that ani-
mals likely relied upon timing mechanisms, rather than
counting, to perform the FCN, in accordance with evidence
that rats prefer a strategy of timing to counting in tasks where
either is permitted (Davis andMemmott 1983; Breukelaar and
Dalrymple-Alford 1998).

This means that performance in the paced FCN task was
sensitive to changes in time perception, which in rats is altered
by CB1 ligands, including THC and rimonabant (Mathew
et al. 1998; Han and Robinson 2001; Sewell et al. 2013);
therefore, it is possible that the impairments found with AM
251 and AM 6527were due to changes in time perception, not
impulsivity. Because of this, adjustments were made to the
task, and AM 251 and AM 6527 were reassessed in experi-
ments 4 and 5, respectively.

Variable consecutive number with discriminative stimulus

The FCN task typically proceeds without programmed feed-
back to indicate when animals reach the criterion number;
however, a discriminative stimulus (FCN-SD) has been used
to set the occasion for switching to the reinforcing lever

Table 1 Secondary FCN
performance measures in groups
treated with CB1 ligands

CB1 ligand Vehicle Low dose Medium dose High dose

Chain length AM 251 9.7 (0.2)a 9.9 (0.5) 9.2 (0.3) 9.6 (1.2)

AM 6527 9.6 (0.9) 9.2 (0.8) 8.7 (0.5) 8.3 (1.5)b

AM 6545 9.5 (0.6) 9.9 (1.0) 10.1 (1.2) 9.4 (0.3)

Chains AM 251* 41.8 (1.8) 38.5 (3.6) 36.4 (2.5) 30.6 (3.4)**

AM 6527** 33.8 (5.1) 27.8 (5.3) 25.8 (5.8) 7.6 (1.2)**

AM 6545 43.3 (2.0) 43.3 (2.9) 42.0 (3.9) 39.9 (3.6)

Counting responses AM 251 426.5 (29.2) 395.6 (38.1) 346.4 (28.7) 311.5 (46.6)

AM 6527** 314.4 (44.7) 244.0 (39.0)* 225.6 (50.9)** 59.6 (12.4)**

AM 6545 421.0 (18.2) 422.6 (22.9) 418.3 (28.5) 383.7 (36.2)

Reinf. responses AM 251 60.5 (8.5) 52.3 (6.0) 57.4 (9.0) 47.5 (6.9)

AM 6527** 44.4 (4.6) 37.1 (5.9) 35.9 (6.6) 14.1 (2.5)**

AM 6545 57.9 (7.6) 48.9 (3.0) 56.3 (9.4) 51.1 6.2)

Response rate (ms) AM 251 823.8 (70.0) 987.1 (157.4) 1089.8 (107.6) 1032.5 (84.8)

AM 6527 1222.0 (265.1) 1394.3 (254.7) 1456.6 (251.9) 1608.2 (108.1)b

AM 6545 951.7 (156.1) 941.3 (152.4) 936.6 (152.0) 812.5 (57.4)

a Standard error of the mean is shown in parentheses
b Average of n = 5; group mean not included in analysis due to low activity in three of eight subjects

*p < 0.05, **p < 0.01 significant dose effect and comparison with vehicle condition
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(Laties 1972; Rivalan et al. 2007). Not surprisingly, perfor-
mance is superior in the signaled condition, sometimes requir-
ing a higher FCN criterion to produce similar accuracy
(Rivalan et al. 2007). However, it is still possible that subjects
may rely upon timing or counting strategies, even with the
programmed stimulus control of the SD. Therefore, in exper-
iments 4 and 5, the criterion number shifted on each trial
(hence the change in nomenclature to variable), and a tone
indicated that the criterion had been reached. In so doing, any
change in accuracy would be more likely due to impulsive
behavior, rather than to alteration of timing processes neces-
sary for task performance.

AM 251 and AM 6527 were tested on the variable consec-
utive number task with discriminative stimulus (VCN-SD)
task, again with and without WAY. AM 6545 was not includ-
ed; because the FCN task may have been sensitive to changes
in either impulsivity or timing, results of experiment 3 indi-
cated that AM 6545 did not affect either.

Methods (experiments 4 and 5)

Subjects

Sixteen adult male Sprague Dawley rats were acquired and
housed as described above.

Apparatus and procedure

Habitest™ experimental chambers were set up as de-
scribed above; training was similar with a few exceptions.
Early in training, when pellets were delivered, a 1.5 kHz
tone sounded through a speaker above the food tray for
2 s. Later, an alternation protocol (i.e., FCN-1) was put in
place in which the 2-s cue followed each counting lever
response to signal availability of reinforcement. As above,
an FCN-2 task was then used with a 1-s IRI. Starting with
this task, the SD, still a 1.5 kHz tone, began after the
criterion counting lever response and continued until a
reinforcing response was made. Animals were permitted
to make subsequent counting lever presses in the presence
of the SD. The variable consecutive number task was in-
troduced by selecting a criterion of either two or three
counting responses on a per-trial basis, using the SD to
indicate that reinforcement was available by a single re-
inforcing lever response. The variable criterion was in-
creased over several weeks until accuracy stabilized in
the range of 75–85%, similar to that of the FCN task.

The final schedule used criterion values of 12, 15, 18,
21, and 24, randomly selected each trial. As with the
FCN task, when the counting lever response that reached
criterion was made, the lever not only retracted, but any
subsequent reinforcing lever response ended the trial
with the delivery of a pellet. Counting lever presses that
matched or exceeded the criterion continued to retract the
lever for 2.6 s. However, unlike the FCN experiments,
the stimulus tone initiated with the criterion counting
lever press and only ended with a reinforcing lever press;
therefore, all activity (including counting lever presses)
after criterion was reached occurred in the presence of
the SD. Other task parameters were identical to the FCN
task.

When performance on the final schedule stabilized,
the 16 animals were split randomly into two groups
(n = 8) for testing with AM 251 and AM 6527, using
the preparation, dose ranges, and regimen from experi-
ments 1 and 2, respectively. Statistical analysis was also
identical, except that dose effects on accuracy and chain
length were also analyzed by a dose × criterion repeated-
measures ANOVA to determine whether drugs affected
performance differently at longer or shorter criterion
values.

a

b

c

Fig. 2 Effects of combinations of WAYand a AM 251, bAM 6527, or c
AM 6545 on FCN accuracy. *p < 0.05, **p < 0.01 group differences via
planned comparisons
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Experiments 4a and 4b

Subjects were administered AM 251 once per week in
counterbalanced fashion, followed 3 weeks later by AM 251
with WAYpretreatment.

Experiments 5a and 5b

AM6527was administered to the other eight subjects, follow-
ed 3 weeks later by AM 6527 with WAY pretreatment on
VCN-SD.

Results (experiments 4 and 5)

AM 251 once again had no effect on accuracy, nor did its
effects on accuracy interact with criterion, although effect of
criterion on accuracy approached significance (p = 0.079),
suggesting more impulsive behavior on chains with larger
response criteria. Mean accuracy is displayed in Fig. 3a, with
full survival plots of chains in Supplementary Fig. S3. In the
AM 6527 study, one animal ceased completing at least seven
chains per session reliably and was removed from the study.
Neither main effect nor the interaction of dose and criterion
were significant for AM 6527 on impulsive behavior
(Fig. 3b). As shown in Table 3, AM 251 also significantly
reduced the number of chains (F(3, 21) = 6.14, p = 0.004,
ηp

2 = 0.467) and counting lever responses (F(3, 21) = 3.85,
p = 0.024, ηp

2 = 0.355) and increased response latency (F(3,
21) = 4.13, p = 0.019, ηp

2 = 0.371). AM 6527 had similar
effects on chains (F(3, 18) = 14.48, p < 0.001, ηp

2 = 0.707),
counting lever presses (F(3, 18) = 9.95, p < 0.001,
ηp

2 = 0.624), and response latency (F(3, 18) = 9.33,
p = 0.001, ηp

2 = 0.609).
In contrast to the overall lack of effect that AM 251 had on

impulsivity at up to 8.0 mg/kg, pretreatment with WAY led to
significant drug effects of AM 251 on accuracy (F(6,
42) = 5.59, p < 0.001, ηp

2 = 0.444). Figure 4a and
Supplementary Fig. S4 indicate significant deficits in perfor-
mance at 4.0 mg/kg AM 251 in subjects treated with both
doses of WAY. The criterion of each trial also influenced ac-
curacy (F(4, 28) = 5.77, p = 0.002, ηp

2 = 0.452), and dose
interacted with criterion (F(24, 168) = 1.78, p = 0.019,
ηp

2 = 0.203). The interaction suggests that accuracy effects
were particularly evident for longer criterion values
(Fig. 4b). Simplemain effects of dosewere conducted for each
of the five criterion values; the combination of WAYand AM
251 substantially impaired accuracy over WAY alone on
chains in which the criterion was 24 responses (F(6,
42) = 6.97, p < 0.001, ηp

2 = 0.499). As with the overall anal-
ysis, planned comparisons revealed impairments at 4.0 mg/kg
AM 251 for both WAY doses. Comparing effects of AM 251
under different WAY pretreatment conditions directly, aT
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significant interaction was found (F(4, 28) = 3.29, p = 0.025,
ηp

2 = 0.319), suggesting that the relationship between AM
251 and accuracy was altered at different WAY pretreatment
conditions.

Similarly, analysis indicated decreases, relative to WAY
alone, for chains (F(6, 42) = 6.22, p < 0.001, ηp

2 = 0.471)
and counting responses (F(6, 42) = 5.92, p < 0.001,
ηp

2 = 0.458). WAY, both alone and in combination with AM
251, increased response latency (F(6, 42) = 9.11, p < 0.001,
ηp

2 = 0.566). Means of these measures are shown in Table 4.
Pretreatment withWAY did not engender AM 6527-related

changes in impulsivity (Fig. 5 and Supplementary Fig. S5), an

effect of criterion, or the interaction of dose and chain criteri-
on. The 3 (WAYpretreatment condition) × 3 (AM 6527 dose)
interaction was not significant. As shown in Table 4, the com-
bination ofWAYand AM 6527 significantly reduced reinforc-
ing responses (F(6, 36) = 2.53, p = 0.038, ηp

2 = 0.296) but had
no effect on other measures.

Discussion

The VCN-SD version of the task was designed to eliminate the
confounding effects of time perception that may have influ-
enced the unsignaled FCN task. The SD altered task perfor-
mance from a smoother function of chain lengths
(Supplementary Figs. S1 and S2), to a step-like function, with
the majority of chains terminated just after criterion was ob-
tained (Supplementary Figs. S3–S5), indicating that it was
salient enough to control behavior, as predicted. With these
parameters in place, the CB1 inverse agonist AM 251 signif-
icantly impaired accuracy when the 5HT1A receptor was
blocked with either 0.1 or 0.3 mg/kgWAY. These effects were
not evident when AM 251 was administered alone, even at
higher doses. Effect sizes were even stronger for the combi-
nation of WAY and AM 251 in the VCN-SD, relative to the
FCN task, and an interaction was found between AM 251
doses and WAY pretreatment condition in the VCN-SD, but
not the FCN task. Importantly, the neutral CB1 antagonist AM
6527was devoid of effects with or withoutWAYpretreatment,
at doses that reduce food-motivated behavior (Thompson et al.
2016). This suggests that the decrease in accuracy caused by
the combination of WAY and AM 6527 on the FCN task
(experiment 2b) was not likely related to impulsivity, but rath-
er to time estimation or other processes necessary to complete
the task. Time estimation is known to be sensitive to CB1
agonists and inverse agonists (Mathew et al. 1998; Han and

Table 3 Secondary performance measures on the VCN-SD task following administration of AM 251 or AM 6527 alone

Vehicle Low dose Medium dose High dose

Chain length AM 251 16.0 (1.5)a 17.9 (0.9) 16.5 (0.5) 17.2 (1.1)

AM 6527 18.1 (1.1) 18.1 (1.3) 18.0 (0.7) 19.8 (1.6)

Chains AM 251** 40.5 (2.9) 32.3 (3.2)* 30.9 (3.9)* 24.3 (3.6)**

AM 6527** 32.9 (4.4) 27.0 (3.7)* 32.9 (3.4) 21.0 (3.4)**

Counting responses AM 251* 640.4 (54.2) 579.0 (59.8) 514.8 (514.8) 417.8 (62.7)*

AM 6527** 634.7 (63.2) 521.4 (62.2)* 578.9 (45.4) 390.4 (56.8)**

Reinf. responses AM 251 51.5 (7.7) 37.3 (3.3) 35.5 (4.6) 30.3 (4.9)

AM 6527 41.8 (2.3) 39.8 (6.2) 43.9 (6.4) 31.5 (7.2)

Response rate (ms) AM 251* 943.6 (55.7) 1096.3 (101.5) 1185.8 (104.0)** 1208.8105.0)**

AM 6527** 888.8 (82.4) 1212.3 (107.5)** 1042.3 (58.0)* 1236.9 (135.2)**

a Standard error of the mean is shown in parentheses

*p < 0.05, **p < 0.01 significant dose effect and comparison with vehicle condition

a

b

Fig. 3 VCN-SD task accuracy, i.e., percentage of chains reaching
criterion, for animals treated with a AM 251 or b AM 6527
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Robinson 2001; Sewell et al. 2013), although effects of neutral
antagonists (such as AM 6527) have not been examined pre-
viously. Because AM 6527 affected the unsignaled, but not
the signaled task, it is suggested that time estimation is medi-
ated by endocannabinoid tone that can be blocked by a neutral
CB1 antagonist, while impulsivity requires inverse agonism
of the CB1 receptor. Meanwhile, AM 6545 produced no im-
pairments on the FCN task, indicating no increases in impul-
sive behavior or changes in time estimation, in line with its
putative limited brain penetrability (Cluny et al. 2010).

It is possible that effects on accuracy reflected not impulsiv-
ity but rather reduced food motivation or motor control, as has
been described for several of these compounds (McLaughlin
et al. 2003; Cluny et al. 2010; Randall et al. 2010; Thompson
et al. 2016). Secondary performance measures (e.g., number of
chains and responses and response rate) were altered in all
experiments, most likely reflecting changes to motivation or
motor control. However, accuracy was only affected in a small
number of experiments, suggesting that accuracy is unrelated to

overall activity levels or motivation. Accuracy in the VCN-SD
task could also be impaired by a manipulation that decreased
stimulus control. This is also unlikely to underlie the present
results, given that both WAY (Carli and Samanin 2000) and
AM251 (McLaughlin et al. 2005) do not affect stimulus control
in tasks using very brief stimuli (although these studies did not
examine effects of their coadministration). Furthermore, the
VCN-SD task was designed to place minimal demand on stim-
ulus control by using an auditory cue that terminated only with
the successful completion of a chain. That effects were stron-
gest at longer criterion values (Fig. 4b) also implicates increased
impulsivity in the deficits demonstrated.

Impulsivity has been identified as an important predictor for
suicide attempts (Klonsky and May 2010; Dvorak et al. 2013),
and animal models of impulsivity may therefore be relevant in
elucidating the biology of suicide (Malkesman et al. 2009).
Just asWAYpretreatment was required for AM 251 to produce
impulsive responding, CB1 inverse agonism may produce un-
wanted side effects only in a vulnerable clinical subpopulation.
While clinical trials of rimonabant indicated an increase in
depression (Christensen et al. 2007), and suicide attempts were
noted (Topol et al. 2010), rimonabant also increased self-
esteem and quality of life in the RIO-Europe trial (Scheen
et al. 2006). These seemingly incongruous findings may rep-
resent dispositional differences within the clinical sample. In
the current paper, CB1 ligands had minimal effect per se, other
than decreases in secondary measures, which likely represent-
ed decreased motivation for food reinforcement. These effects
were in line with a lack of effect of rimonabant on the tradi-
tional, unpaced FCN task (Mansbach et al. 1996) and also of
rimonabant and the putative neutral CB1 antagonist O-2050 in
the delayed reinforcement task, another two-response choice
model of impulsivity (Pattij et al. 2007; Wiskerke et al. 2011;
cf. Boomhower et al. 2013). At the same time, rimonabant and
O-2050 decreased premature responding in the five-choice se-
rial reaction time task (Pattij et al. 2007; Wiskerke et al. 2011),
a model of impulsive action, suggesting that CB1 blockade can
reduce, rather than increase, certain types of impulsivity.
Nevertheless, the present set of results strongly suggest that
reduced signaling at the 5HT1A receptor permits the deleterious
side effects of CB1 inverse agonists. As certain 5HT1A gene
polymorphisms are related to suicide (Lemonde et al. 2003;
Samadi Rad et al. 2012) and impulsivity (Bagdy et al. 2012), it
is possible that genetic factors that alter 5HT1A expression or
function play a role in these effects of CB1 inverse agonism.

WAY has been found to affect paced FCN performance at
the doses tested (Evenden 1998), an effect partially replicated
in the current study. We found that 0.1 and 0.3 mg/kg tended
to reduce FCN accuracy slightly, achieving significance at the
0.1 mg/kg dose in the AM 6527 and AM 6545 (but not AM
251) designs, with no difference from vehicle at the 0.3 mg/kg
dose. Because accuracy at the 0.1 and 0.3 doses was similar,
this may represent a limit to the efficacy ofWAYin this type of

b

a

Fig. 4 Effects of the combination of WAY and AM 251 on accuracy in
the VCN-SD task. Shown are both a overall accuracy and b accuracy by
criterion value, due to a significant dose × criterion interaction. **p < 0.01
group differences via planned comparisons
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task. Indeed, WAY per se was not effective in the VCN-SD
task, except for an increase in response rate in experiment 4
and a reduction in reinforcing lever responses in experiment 5
(Table 4). This can be contrasted with the stronger effects of
AM 251, in the presence of WAY, in this task, relative to FCN
performance in experiment 1. These findings may indicate
that the SD decreased task difficulty in the VCN-SD, and in
the FCN task, greater potency of WAY was found in the pres-
ent study, compared with previous findings (Evenden 1998;
Evenden and Meyerson 1999). In addition to these effects in
animal models of impulsivity, WAY was employed more im-
portantly because of the relevance of the cortical 5HT1A re-
ceptor in impulsivity and suicide (Soubrié 1986; Seo et al.
2008) and depression (Bhagwagar et al. 2004). In addition to
decreased binding, a blunted intracellular 5HT1A response has
also been found in suicide victims relative to controls (Hsiung
et al. 2003), although upregulation of the receptor has been
found (Underwood et al. 2012).

On the other hand, high levels of 5HT1A are found not only
in cortex and hippocampus but also as an inhibitory
autoreceptor in raphe nuclei (Ito et al. 1999), and activation
of this receptor population is believed to contribute to depres-
sion and impulsivity via a global decrease in serotonergic
activity (Celada et al. 2013). Indeed, raphe 5HT1A binding is
positively related to suicide and lethality of suicide attempts
(Stockmeier et al. 1998; Sullivan et al. 2015; cf. Arango et al.
2001). Therefore, a limitation of the present study is that the
systemic administration of WAY does not permit elucidation
of the mechanism of the deficits induced by AM 251. Rather,
the purpose of these findings is to confirm that the 5HT1A

receptor mediates part of the side effects of CB1 inverse
agonism. It should also be noted that the agonist 8-OH-
DPAT also enhances delay discounting (Winstanley et al.
2005), which may indicate that presynaptic and postsynaptic
5HT1A receptors are relevant in different forms of impulsive
behavior. In humans, self-reported impulsivity was also cor-
related more with a blunted response to a 5HT1A agonist in
postsynaptic but not presynaptic receptors (Minzenberg et al.
2005), further implicating a receptor population other than
autoreceptors in raphe nuclei for the present findings. A pro-
posed mechanism for the antidepressant effect of selective
serotonin reuptake inhibitors (SSRIs) is in the desensitization
of raphe 5HT1A receptors (Blier and de Montigny 1994), an
effect also found with rimonabant (Aso et al. 2009), suggest-
ing that the effect ofWAY to potentiate AM251 in impulsivity
is not likely to involve presynaptic raphe 5HT1A receptors.
Rather, antidepressant-like interactions between CB1 agonists
and the serotonergic system may be related to activity in pre-
frontal cortex or hippocampus (Sagredo et al. 2006; Bambico
et al. 2007, 2009), where rimonabant decreases serotonin re-
lease (Beyer et al. 2010). Conversely, the SSRI fluoxetine
enhanced CB1-activated adenylyl cyclase in prefrontal cortex,
an effect blocked by WAY (Mato et al. 2010). Similarly,T
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administration of WAY into prefrontal cortex inhibited
antidepressant-like effects of cannabidiol on the forced swim
test (Sartim et al. 2016). These effects are more in line with the
deficits in the current study that occurred via blockade of both
5HT1A and CB1 receptors. Further research employing local-
ized injection is needed to fully understand the precise popu-
lation of 5HT1A receptors that permit the performance deficit
seen in animals treated with WAYand AM 251.

It is also important to note that decreased 5HT1A signaling
is not the only possible risk factor that would permit CB1
inverse agonism to produce impulsive behavior; other recep-
tor subtypes, including 5HT2A and 5HT2C, are also implicated
in suicide (van Heeringen et al. 2003; Di Narzo et al. 2014)
and impulsive behavior (Evenden 1998; Fletcher et al. 2007;
Blasio et al. 2012; Fink et al. 2015), as is the serotonin trans-
porter (Courtet et al. 2001; Lindström et al. 2004). SSRIs such
as fluoxetine also modulate CB1 receptor function (Malone
and Taylor 1998, 1999; Hill et al. 2008). Indeed, others have
already proposed testing for particular variants of the seroto-
nin transporter in assessing patients for possible rimonabant-
induced risk (Lazary et al. 2011). Moreover, norepinephrine-
endocannabinoid interactions have been proposed to be rele-
vant in the effects of rimonabant on mood (Kirilly et al. 2013).
Dopamine is also involved in impulsive responding in animals
(Dalley and Roiser 2012). However, it appears that
rimonabant and O-2050 reverse, rather than potentiate,
amphetamine-induced increases in impulsive action and de-
creases in impulsive choice (Wiskerke et al. 2011), indicating
that not all manipulations that alter impulsive responding en-
hance the AM 251-related effects shown presently. Taken to-
gether, there are several possible interactions with other neu-
rotransmitter systems that would permit effects of CB1 inverse
agonism on depression and suicidality, which are not mutually
exclusive (Beyer et al. 2010).

However, the AM 251 dose-dependent impulsive behavior
in the presence of 5HT1A blockade shown here suggests a
functional interrelationship between cannabinoid and seroto-
nin systems that leads to maladaptive behavior. The present
study may be the first demonstration of CB1 inverse agonism

producing suboptimal behavior in the presence of disrupted
serotonin signaling. These results highlight possible differ-
ences between individuals who are or are not at heightened
risk for suicidal behavior, while acknowledging that impulsiv-
ity is but one component of suicidal risk and that neurotrans-
mission involving the 5HT1A receptor may not be the only
critical variable in the side effects of CB1 inverse agonism.
Nevertheless, the present study adds to literature on the rela-
tive safety of neutral CB1 antagonists and lays groundwork
for a novel approach to predicting the safety of centrally acting
pharmaceuticals in general.
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