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Abstract
Rationale Obsessive-compulsive disorder (OCD) patients
show overactivation of the orbitofrontal cortex and deficits
in cognitive tasks that require proper orbitofrontal function-
ing including delayed alternation tests of spatial working
memory. We recently showed that OCD-like behavior is
induced in mice by activating orbitofrontal serotonin 1B
receptors (5-HT1Bs). However, the role of 5-HT1Bs in
delayed alternation remains unclear.
Objectives We examined the effects of 5-HT1B receptor acti-
vation on delayed alternation task (DAT) performance. We also
assessed the ability of an effective OCD treatment, fluoxetine,
to prevent 5-HT1B-induced deficits in DAT performance.
Methods Mice were tested on the DAT after acute treatment
with saline, 3 or 6 mg/kg RU24969 (5-HT1B/1A agonist),
0.3 or 3 mg/kg 8-OH-DPAT (5-HT1A agonist), or co-
injection with 3 mg/kg RU24969 and 5 mg/kg GR127935
(5-HT1B/1D antagonist). Separate mice were pretreated
chronically (28 days) with 10 mg/kg fluoxetine and then
tested on the DAT after acute treatment with 3 mg/kg
RU24969, 0.3 mg/kg 8-OH-DPAT, or saline.
Results Both doses of RU24969 decreased accuracy and
increased latency on the DAT, and GR127935 blocked

RU24969-induced effects on accuracy. The 0.3 mg/kg 8-
OH-DPAT did not affect the DAT performance, whereas
3 mg/kg increased omissions on the DAT. Finally,
RU24969-induced DAT deficits were absent in fluoxetine-
pretreated mice.
Conclusions We show that 5-HT1B receptor activation
disrupts DAT performance in mice, and chronic fluox-
etine pretreatment blocks these 5-HT1B-induced deficits.
Our findings suggest that 5-HT1B receptors play an
important role in modulating orbitofrontal-dependent
delayed alternation. Moreover, 5-HT1B-induced DAT
deficits may provide a mouse model for DAT deficits
in OCD.
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Introduction

Alterations in orbitofrontal cortex (OFC) function have been
implicated in the pathophysiology of obsessive-compulsive
disorder (OCD). OCD patients show excessive activity of
the OFC at rest (Baxter et al. 1988; Nordahl et al. 1989;
Swedo et al. 1989) and following symptom provocation
(Breiter et al. 1996; Cottraux et al. 1996) that is reversed
after successful treatment (Benkelfat et al. 1990; Swedo et
al. 1992; Saxena et al. 1999). Moreover, OCD patients show
deficits on neuropsychological tests of orbitofrontal func-
tioning such as the delayed alternation task (Abbruzzese et
al. 1995, 1997; Gross-Isseroff et al. 1996; Moritz et al. 2001).

The delayed alternation task (DAT) is a well-established
measure of spatial working memory (Butters and Rosvold
1968; Goldman et al. 1970; Goldman-Rakic 1987) that has
been used across species, including rodents (Zahrt et al.
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1997), cats (Markowitsch et al. 1980), pigeons (Gagliardo et
al. 1996), monkeys (Goldman-Rakic 1987), and humans
(Abbruzzese et al. 1995, 1997; Gross-Isseroff et al. 1996;
Moritz et al. 2001). Delayed alternation tasks require par-
ticipants to alternate between spatially distinct (e.g., left and
right) choices on consecutive trials in order to gain rewards.
Participants must learn this alternation rule through trial and
error, and a delay is implemented between trials to increase
task difficulty. The DAT is sensitive to frontal lobe damage
in humans (Freedman and Oscar-Berman 1986) and non-
human primates (Warren et al. 1964) and has been shown to
be a measure of orbitofrontal functioning in studies of
patients with brain lesions (Freedman et al. 1998). More-
over, deficits in DAT performance are seen in OCD, but not
in other psychiatric conditions with working memory defi-
cits such as schizophrenia (Abbruzzese et al. 1995, 1997).

Elucidation of the neural substrates that underlie behavior
in the DAT may lead to a better understanding of orbito-
frontal dysfunction in OCD. The serotonergic system has
been implicated in the pathophysiology of OCD due in part
to the fact that serotonin reuptake inhibitor (SRI) antidepres-
sants provide the only effective pharmacological monother-
apy for OCD (Pigott et al. 1990; Tollefson et al. 1994).
However, very little is known about the role of the seroto-
nergic system in delayed alternation. Pharmacological chal-
lenge with serotonin 1B receptor (5-HT1B) agonists
exacerbates symptoms in OCD patients (Stein et al. 1999;
Koran et al. 2001; Gross-Isseroff et al. 2004), and we
recently provided preclinical evidence that orbitofrontal 5-
HT1B receptors may underlie this effect. Specifically, we
reported a novel mouse model of aspects of OCD in which
acute injection of serotonin 1B receptor (5-HT1B) agonist
induces OCD-like behavior, including perseverative loco-
motion and prepulse inhibition deficits in mice (Shanahan et
al. 2009, 2011). These 5-HT1B-induced OCD-like behav-
iors are blocked by effective (SRIs), but not ineffective,
OCD treatments with a time course that closely mimics the
human therapeutic response (Shanahan et al. 2011). More-
over, activation of orbitofrontal 5-HT1B receptors is both
necessary and sufficient to produce OCD-like behavior in
this model (Shanahan et al. 2011). Since the DAT requires
proper orbitofrontal functioning and is disrupted in OCD,
we hypothesized that DAT performance could be disrupted
by 5-HT1B receptor activation, and this deficit could be
blocked by chronic SRI treatment.

The present study investigated the effects of 5-HT1B
receptor activation on delayed alternation. Moreover, we
examined the ability of fluoxetine, a SRI that provides
first-line treatment for OCD, to block 5-HT1B-induced def-
icits in DAT performance. We used RU24969 to activate 5-
HT1B receptors in this study because RU24969 is a selec-
tive agonist (Ki=0.38 nM) for rodent 5-HT1B receptors that
crosses the blood–brain barrier (Glennon et al. 2000). Since

RU24969 also has affinity for 5-HT1A receptors (Ki=2.5
nM) (Glennon et al. 2000), we examined the ability of
GR127935, a selective 5-HT1B/1D receptor antagonist, to
block RU24969-induced behavior. Moreover, we examined
the effects of 8-OH-DPAT, a highly selective 5-HT1A ago-
nist, on DAT performance.

Methods

Animals

Female C57BL/6 J mice (Jackson Laboratories, Bar Harbor,
Maine) 7–11 weeks of age were used for all experiments.
Mice were housed in a temperature-controlled colony room
on a 12-h light/dark schedule with food and water available
ad libitum. Behavioral testing occurred during the dark
phase. Animal testing was conducted in accordance with
the National Institutes of Health Laboratory Animal Care
Guidelines and with the Institutional Animal Care and Use
Committee approval.

Chemicals

RU24969 and 8-OH-DPAT (Tocris Bioscience, Minneapo-
lis, MN, USA) were dissolved in 0.9 % saline as salt doses
and injected IP and SC, respectively. GR127935 (Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in distilled
water and injected SC. All injected drugs were prepared at
a volume of 5-mL/kg body weight with 1-cc syringes and 27
gauge needles. Fluoxetine was administered in the drinking
water at a concentration of 80 mg/L to achieve a 10-
mg/kg/day dose (Dulawa et al. 2004).

Delayed alternation

For these experiments, mice were food-restricted and were
maintained at 75–85 % of their individual starting weight.
Body weights were monitored daily. Delayed alternation tests
were performed using a T-maze (each arm 31.5-cm long×8.3-
cm wide×17.5-cm high) and were based on previously de-
scribed methods (Zahrt et al. 1997). Upon reaching the weight
criterion, mice were habituated to a T-maze in two phases.

Habituation to reward

During each session, mice were allowed to consume an
unlimited amount of milk chocolate (Hershey’s, PA, USA)
rewards (which were placed in each T-maze arm and con-
tinually replenished). Mice underwent one 8-min session per
day and were subjected to this phase of habituation until ≥10
rewards were consumed per session in two consecutive
sessions.
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Habituation to injections and handling

Mice continued the above habituation schedule but were
administered a saline injection 5 min prior to each session
and were picked up and placed back in the start box immedi-
ately following the consumption of two consecutive rewards.
Mice underwent one session per day until ≥10 rewards were
consumed in 5 min for two consecutive sessions.

Testing

Sessions consisted of eleven 30-s trials with approximate-
ly 5 s between trials. Each trial began with a mouse
placed in the start box. On the first trial, mice were
rewarded for entering either arm (i.e., both arms were
baited with reward). Thereafter, mice were rewarded only
if they entered the maze arm that was not chosen previ-
ously (correct choice). After each arm entry (correct or
incorrect), mice were placed back in the start box. The
training period ended after the mice made ≥80 % correct
choices on two consecutive sessions. Mice were then
tested for their performance on the DAT under experimen-
tal conditions. Arm entry was defined as placement of all
four paws into an arm. In all experiments, the T-maze was
located in the same position so that potential spatial cues
never changed.

Experiments

Experiments 1 and 2

Mice (n=13) were tested on the DAT after acute drug treat-
ments (saline, 3 mg/kg RU24969, or 0.3 mg/kg 8-OH-
DPAT). Separate mice (n=17) were tested on the DAT after
acute drug treatments (saline, 6 mg/kg RU24969, or 3 mg/kg
8-OH-DPAT). In both experiments, mice were tested on
three separate test days in a counterbalanced fashion. One
day of rest separated each test day. On test day, mice
received one acute injection before the first trial, and the
session lasted under 7 min. Thus, the drugs were active
throughout the entire DAT session.

Experiment 3

Mice (n=16) were tested on the DAT after acute co-injection
with saline/saline, saline/3 mg/kg RU24969, saline/5 mg/kg
GR127935, or 3 mg/kg RU24969/5 mg/kg GR127935.

Experiment 4

All aspects were identical to experiment 1, except that mice
were pretreated chronically (28 days average) with 0 or
10 mg/kg/day fluoxetine (n=12/group).

Statistical analysis

For experiments 1–3, ANOVAs with acute drug treatment
(vehicle, RU24969, 8-OH-DPAT, or GR127935) as a
within-subject factor were applied to three DAT measures:
accuracy (% of trials on which a correct choice was made),
latency (duration of time prior to arm entry), and omissions
(% of trials on which no arm was entered). Significance was
set at p<0.05.

For experiment 3, ANOVAs with SRI pretreatment (ve-
hicle or fluoxetine) as a between-subject factor and acute
drug treatment (vehicle, RU24969, or 8-OH-DPAT) as a
within-subject factor were applied to three DAT measures:
accuracy, latency, and omissions. Significant interactions
were resolved using post hoc ANOVAs for within-subject
factors and/or Newman Keuls post hoc tests for between-
subject factors. Significance was set at p<0.05, and p values
for post hoc ANOVAs were adjusted using the Bonferroni
correction.

For all experiments, only successful (i.e., no omission)
trials were analyzed for accuracy and latency. Effects of
acute drug treatments were analyzed with separate overall
ANOVAs.

Results

Activation of 5-HT1B receptors induces spatial working
memory deficits in mice

Mice treated with 3 mg/kg RU24969 performed worse
on the DAT than vehicle-treated mice as revealed by a
main effect of 3 mg/kg RU24969 on accuracy (F(1,12)=
13.27, p<0.01) and latency (F(1,12)=24.54, p<0.001)
(Fig. 1). No effects of 3 mg/kg RU24969 on omissions
were found. Mice treated with 0.3 mg/kg 8-OH-DPAT
were not different from vehicle-treated mice on any DAT
measure (Fig. 1). In a follow-up study, mice were treated
with higher doses of RU24969 and 8-OH-DPAT. Main
effects of 6 mg/kg RU24969 were found on accuracy (F
(1,16)=6.37, p<0.05), latency (F(1,16)=17.822, p<
0.001), and omissions (F(1,16)=4.92, p<0.05) (Fig. 2).
Furthermore, main effects of 3 mg/kg 8-OH-DPAT were
found on accuracy (F(1,16)=51.48, p<0.001), latency (F
(1,16)=48.47, p<0.001), and omissions (F(1,16)=14.79,
p<0.01) (Fig. 2).

GR127935 blocks RU24969-induced spatial working
memory deficits

Mice treated with 3 mg/kg RU24969 performed worse on
the DAT than vehicle-treated mice as revealed by a main
effect of 3 mg/kg RU24969 on accuracy (F(1,15)=5.78, p<
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0.05), latency (F(1,15)=32.08, p<0.001), and omissions (F
(1,15)=16.98, p<0.001) (Fig. 3). Mice co-injected with
3 mg/kg RU24969 and 5 mg/kg GR127935 were not differ-
ent from vehicle-treated mice on accuracy (p=0.52) and
exhibited increased latency in comparison to vehicle-
treated mice (F(1,15) = 21.42, p< 0.001) (Fig. 3).
RU24969/GR127935 significantly increased the number of
omissions in comparison to vehicle-treated mice (F(1,15)=
32.09, p<0.001). Mice treated with GR127935 alone were
not different from vehicle-treated mice on any DAT
measure.

Chronic fluoxetine treatment blocks RU24969-induced
spatial working memory deficits

Chronic fluoxetine treatment blocked the ability of
RU24969 to disrupt accuracy on the DAT as revealed by a
pretreatment × treatment interaction (F(1,22)=7.96, p<
0.01). RU24969 decreased accuracy in vehicle-pretreated
mice (F(1,11)=8.83, p<0.05), but not fluoxetine-pretreated
mice (F(1,11)=0.071, p=0.79). Moreover, Newman Keuls
post hoc tests revealed that fluoxetine-pretreated mice
showed increased accuracy on the DAT compared to
vehicle-pretreated mice following RU24969 (Fig. 4). No
main effects of fluoxetine or 8-OH-DPAT on DAT accuracy
were found (Fig. 4).

Chronic fluoxetine treatment diminished the ability of
RU24969 to increase latency on the DAT as revealed by a
pretreatment × treatment interaction (F(1,22)=9.61, p<
0.01). RU24969 increased latency in both vehicle-
pretreated (F(1,11)=20.78, p<0.001) and fluoxetine-
pretreated mice (F(1,11)=12.73, p<0.01). However, New-
man Keuls post hoc tests revealed that fluoxetine-pretreated
mice showed decreased latency on the DAT compared to
vehicle-pretreated mice (Fig. 4). Main effects were found for
8-OH-DPAT to increase latency (F(1,22)=5.35, p<0.05)
and fluoxetine pretreatment to decrease latency (F(1,22)=
5.20, p<0.05). However, no interaction of pretreatment ×
treatment was found (F(1,22)=1.87, p=0.19) (Fig. 4).

Discussion

We found that RU24969, a 5-HT1B/1A agonist, disrupted
performance on the DAT. Furthermore, we show that this
effect is mediated by 5-HT1B and not 5-HT1A receptors
since GR127935, a 5-HT1B/1D antagonist, blocked
RU24969-induced decreases in accuracy on the DAT. In
addition to reducing accuracy on the DAT, RU24969 in-
creased latency and omissions on the DAT. However, these
effects were likely mediated by 5-HT1A receptors, since
GR127935 did not block these RU24969-induced effects.

Fig. 2 High dose of 5-HT1B or 5-HT1A agonist disrupts performance
and increases omissions on the DAT. Mice received acute injection
with 6 mg/kg RU24969 or 3 mg/kg 8-OH-DPAT and were tested for

accuracy (a), latency (b), and omissions (c) on the DAT. Results are
presented as mean ± SEM. Asterisk denotes p<0.05 compared to
saline-treated mice

Fig. 1 5-HT1B, but not 5-
HT1A, receptor activation
disrupts DAT performance.
Mice received acute injection
with 3 mg/kg RU24969 or
0.3 mg/kg 8-OH-DPAT and
were tested for accuracy (a) and
latency (b) on the DAT. Results
are presented as mean ± SEM.
Asterisk denotes p<0.05
compared to saline-treated mice
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Moreover, chronic (4 weeks) pretreatment with the SRI
fluoxetine blocked RU24969-induced reductions in DAT
accuracy and latency. Our results suggest that activation of
5-HT1B receptors reduces performance on the DAT.

Our present findings suggest that DAT measures are
sensitive to lower doses of RU24969 than other OCD-
related measures in mice. We chose the doses of 3 and
6 mg/kg RU24969 based on our previous behavioral studies
in which 10 mg/kg RU24969 induced OCD-like behavior in
mice (Shanahan et al. 2009, 2011). In these studies,
10 mg/kg RU24969 induced perseverative hyperlocomotion
and prepulse inhibition deficits, which were attenuated by
chronic fluoxetine treatment. To minimize the hyperloco-
motive effects of RU24969 in the DAT, we administered
lower doses of RU24969 in the present study. Our present
findings show that doses of RU24969 as low as 3 mg/kg
induce behavioral deficits with relevance to OCD in mice.

Doses of 8-OH-DPAT were also chosen based on previ-
ous experiments showing 8-OH-DPAT-induced behavioral
and physiological effects (Dulawa et al. 2000; Shanahan et
al. 2009, 2011). The 0.3 mg/kg dose of 8-OH-DPAT did not

disrupt DAT performance, suggesting that RU24969-
induced DAT deficits are not likely mediated by 5-HT1A
receptors. However, the 3-mg/kg dose of 8-OH-DPAT in-
creased latency and omissions, suggesting that this higher
dose may produce non-specific effects in this behavioral
test.

To directly assess the role of 5-HT1B receptors in
RU24969-induced DAT deficits, we co-injected RU24969
with GR127935, a highly-selective 5-HT1B/1D receptor
antagonist. Co-injection of GR127935 blocked the reduc-
tions in accuracy induced by RU24969 but did not block
RU24969-induced increases in latency and omissions. Thus,
5-HT1B receptors specifically mediate accuracy, but not
latency, in the DAT. Conversely, 5-HT1A receptors may
specifically mediate latency, but not accuracy, in the DAT.
5-HT1B receptor-induced reductions in DAT accuracy may
model the DAT deficits in OCD patients. Indeed, DAT
deficits in OCD patients are characterized by reduced accu-
racy (Abbruzzese et al. 1995, 1997; Gross-Isseroff et al.
1996; Moritz et al. 2001). Moreover, 5-HT1B receptor acti-
vation exacerbates symptoms in OCD patients (Stein et al.

Fig. 3 RU24969-induced decreases in accuracy are mediated by 5-
HT1B receptors. Mice received acute co-injection with saline/saline,
saline/3 mg/kg RU24969, saline/5 mg/kg GR127935, or 3 mg/kg

RU24969/5 mg/kg GR127935, and were tested for accuracy (a), laten-
cy (b), and omissions (c) on the DAT. Results are presented as mean ±
SEM. Asterisk denotes p<0.05 compared to saline-treated mice

Fig. 4 Chronic fluoxetine treatment blocks RU24969-induced DAT
deficits. Following 4 weeks of treatment with 0 or 10 mg/kg fluoxetine,
mice received acute injectionwith 3mg/kgRU24969 or 0.3 mg/kg 8-OH-
DPATandwere immediately tested for accuracy (a) and latency (b) on the

DAT. Results are presented as mean ± SEM. Asterisk denotes p<0.05
compared to saline-treated mice. Number sign denotes p<0.05 compared
to vehicle-treated mice
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1999; Koran et al. 2001; Gross-Isseroff et al. 2004). To our
knowledge, latency on the DAT has not been examined in
OCD patients.

Accuracy on the DAT reflects the ability to remember
which of the two T-maze arms most recently contained a
reward based on spatial cues. In addition, cognitive flexibil-
ity is required to adapt to the changing requirements for
accuracy on the task, and motor inhibition is required to
refrain from choosing the arm that was previously rewarded.
We show here that 5-HT1B receptor activation disrupts
accuracy on the DAT. Mice administered with RU24969
also showed increased latency to make a choice on the
DAT. This effect is unlikely to be due to hypolocomotion,
since 5-HT1B receptor agonists such as RU24969 produce a
dose-dependent increase in locomotor activity (Green et al.
1984; Shanahan et al. 2009, 2011). Moreover, RU24969-
induced increases in latency appear to be mediated by 5-
HT1A receptors, but not 5-HT1B receptors, as increased
latency was not blocked by the 5-HT1B/1D antagonist
GR127935. The effects of RU24969 on latency in the
DAT may be relevant to the psychomotor slowing exhibited
by OCD patients on tests of executive function subserved by
frontostriatal circuitry (Roth et al. 2004; Remijnse et al.
2009). For example, OCD patients show longer reaction
times but normal accuracy on reversal learning tasks
(Remijnse et al. 2009).

Fluoxetine pretreatment prevented RU24969-induced
reductions in DAT accuracy and latency. The mechanisms
for these effects likely involve desensitization by fluoxetine
of specific populations of 5-HT1B or 5-HT1A receptors,
respectively. We recently showed that 4 weeks of treatment
with fluoxetine reduces the expression of 5-HT1B receptors
in the orbitofrontal cortex, but not the substantia nigra,
globus pallidus, dorsal striatum, or dorsofrontal cortex, and
that this population of 5-HT1B receptors mediates OCD-
like perseveration and sensorimotor gating deficits in mice
(Shanahan et al. 2009, 2011). Thus, reduced expression of
orbitofrontal 5-HT1B receptors may underlie the ability of
fluoxetine to prevent 5-HT1B-induced deficits in DAT per-
formance. Chronic fluoxetine pretreatment has also been
shown to desensitize presynaptic 5-HT1A receptors (Hervas
et al. 2001; El Mansari and Blier 2005). Since chronic
fluoxetine treatment blocked RU24969-induced increases
in latency on the DAT, this effect might be mediated through
the desensitization of presynaptic 5-HT1A receptors.

Impairments in spatial working memory, cognitive flex-
ibility, and motor inhibition are putative endophenotypes for
OCD (Chamberlain et al. 2007). Specifically, deficits in
delayed alternation have been proposed as a novel endophe-
notype for OCD since they appear to be state independent
(Rao et al. 2008) and are also exhibited by non-affected
relatives of OCD patients (Viswanath et al. 2009). DAT
deficits observed in OCD patients are thought to result from

perseveration rather than strategic deficits (Moritz et al.
2009). A number of reports have used reversal learning
to model perseverative behavior in OCD (for example
Andersen et al. 2010). However, it should be noted that
deficits in delayed alternation (Abbruzzese et al. 1995,
1997; Gross-Isseroff et al. 1996; Moritz et al. 2001), but
not reversal learning (Remijnse et al. 2006, 2009), have
been consistently found in OCD.

To our knowledge, this is the first evidence of 5-HT1B
receptor control over delayed alternation. In summary, we
show that 5-HT1B receptor activation disrupts DAT accura-
cy, and chronic fluoxetine pretreatment prevents these 5-
HT1B-induced deficits. Our previous work showing that
chronic fluoxetine treatment downregulates 5-HT1B recep-
tor expression in the orbitofrontal cortex (Shanahan et al.
2011) provides a likely mechanism for fluoxetine’s preven-
tion of 5-HT1B-induced deficits in DAT performance.
Moreover, 5-HT1B-induced deficits in DAT performance
may provide a mouse model for DAT deficits in OCD
patients since OCD patients exhibit delayed alternation def-
icits, and chronic SRI treatment alleviates OCD symptoms.
Future studies will test the hypothesis that orbitofrontal 5-
HT1B receptors modulate DAT performance.
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