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Abstract
Serotonin is crucial for orbitofrontal cortex function and for the treatment of obsessive-compulsive disorder. Using a
neurocomputational model of the role of serotonin in orbitofrontal function, we show that (a) low serotonin leads
to perseverative neuronal activity, with the network getting “stuck” in specific states; (b) low serotonin leads to an
increased tendency both to develop obsessions—strong attractors to which the network activity tends and which
are difficult to escape—and to fall into existing obsessions; (c) excessive glutamatergic activity, which may occur
in obsessive-compulsive disorder, also leads to an increased tendency to develop obsessions and fall into existing
obsessions; (d) increasing serotonin decreases these pathological tendencies, even if they are caused by excessive
glutamatergic activity; and (e) the different effects of 5-HT1A and 5-HT2A serotonin receptors on neuronal activity
explain the differential effects of drugs that target these receptors.
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The orbitofrontal cortex (OFC), located in the ventral surface of the prefrontal cortex (PFC), plays a key role in
emotion, reinforcement learning, and certain forms of
behavioral flexibility (Kringelbach & Rolls, 2004; Noonan,
Kolling, Walton, & Rushworth, 2012; Schoenbaum,
Roesch, Stalnaker, & Takahashi, 2009; Wilson, Takahashi,
Schoenbaum, & Niv, 2014; Zald & Kim, 1996). Among the
neurochemical influences that affect OFC function, serotonin (5-hydroxytryptamine; 5-HT) plays a significant
role. Indeed, the OFC is substantially innervated by the
raphe nuclei; it receives dense projections from the dorsal raphe nucleus (DRN) and fewer projections from the
median raphe nucleus (MRN; Roberts, 2011). Virtually all
behavioral functions dependent on the OFC are strongly
modulated by 5-HT (Roberts, 2011).
Obsessive-compulsive disorder (OCD) is characterized by intrusive and persistent ego-dystonic thoughts or
feelings (obsessions) and repetitive behaviors (compulsions) typically aimed at reducing the anxiety or discomfort associated with those thoughts or feelings (American
Psychiatric Association, 2013). Multiple lines of evidence

have suggested a central role for the OFC and associated
striatal regions (particularly the caudate) in OCD (Ahmari
et al., 2013; Burguière, Monteiro, Feng, & Graybiel, 2013;
Evans, Lewis, & Iobst, 2004; Maia, Cooney, & Peterson,
2008; Marsh, Maia, & Peterson, 2009; Menzies et al.,
2008; Rotge et al., 2008; Saxena, Brody, Schwartz, &
Baxter, 1998). For example, the OFC and caudate are
hyperactive at rest and during symptom provocation in
patients with OCD (Evans et al., 2004; Maia et al., 2008;
Menzies et al., 2008; Rotge et al., 2008; Saxena et al.,
1998). The pharmacological treatment of OCD typically
involves serotonin reuptake inhibitors (SRIs), that is,
drugs that block the 5-HT transporter (5-HTT or SERT):
either clomipramine, an older tricyclic antidepressant
that has potent SERT inhibitory effects, or selective
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serotonin reuptake inhibitors (SSRIs), such as fluoxetine,
fluvoxamine, paroxetine, and sertraline (Goddard,
Shekhar, Whiteman, & McDougle, 2008; Kaplan &
Hollander, 2003; Koran & Simpson, 2013). Therapeutic
response to these drugs in OCD is associated with a
reduction in the OFC and caudate hyperactivity that is
found in the untreated state (Saxena et al., 1999), which
suggests that SRI treatment may work by modulating
OFC and caudate function.
In the present study, we use a biophysically realistic
neurocomputational model of the role of 5-HT in orbitofrontal function to explore the effects of 5-HT on neural
activity, perseverative and compulsive behaviors, and
OCD and its pharmacological treatment. Given the evidence that has suggested possible glutamatergic dysfunction in OCD (Pittenger, Krystal, & Coric, 2006; Wu, Hanna,
Rosenberg, & Arnold, 2012), we also explore the effects
of excessive glutamate on the development and maintenance of OCD, and we investigate the possibility that
5-HT can be useful to treat OCD even if the underlying
cause is excessive glutamatergic activity rather than an
abnormality in the 5-HT system per se.

5-HT Modulation of Neuronal Activity
in the OFC
Review
Electrophysiological studies have demonstrated that, in
general, 5-HT has an inhibitory effect on prefrontal neurons (Hajós, 2003; Puig, Artigas, & Celada, 2005; Puig &
Gulledge, 2011). This inhibitory effect is mediated largely
by the 5-HT1A receptor (Araneda & Andrade, 1991;
Goodfellow, Benekareddy, Vaidya, & Lambe, 2009; Puig
et al., 2005; Puig & Gulledge, 2011), which is abundantly
expressed in pyramidal neurons (Santana, Bortolozzi,
Serrats, Mengod, & Artigas, 2004). The 5-HT1A receptor
couples to a K+ channel through a G protein of the Gi/o
type, thereby producing membrane hyperpolarization
and a concomitant decrease in neuronal activity (Andrade,
Malenka, & Nicoll, 1986; Araneda & Andrade, 1991;
Lüscher, Jan, Stoffel, Malenka, & Nicoll, 1997). When the
DRN and MRN are stimulated, the activation of 5-HT1A
receptors in PFC inhibits the firing of pyramidal neurons
(Hajós, 2003; Puig et al., 2005). Moreover, iontophoretical
application of 5-HT1A agonists in PFC produces inhibitory
effects (Ashby, Edwards, & Wang, 1994).
Although most prefrontal neurons are inhibited by
5-HT, some prefrontal neurons are excited by 5-HT, and
others exhibit a biphasic response with inhibition followed by excitation (Araneda & Andrade, 1991; Puig
et al., 2005; Puig & Gulledge, 2011). The excitatory effects
of 5-HT on prefrontal neurons are mediated, at least in
part, by the 5-HT2A receptor (Araneda & Andrade, 1991;
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Puig & Gulledge, 2011). Indeed, 5-HT2A receptor activation on pyramidal neurons by 5-HT and selective agonists
generally has a depolarizing effect (Araneda & Andrade,
1991; Marek & Aghajanian, 1999; Puig & Gulledge, 2011).
Studies in which the DRN and MRN are stimulated in vivo
show that activation of 5-HT2A receptors excites prefrontal
pyramidal neurons (Amargós-Bosch et al., 2004; Puig,
Celada, Díaz-Mataix, & Artigas, 2003). Stimulation of
5-HT2A receptors in PFC also increases spontaneous excitatory postsynaptic currents in pyramidal neurons
(Aghajanian & Marek, 1997; Béïque, Imad, Mladenovic,
Gingrich, & Andrade, 2007; Zhou & Hablitz, 1999). The
5-HT2A receptor acts via G proteins of the Gq type, thereby
inducing a complex cascade of incompletely understood
physiological effects (see Fig. S1 in the Supplemental
Material available online). In pyramidal neurons, 5-HT2A
receptors reduce afterhyperpolarizations by inhibiting a
Ca2+-dependent K+ current (Villalobos, Beique, Gingrich,
& Andrade, 2005; Zhang & Arsenault, 2005) and induce
slow afterdepolarizations, likely by increasing a Ca2+dependent nonselective cationic current (Araneda &
Andrade, 1991; Puig & Gulledge, 2011; Zhang & Arsenault,
2005). Stimulation of 5-HT2A receptors also leads to an
increase in intracellular Ca2+ (Raymond et al., 2006), which
in turn modulates the mentioned currents.
The 5-HT1A and 5-HT2A receptors are present in not
only cortical pyramidal neurons but also cortical
γ-aminobutyric acid–producing (GABAergic) interneurons
( Jakab & Goldman-Rakic, 2000; Puig, Watakabe, Ushimaru,
Yamamori, & Kawaguchi, 2010; Santana et al., 2004; Weber
& Andrade, 2010; Willins, Deutch, & Roth, 1997), which
leads to both direct and indirect effects on pyramidal neurons. For example, 5-HT2A receptors in GABAergic interneurons increase the neuronal excitability of those neurons
(Puig et al., 2010; Puig & Gulledge, 2011; Weber & Andrade,
2010), possibly by inhibiting a K+ current (Deng & Lei,
2008); the increased excitation of the GABAergic neurons,
in turn, may lead to inhibition of pyramidal neurons (Puig
& Gulledge, 2011; Zhou & Hablitz, 1999).
Starting from a recently published model of the effects
of 5-HT in PFC that takes into account the complex biophysical effects of the 5-HT1A and 5-HT2A receptors on
membrane currents (Cano-Colino, Almeida, & Compte,
2013; Cano-Colino, Almeida, Gomez-Cabrero, Artigas, &
Compte, 2014), we investigate the role of 5-HT in an OFC
network of pyramidal neurons and interneurons.
Methodological details of the model and of all simulations
are provided in the Model and Simulations sections, respectively, of the Supplemental Material.

Simulations
We use the model that includes the effects via the 5-HT1A
and 5-HT2A receptors to explore how changes in 5-HT
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Fig. 1. Effect of 5-hydroxytryptamine (5-HT) on firing-rate states and perseverative neural activity. The graph in (a) illustrates low- and high-rate
states in the network. This 300-s example simulation shows the activity of the 1,024 excitatory neurons of the model (one line per neuron; warmer
colors represent higher firing rates). The network has periods of low firing rates across all neurons (indicated by blue in the upper bar) and of high

(continued)
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Fig. 1. (continued)
firing rates in a cluster of neighboring neurons (indicated by red in the upper bar). Because these periods are relatively stable (i.e., extend over
some time), we call them the low-rate stable state and high-rate stable state, respectively. The arrows indicate the time of the transitions between
states. Two 5-s windows show insets of raster plots (in which each dot represents a spike) at the bottom. The left inset shows a low-rate state; the
right inset shows a high-rate state with a bump of activity (cluster of neighboring neurons with higher activity) where the attractor is located. The
schematic in (b) shows the network states and the transitions between them. The network can be in either the low-rate (L; blue) or the high-rate (H;
red) stable state and has certain probabilities of transitioning between (PL-H yellow and PH-L purple arrows) and within (PL-L and PH-H black arrows)
these states. The graph in (c) shows the effects of 5-HT on the probabilities of being in each state. The probability of the network being in the lowrate state, PL (black line and blue area), for different levels of 5-HT, is compared with the “normal” or “physiological” conditions (value 0). Higher
levels of 5-HT increase the probability that the network will be in the low-rate state. The red area indicates the probability of being in the high-rate
state (PH = 1 – PL). The graph in (d) shows the effects of 5-HT on the probabilities of transitioning between states. Higher levels of 5-HT increase
the probability of transitions from a high- to a low-rate state and decrease the probability of transitions from a low- to a high-rate state. The raster
plots in (e) illustrate trial types that occur when one cluster of neurons is stimulated and, after a delay, a second cluster of neurons is stimulated.
The raster plots show example simulations in which after 750 ms, a cluster of neighboring neurons is stimulated (for 250 ms) and after another 2 s,
another cluster of neurons is stimulated (also for 250 ms). Generally, the stimulation of the first cluster of neurons starts a bump of neural activity in
those neurons. Trials can be categorized into one of three types depending on what occurs with the stimulation of the second cluster: switch trials,
in which activity changes to the second cluster of neurons (top plot); perseveration trials, in which activity persists in the first cluster (middle plot);
and memory-loss trials, in which the network does not maintain activity in either the first or the second cluster but, rather, transitions to the low-rate
state (bottom plot). The graph in (f) shows effects of levels of 5-HT on the proportions of the different trial types. Under physiological conditions
(value of 0 on the x-axis), the network generally switches activity to the new cluster. Decreases in 5-HT lead to a marked increase in the proportion
of perseverative trials (with little effect on the proportion of memory-loss trials).

levels affect the system at a circuit level. The network
exhibits two stable states, one with a low and another
with a high firing rate (see Fig. 1a and 1b). In the highrate stable state, the network exhibits a localized “bump”
of persistent neuronal activity (a cluster of neighboring
cells with persistent increased activity) that supports itself
through the strong connections between neighboring
excitatory cells (bump attractor). In the low-rate stable
state, all neurons fire at a low firing rate in an unstructured pattern. The network can transition between these
states as a result of the noise present in the system (see
Fig. 1a) or if external activity is applied. The stability of
the states depends on the excitability of the neurons and
on the structure and strength of the synaptic connections
(Cano-Colino & Compte, 2012; Cano-Colino et al., 2014;
Compte, Brunel, Goldman-Rakic, & Wang, 2000). Given
that, as already explained, 5-HT modulates neuronal
excitability, it can be expected to affect the stability of
these states.
To assess the effects of 5-HT on the stability of the
states, we ran long simulations (300 s) and measured, in
each time window, the state of the network (low-rate, L,
or high-rate, H, stable state). We could then quantify the
probability of remaining in the same state (PL-L and PH-H),
the probability of changing from one state to the other
(PL-H and PH-L), and the probability of being in each state
(PL and PH). In normal, physiological conditions (value 0
in the plots), the network spends approximately the same
amount of time in the low-rate (blue) and high-rate (red)
states (see Fig. 1c). In this condition, there is also the
same probability of changing from the low- to the highrate state as vice versa (see Fig. 1d). As shown previously
(Cano-Colino et al., 2014), a change of 5-HT modifies the
excitability of the neurons and, as a consequence, the
stability of the states. Therefore, we expected that it

would also change the probabilities of staying in and
changing between states. We observed that for low 5-HT
levels, the high-rate state is much more stable: There is a
higher probability of being in (PH = 1 – PL), remaining in
(PH-H = 1 – PH-L), and transitioning into (PL-H) the high-rate
state (see Fig. 1c and 1d). For high levels of 5-HT, the
network exhibits the opposite behavior: The low-rate
state becomes much more stable; thus, there is a higher
probability of being in (PL), remaining in (PL-L = 1 – PL-H),
and transitioning into (PH-L) the low-rate state (see Fig. 1c
and 1d).
The understability or overstability of attractors have
been studied in similar network models and can explain
some of the symptoms in psychiatric disorders, including
schizophrenia (Cano-Colino & Compte, 2012; Loh, Rolls,
& Deco, 2007; Rolls, Loh, Deco, & Winterer, 2008) and
OCD (Rolls, Loh, & Deco, 2008; Rolls, 2012). Rolls
et al. (2008) showed that by increasing excitatory synaptic weights—via increases in N-methyl-d-aspartate
(NMDA) conductance, α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid (AMPA) conductance, or both—
the basins of attraction for attractors become deeper,
thereby leading to an increase in the stability of high-rate
states. They proposed that if such overstability takes
place in high-order motor areas, it could result in incapacity to move out from certain motor patterns or
increased difficulty switching to another action. Such an
effect could produce, for example, repeated movements
or actions, or deficits in response inhibition, all of which
are characteristic of patients with OCD (Chamberlain,
Fineberg, Blackwell, Robbins, & Sahakian, 2006; Menzies
et al., 2008). They proposed that if the overstability occurs
in the lateral PFC, it could lead to deficits in shifting
attention or planning, also found in OCD (Menzies et al.,
2008). Finally, they suggested that the hyperactivity in
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OFC and anterior cingulate cortex observed in patients
with OCD may be a consequence of the overstability of
attractors in these regions, which could cause emotionrelated deficits. In our model, a decrease in 5-HT causes
the high-rate attractors to become too stable (see Fig.
1a–1d), an effect similar to the one found by Rolls et al.
with increases in NMDA conductance, AMPA conductance, or both. Our results provide a potential direct link
to the involvement of the serotonergic system in OCD
and to the effects of treatment of OCD with serotonergic
agents—topics that we address in the remainder of this
article.
The effect of the serotonergic system in OFC circuits
has been widely studied at the behavioral level, frequently linked with OCD. To address this in a more specific manner, in the following section, we use the model
to explore the effects of serotonergic changes on behaviors that are known to involve the OFC and that are
implicated in OCD—specifically, perseverative and compulsive behaviors.

5-HT Modulation of Perseverative and
Compulsive Behaviors
Review
As we described earlier, the serotonergic system modulates OFC function, so it would be expected to modulate OFC-dependent behaviors. Probably the main
behavioral deficit associated with OFC dysfunction is
impaired reversal learning, which involves the adaptation of behavior to changes in stimulus-action-reinforcement contingencies (Butter, 1969; Dias, Robbins, &
Roberts, 1996; Fellows & Farah, 2003, 2005; Kim &
Ragozzino, 2005; Maia & McClelland, 2005; McAlonan &
Brown, 2003; Schoenbaum, Saddoris, & Stalnaker, 2007).
In these tasks, the subject usually must first learn to
make a discrimination and then has to learn to reverse
the choice.
Multiple studies have demonstrated that 5-HT plays an
important role in reversal learning. Reductions in 5-HT
induced by 5,7-dihydroxytryptamine (5,7-DHT, a selective neurotoxin) within the OFC in marmosets produced
pronounced perseverative impairments on a reversallearning task (Clarke, Dalley, Crofts, Robbins, & Roberts,
2004; Clarke et al., 2005; Clarke, Walker, Dalley, Robbins,
& Roberts, 2007; Rygula et al., 2014). These studies also
demonstrated that the perseverative deficits induced by
5-HT depletion in reversal learning are not due to a failure to reengage with the previously unrewarded stimulus; instead, the deficits are due to persistent responding
to the previously rewarded stimulus (Clarke et al., 2007).
Consistent with these findings, reduction of 5-HT by systemic administration in rats of para-chloroamphetamine

and para-chlorophenylalanine induces reversal-learning
deficits (Lapiz-Bluhm, Soto-Piña, Hensler, & Morilak,
2009; Masaki et al., 2006; Wallace, Pehrson, Sánchez, &
Morilak, 2014). A study in humans showed that acute
citalopram administration impaired probabilistic learning, including the stages with reversals, but had no effect
on response inhibition (Chamberlain, Müller, et al., 2006).
This result might seem contradictory with the ones
described previously because citalopram is an SSRI and,
thus, might be expected to raise 5-HT. However, acute
SSRI administration may decrease 5-HT, through presynaptic autoreceptor feedback effects (El Mansari & Blier,
2005), in which case this finding in humans becomes
compatible with the findings in animals.
Additional evidence for a role of 5-HT in reversal
learning comes from studies that have related variation in
the gene for the 5-HTT and performance in reversallearning tasks. The lack of the transporter in 5-HTT
knock-out mice and rats produces an increase in 5-HT
availability, and those animals are better than are control
animals in reversal-learning tasks (Brigman et al., 2010;
Nonkes et al., 2012). A polymorphism in the 5-HTTlinked polymorphic region (HTTLPR) has also been associated with performance in reversal learning. The short
(s) allele of the HTTLPR, compared with the long (l)
allele, decreases the efficiency of transcription of the
5-HTT gene promoter, which results in decreased 5-HTT
expression and 5-HT uptake (Lesch et al., 1996) and, in
turn, leads to higher extracellular 5-HT levels. A study in
rhesus monkeys showed that reversal learning is better in
s-allele than in l-allele carriers ( Jedema et al., 2010). All
of these genetic studies suggest that increased 5-HT is
associated with better performance in reversal-learning
tasks.
A smaller number of studies have investigated the role
of specific 5-HT receptor subtypes in reversal learning.
Reversal-learning deficits induced by phencyclidine (an
NMDA antagonist) in rats are attenuated both by 5-HT1A
receptor agonists (Depoortère et al., 2010; McLean,
Woolley, Thomas, & Neill, 2009) and by 5-HT2A antagonists (Baker, Thompson, Sweeney, & Ragozzino, 2011;
Idris et al., 2010). Other studies, however, have shown
that 5-HT2A antagonists impair, rather than facilitate,
reversal learning (Boulougouris, Glennon, & Robbins,
2008). The 5-HT2C receptor has also been associated with
perseverative behaviors in reversal learning and in other
tasks and manipulations proposed to model OCD in animals (Boulougouris et al., 2008; Boulougouris & Robbins,
2010; Flaisher-Grinberg, Klavir, & Joel, 2008; Graf, Kantor,
Anheuer, Modos, & Bagdy, 2003; Papakosta et al., 2013).
Deficits in reversal learning are one form of perseverative responding. Not all forms of perseverative responding
depend on the OFC or 5-HT. In particular, both OFC
lesions and 5-HT depletion impair reversal learning but
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not set shifting (Bissonette & Powell, 2012; Clarke et al.,
2005; Dias et al., 1996; Lapiz-Bluhm et al., 2009). Other
forms of repetitive, “compulsive” responding, however,
also depend on the OFC and 5-HT. In a recent study in
mice, repeated stimulation of the OFC glutamatergic neurons projecting to the ventromedial striatum (VMS) generated a progressive increase in grooming that was reversed
by chronic treatment with fluoxetine, an SSRI (Ahmari
et al., 2013). In the signal-attenuation rat model of OCD,
OFC lesions lead to increased compulsive responding that
is reversed by SSRI treatment ( Joel, Doljansky, Roz, &
Rehavi, 2005). These effects have considerable anatomical
and pharmacological specificity: Lesions of other regions
do not produce the increase in compulsive responding
( Joel, Doljansky, & Schiller, 2005), and pharmacological
treatments that do not act on 5-HT do not ameliorate such
responding ( Joel, Ben-Amir, Doljansky, & Flaisher, 2004).

Simulations
As described earlier, one of the most consistent consequences of 5-HT depletion in OFC is an increase in perseverative, compulsive behaviors. We hypothesize that
these perseverative behaviors are the result of perseverative neural activity in the OFC when 5-HT is depleted;
thus, we tested in our network simulations whether a
decrease in 5-HT levels causes perseverative neuronal
activity. For this purpose, we ran simulation trials in
which, at the beginning, a cluster of neighboring neurons
is stimulated. This stimulation induces a network change
from the low- to the high-rate stable state, thereby creatinga bump of activity in the cluster of neurons that was
stimulated that persists after the stimulation ends (see
Fig. 1e). After a short delay, we stimulated a different
cluster of neurons. Typically, this second stimulation
moves the bump of activity to the newly stimulated cluster of neurons (switch trials; see the top plot in Fig. 1e).
In some trials, however, the activity of the network perseverates in the neuronal population that was first stimulated (perseveration trials; see the middle plot in Fig. 1e).
A third case is that after the second stimulation, none of
the bumps are maintained, and the network goes to the
low-rate state, in which it exhibits unstructured activity
(memory-loss trials; see the bottom plot in Fig. 1e). Under
normal physiological conditions, most trials elicit switches
of activity to the new cluster of neurons (see value 0,
slate blue bar segment in Fig. 1f). As expected on the
basis of the literature reviewed earlier, reductions in 5-HT
levels produce a marked increase in perseverative trials
(see brown bar segments in Fig. 1f) and, in consequence,
a decrease in switch trials. The effect of reducing 5-HT is
specifically on perseveration; the number of memoryloss trials is largely unaffected (see green bar segments in
Fig. 1f).
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As could be expected, increasing 5-HT produces a
decrease in the number of perseverative trials. However,
it also leads to a marked increase in the number of memory-loss trials (see Fig. S2 in the Supplemental Material).
This effect occurs because increases in 5-HT destabilize
the high-rate states (bumps), which renders the network
unable to maintain high-rate activity around the location
of either the first or the second stimulation and therefore
makes the network move to the low-rate unstructured
state (Cano-Colino et al., 2014).

5-HT in OCD
Review
As mentioned earlier, the strongest evidence that implicates 5-HT in OCD comes from the therapeutic efficacy
of SRIs in the treatment of this disorder. Given the prominent role of 5-HT in the pharmacotherapy of OCD, several studies have investigated candidate genes related to
the serotonergic system in OCD. Although there is still
some controversy (Di Bella, Erzegovesi, Cavallini, &
Bellodi, 2002), as is typically the case in candidate-gene
studies in psychiatry, some studies reported a higher
prevalence of two copies of the l-allele form (l/l) of the
HTTLPR in patients with OCD (Bengel et al., 1999;
McDougle, Epperson, Price, & Gelernter, 1998). As previously discussed, the l/l variant is associated with increased
5-HTT expression, which would presumably lead to
reduced 5-HT levels in patients with OCD. A meta-analysis reported no overall association between this HTTLPR
polymorphism and OCD, but stratified meta-analyses
indicated a significant association between the l allele
and OCD in children and Caucasians (Bloch et al., 2008).
A more recent meta-analysis confirmed an association
between the HTTLPR and OCD (Taylor, 2013). Another
study has shown that the HTTLPR is triallelic: There are
two forms of the l allele, lA and lG, depending on a singlenucleotide variant (A or G, respectively; Hu, Lipsky, Zhu,
& Akhtar, 2006). The lG variant leads to comparable levels
of expression of the 5-HTT as the s variant does; it is
specifically the lA variant that is associated with gain of
function. Of particular relevance to our purposes here,
the same study reported that it is specifically the lA/lA
genotype that is linked with OCD. In preceding studies,
researchers had combined both forms of the l allele,
which may have partially obscured the association
between this polymorphism and OCD.
In addition to the HTTLPR, the only other polymorphism related with the 5-HT system that proved significant in a comprehensive meta-analysis that included 230
polymorphisms from 113 association studies was the
1438G/A polymorphism for the 5-HT2A gene (Taylor,
2013). Specifically, the 1438A allele is associated with
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OCD. There is some evidence that this allele may increase
promoter activity (Parsons, D’Souza, Arranz, Kerwin, &
Makoff, 2004).
A few studies have investigated 5-HT2A receptors in
vivo in OCD using positron emission tomography, but
their results have been inconclusive, with reports of
increased (Adams et al., 2005), decreased (Perani et al.,
2008), and equal (Simpson et al., 2011) binding in patients
with OCD relative to control subjects. The study with the
largest and more homogeneous sample reported that earlier age of onset was associated with greater 5-HT2A
receptor binding in the OFC (Simpson et al., 2011), but
another study reported a negative correlation between
5-HT2A receptor binding in OFC and symptom severity
(Perani et al., 2008). Overall, then, it is difficult to draw
any firm conclusions concerning 5-HT2A receptor binding
in OCD.

Simulations
In an earlier discussion, we described the consequences
in our model of serotonergic manipulations on the stability and dynamics of the system. We found that a decrease
in 5-HT, which caused an increase in the excitability of
the neurons, led to an increase in the firing rate and to an
overstability of the high-rate stable state (see Fig. 1a–1d).
We propose that the bumps of activity created as a result
of a decrease in 5-HT levels can be thought of as small
obsessions, which may appear without any external stimulus and remain stable (i.e., “stuck”) during a certain
time. We showed earlier that one of the consequences of
the overstability of the high-rate state is perseverative
neuronal activity (shown in Fig. 1f with reduced 5-HT in
the network). Under this condition, the network gets
stuck in a pattern of neuronal activity and does not have
enough flexibility to switch to a new one (see Fig. 1e and
1f). One can think of this as an obsessive state in which
a certain thought, idea, or feeling may get stuck such that
it is difficult to escape from it.
A previous neurocomputational study related a similar
mechanism to the symptoms of OCD (Rolls, Loh, & Deco,
2008). That study showed that increased glutamatergic
activity makes the system more likely to jump into one of
the high-rate states, which the authors associated with
the recurring ideas, concerns, or actions characteristic of
OCD. We obtain the same result by decreasing 5-HT. In
both cases, however, this mechanism is nonspecific: It
tends to generate “stickiness” in potentially all thoughts
and behaviors. Here, we show that Hebbian learning—a
form of synaptic plasticity in which “neurons that fire
together wire together” and for which there is substantial
biological evidence (Bliss & Collingridge, 1993; Hebb,
1949; Martin & Morris, 2002)—provides a mechanism by
which certain thoughts (spontaneous bumps in specific

locations) can develop into full-fledged obsessions.
Through Hebbian learning, neurons that fire together
with a high rate strengthen their synaptic connections.
We show that, under low 5-HT levels, the repetition of
this process leads certain neuronal ensembles (thoughts)
to become more and more entrenched, with activity
tending more and more toward those states, which also
become quite resistant to disruption.
We ran simulations with multiple trials starting with
normal conditions. In a small subset of trials, a bump
appeared spontaneously (i.e., the system jumped to the
high-rate state; see Fig. 1a). When this occurred, the glutamatergic conductance among the neurons active in the
bump was strengthened as a result of Hebbian learning
(see Fig. 2a). The effect of this strengthening was that
each time there was a bump, the probability of a bump
appearing in the same location increased. In normal conditions, the system was very stable, and the network
rarely moved to the high-rate state (if no external stimulation was applied). Even after we ran many trials, the
system remained as stable as at the beginning with only
a few trials yielding bumps, which occurred in random
locations (see the left graph in Fig. 2b).
We then tested what happens under reduced 5-HT
levels. As we showed earlier, reduced 5-HT levels
increased the excitability of the network, which led to an
increase in the stability of the high-rate state. Therefore,
as shown in Figure 1, under low 5-HT conditions, there
was a higher probability of moving from the low- to the
high-rate state. When we ran simulations with multiple
trials and Hebbian learning, we observed that the bump
rapidly converged to the same location because the
attractor in that location became very strong and stable.
After several trials, the network consistently (“obsessively”) exhibited a bump of activity in the same location
(see the middle graph in Fig. 2b). Furthermore, this
attractor became stronger and stronger with more repetition (note the increase in firing rate in later trials). The
speed at which stable obsessions developed (consecutive
trials all with a bump in the same location) increased
when the system had even lower levels of 5-HT (see the
right graph in Fig. 2b).
This learning process, whereby the network becomes
more and more likely to fall into a specific attractor,
resembles the specific obsessions observed in patients
with OCD—the unwanted, intrusive, recurrent thoughts
or impulses, which tend to recur and persist. In our
model, the system gradually increases the probability of
falling into certain attractor states (obsessions), and
even if a given obsession is relieved, the system will
continue with a tendency to fall again into the same
obsession at a different time because that attractor
became stronger. Our findings suggest that decreased
5-HT provides fertile ground for the development of
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Fig. 2. Effects of low 5-hydroxytryptamine (5-HT) on the propensity to develop obsessions (through Hebbian learning) and to fall into existing obsessions.
The raster plots in (a) illustrate how Hebbian learning leads to the entrenchment of previously repeated patterns of neuronal activity. When a bump appears
(second raster plot), the glutamatergic conductance between the neurons of the bump is strengthened in the following trials (orange band) as a result of
Hebbian learning (“neurons that fire together wire together”). The repetition of this process (subsequent raster plots) can lead to the entrenchment of certain
patterns of neuronal activity, which will tend to fall into the specific attractors that have developed (orange bands). The more a bump occurs in a given cluster, the more likely it is that it will occur again in that cluster (see last three raster plots). The graphs in (b) show that low 5-HT leads to the development of
obsessions (very strong attractors). In normal conditions (left graph), there is a low probability of developing a very strong attractor (obsession). Under low
5-HT (middle graph), the network tends to develop a very strong attractor (an obsession). In the simulation, that pattern starts to develop at around Trial 30,
and in later trials (60–70) tends to recur every time. With even lower levels of 5-HT (right graph), the development of obsessions is even faster. Note also
that in addition to recurring more and more often, obsessions become stronger and stronger (i.e., exhibit increasing firing rates; note the change in scale of
the y-axis). This process of obsessions becoming both more prevalent and stronger mimics well the phenomenology of obsessive-compulsive disorder. The
graphs in (c) show that low 5-HT increases the tendency to fall into existing obsessions. In these simulations, we modeled existing obsessions (attractors) of
different strengths by increasing glutamatergic synaptic strengths by different amounts (normal, 1%, 2%, and 3%) in a given cluster of neurons (gray area).
The stronger the glutamatergic synaptic strength in the obsession (gray area), the higher the probability of falling into the obsession (compare the different
graphs). We then studied the effects of low 5-HT in the tendency to fall into these attractors. Low serotonin (20% decrease of 5-HT in all neurons) further
increases the tendency to fall into the obsession for all obsession strengths (the yellow bar is always above the black bar in the gray area in each graph;
Glu = glutamate). The graph in (d) illustrates the dose-response relation between the decrease in levels of 5-HT and the tendency to fall into existing
obsessions. The graph replots, in a different manner, the results shown in (a) and adds another level of 5-HT to demonstrate that the lower the 5-HT, the
greater the probability of falling into existing obsessions.
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obsessions. Thus, even if the subject can overcome a
specific obsession, under low 5-HT, the system has a
natural tendency to create new ones. Such an effect can
be seen in patients with OCD, in whom the obsessions
need not always be the same but rather can change or
evolve over time.
In addition to increasing the tendency to create new
obsessions, low 5-HT may increase the tendency to fall
into existing obsessions. To investigate this possibility, we
increased the strength of the synaptic connections in a
given cluster of neurons, thereby creating an attractor (an
“obsession”). We increased this synaptic strength by three
different amounts, thereby mimicking “learned obsessions” at different levels, to analyze whether there is an
interaction between low levels of 5-HT and the tendency
to fall into obsessions of different strengths (see the
graphs in Fig. 2c and 2d). We ran simulations with three
different 5-HT levels: normal conditions and 10% and
20% decreases in 5-HT. As expected, greater obsession
strengths (i.e., greater connection strengths in the cluster
of neurons) led to a greater tendency to fall into the
obsession. Furthermore, low 5-HT increased the tendency to fall into existing obsessions for all obsession
strengths (see Fig. 2c and 2d). This effect followed a
dose-response relationship: Greater reductions in 5-HT
led to a greater tendency to fall into existing obsessions
(for all obsession strengths).

Glutamate in OCD
Review
As noted earlier, OCD seems to involve primarily the
orbitofrontal-striatal circuit (Maia et al., 2008; Menzies
et al., 2008). Multiple brain-imaging studies have shown
that the OFC and the regions of the striatum to which it
projects (primarily the head of the caudate nucleus) are
hyperactive at rest and during symptom provocation in
patients with OCD (Maia et al., 2008). Hyperactivity in
these regions in OCD has been confirmed meta-analytically (Whiteside, Port, & Abramowitz, 2004). Furthermore,
clinical improvements in OCD are associated with a
reduction in this hyperactivity (Baxter et al., 1992;
Benkelfat et al., 1990; Nakao et al., 2005; Saxena et al.,
1999). These findings are consistent with the aforementioned findings that repeated stimulation of the projections from the OFC to the VMS in mice triggers excessive
(compulsive) grooming, which is accompanied by
increased evoked activity in the VMS (Ahmari et al.,
2013). Consistent with the reduction in striatal hyperactivity following successful treatment of OCD (Baxter
et al., 1992; Benkelfat et al., 1990; Saxena et al., 1999),
results from this study in mice showed that chronic SSRI

treatment that reversed the excessive grooming led to a
reduction in the evoked striatal activity.
One possible explanation for the often-replicated findings of hyperactivity in the OFC and in its striatal target
regions is that OCD may involve a dysregulation in the
glutamatergic system (Pittenger et al., 2006; Wu et al.,
2012). Specifically, OCD might involve increased glutamatergic neurotransmission in the OFC and in the projections from the OFC to the striatum. In fact, one magnetic
resonance spectroscopy (MRS) study has reported
increased levels of glutamate (more precisely, of a combined measure of glutamate and glutamine) in the orbitofrontal region in patients with OCD, which correlated
with symptom severity (Whiteside, Port, Deacon, &
Abramowitz, 2006). Another study, however, did not replicate these findings (Bédard & Chantal, 2011). Some MRS
studies have also reported increased glutamate in the
caudate of patients with OCD, which normalized with
treatment or correlated with symptom severity, although
these findings have not always been replicated (Pittenger,
Bloch, & Williams, 2011). In fact, MRS studies of glutamate in OCD have tended to generate a fairly large number of null findings in all brain regions considered
(Brennan, Rauch, Jensen, & Pope, 2013). Two studies
have reported increased glutamate concentrations in the
cerebrospinal fluid of patients with OCD (Bhattacharyya
et al., 2009; Chakrabarty, Bhattacharyya, Christopher, &
Khanna, 2005), which lends further support to the
hypothesis of increased glutamatergic neurotransmission
in OCD. However, in light of our results showing that
reduced 5-HT leads to an increased tendency to be in a
high-firing-rate state (see Figs. 1a–1d and 2b), it is difficult to ascertain whether a possible increase in glutamatergic neurotransmission, if indeed it exists, is due to a
primary abnormality in glutamatergic signaling itself or is
instead secondary to, for example, low 5-HT.
Despite the limitations with attributing a causal effect
to a potential glutamatergic dysfunction on the basis of
studies that have shown increased glutamate in patients
with OCD, other preclinical and clinical evidence has
suggested the possible involvement of a primary disturbance in glutamatergic signaling in OCD (Pittenger et al.,
2006; Wu et al., 2012). For example, an association
between the neuronal glutamate transporter gene
(SLC1A1) and OCD has been replicated in several studies
(Pittenger et al., 2011). The specific alleles that have been
shown to be associated with OCD in these studies have
varied (Stewart et al., 2013), which makes it difficult to
ascertain their functional effects. However, in at least
some cases, it seems that variants associated with OCD
may lead to decreased expression of the glutamate transporter, which could give rise to increased glutamatergic
transmission (Pittenger et al., 2011).
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Simulations
Given the aforementioned evidence for a possible
increase in glutamatergic neurotransmission in OCD, we
used our model to test the consequences of increased
glutamatergic transmission on the tendency to develop
obsessions and to fall into existing obsessions. As
described earlier, when the excitability of the neurons
was increased by a decrease in 5-HT, this produced an
overstability in the high-rate stable state (see Fig. 1). The
same consequence has been observed in prior models by
increasing glutamatergic activity (Cano-Colino & Compte,
2012; Rolls, Loh, & Deco, 2008) and by other manipulations that change the excitation-inhibition balance in
favor of excitation (Verduzco-Flores, Ermentrout, &
Bodner, 2012). We (Maia & McClelland, 2012) and other
researchers (Rolls, Loh, & Deco, 2008) have hypothesized
that this overstability of the high-rate state may explain
the stickiness of obsessions. We showed earlier that a
decrease in 5-HT levels led to such overstability and produced increased tendencies to both develop obsessions
and fall into existing obsessions (see Fig. 2). We also
tested whether an increase in glutamatergic neurotransmission—in all neurons, not in a specific cluster of neurons—would similarly lead to increased tendencies to
both develop obsessions and fall into existing
obsessions.
We tested the effect of increased glutamatergic neurotransmission in the tendency to develop obsessions by
Hebbian learning, as described previously (see Fig. 2).
Under normal conditions, the network does not have a
propensity to develop obsessions (see the graph in Fig.
3a, as also shown in the left graph in Fig. 2b): The network exhibits spontaneous bumps in a few trials, but
these occur in different clusters of neurons and do not
develop into an obsession. However, if we increase glutamatergic neurotransmission (in all synapses), the network rapidly develops a strong attractor in a cluster of
neurons (see Fig. 3b)—that is, an obsession. If we
increase glutamatergic neurotransmission even further
(again, in all synapses), the network develops an obsession faster, and the obsession becomes even stronger
(see Fig. 3c). Note that this is a learning effect, given that
in these simulations, we increased glutamatergic neurotransmission in all neurons, not in a specific cluster of
neurons. However, this generalized increased excitability
leads the network to form a specific attractor in a given
cluster of neurons. In other words, even though we
increased glutamatergic neurotransmission everywhere,
through learning, the glutamatergic synapses in a given
cluster of neurons became even stronger.
We then tested the effects of the generalized increase
in glutamatergic neurotransmission on the tendency to
fall into existing obsessions. As we did earlier (see Fig. 2c
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and 2d), we created obsessions of different strengths by
increasing glutamatergic synaptic strength by different
amounts in a cluster of neurons, thereby producing
attractors in those neurons (as would occur via Hebbian
learning; see Fig. 2a and 2b). We then tested the effects
of increasing glutamatergic neurotransmission everywhere in the network on the tendency to fall into those
attractors. We found that the generalized increase in glutamatergic neurotransmission increased the tendency to
fall into existing obsessions for all obsession strengths
(see Fig. 3d). Furthermore, an even larger increase in
glutamatergic neurotransmission made this effect even
stronger (see Fig. 3d). In other words, increases in excitatory neurotransmission in the entire network—not in a
given cluster of neurons—lead to an increase in the probability of falling into specific attractors. Attractors are
themselves clusters of neurons with increased excitatory
synaptic strengths among themselves relative to the synaptic strengths present elsewhere in the network. As one
would expect, the stronger these synaptic strengths, the
stronger the attractor and the greater the probability that
the network will fall into that attractor (see the monotonic increase in all lines in Fig. 3d). What the simulations
show, however, is that even a nonspecific increase in
excitability leads to a greater tendency to fall into such
attractors (compare the different lines in Fig. 3d).
In short, increased glutamate leads to a greater tendency both to develop obsessions and to fall into existing
obsessions (see Fig. 3a–3d) just like reduced 5-HT does
(see Fig. 2).

The Effects of 5-HT Medications on
OCD
Review
As we mentioned earlier, SRIs are the first line of pharmacological treatment for OCD. Second-generation antipsychotics are the most common pharmacological
augmentation strategy for patients who do not respond
to SRI monotherapy (Bloch et al., 2006; Dold, Aigner,
Lanzenberger, & Kasper, 2013). These antipsychotics
block the 5-HT2A receptor (Marek, Carpenter, McDougle,
& Price, 2003), but they also act on several other receptors, thereby making it difficult to attribute a causal role
specifically to the 5-HT2A antagonism. Early open-label
studies suggested that buspirone, a 5-HT1A partial agonist, could also be effective as an augmentation strategy
for SRI treatment ( Jenike, Baer, & Buttolph, 1991;
Markovitz, Stagno, & Calabrese, 1990), but subsequent
double-blind studies showed it to be no better than placebo (Grady et al., 1993; Pigott et al., 1992). A small study
reported that pindolol, a beta blocker that also blocks the
5-HT1A receptor, was better than placebo as an
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Fig. 3. Effects of increased glutamatergic synaptic strength in all neurons on the propensity to develop obsessions and to fall into existing obsessions and reversal of those effects by increasing 5-hydroxytryptamine (5-HT). Graphs that compare (a) normal conditions and increased glutamatergic synaptic strength of (b) 1% and (c) 2% in all neurons show that increased glutamatergic synaptic strength in all neurons leads to an increased
propensity to develop obsessions. These graphs are similar to those shown in Figure 2b but demonstrate the effects of increased glutamatergic
activity in all neurons (not in a specific cluster of neurons), rather than the effects of decreased 5-HT levels in all neurons, on the propensity to
develop obsessions. High glutamatergic activity, like low 5-HT (see Fig. 2b), leads to an increased propensity to develop obsessions. The greater the
glutamatergic hyperactivity, the earlier the obsessions develop and the stronger they become, as illustrated in the differences between (b) and (c),
(continued)
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Fig. 3. (continued)
noting the change in axis. The graph in (d) illustrates the dose-response relation between levels of glutamatergic synaptic strength in all neurons
and the tendency to fall into existing obsessions. This graph is similar to the graph in Figure 2d but shows the effects of different levels of increased
glutamatergic activity in all neurons, rather than different levels of decreased 5-HT, on the propensity to fall into existing obsessions. The greater
the glutamatergic hyperactivity in all neurons, the greater the probability of falling into existing obsessions (clusters of neurons with specifically
increased glutamatergic activity relative to the other neurons in the network). The graph in (e) shows that an increase in 5-HT decrease the tendency
to develop obsessions, even in the presence of glutamatergic hyperactivity. Whereas the graphs in (b) and (c) show that glutamatergic hyperactivity (in all neurons) increases the tendency to develop obsessions, the graph in (e) shows that an increase in 5-HT decreases this tendency, even
if that tendency is caused by glutamatergic hyperactivity. The graph in (f) shows that increases in 5-HT decrease the tendency to fall into existing
obsessions, even in the presence of glutamatergic hyperactivity. Whereas the graph in (d) shows that glutamatergic hyperactivity (in all neurons)
increases the tendency to fall into existing obsessions, an effect that is shown again in this graph (solid orange line vs. black line), this graph shows
that increasing 5-HT decrease this tendency, even in the presence of the glutamatergic hyperactivity (dashed and dotted orange lines). This effect
of 5-HT follows a dose-response relationship wherein greater increases in 5-HT lead to greater reductions in the tendency to fall into obsessions
(dotted vs. dashed orange line). Glu = glutamate.

augmentation to paroxetine treatment (Dannon et al.,
2000), but another study reported that it was no better
than placebo as an augmentation to fluvoxamine (Mundo,
Guglielmo, & Bellodi, 1998). Interpretation of the findings concerning these 5-HT1A agents is difficult because
they act both presynaptically in autoreceptors, where
5-HT1A receptor stimulation has the effect of decreasing
serotonin release, and postsynaptically. The interpretation of the effects of buspirone is further complicated by
the fact that it is a partial, not a full, 5-HT1A agonist; thus,
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Fig. 4. Effects of 5-Hydroxytryptamine (5-HT) medications on the tendency to fall into obsessions. Increases in 5-HT (e.g., through a selective serotonin reuptake inhibitor) decrease the tendency to fall into
obsessions (black dashed line vs. black solid line; Fig. 2d shows the
reverse effect wherein decreases in 5-HT increase the tendency to fall
into obsessions). The addition of either a 5-HT2A antagonist (dashed
blue line) or a 5-HT1A agonist (dashed purple line) to a medication that
increases 5-HT further reduces the tendency to fall into obsessions.

it may either increase or decrease the effects of 5-HT1A
stimulation depending on the amount of 5-HT present.

Simulations
As we discussed earlier, the main evidence for a role of
5-HT in OCD comes from the use of SRIs as the first line of
pharmacological treatment for this disorder. We have
shown earlier that reduced 5-HT leads to a greater tendency to develop obsessions and to fall into existing obsessions (see Fig. 2); it therefore stands to reason that if
patients with OCD have reduced 5-HT, normalization of
5-HT levels with an SRI should be beneficial. We also tested
whether increasing 5-HT further could be useful to reduce
the tendency to fall into existing obsessions, given that
patients do, of course, already present with obsessions. We
found that, indeed, increasing 5-HT reduces the tendency
to fall into existing obsessions (see Fig. 4; see also Fig. 2d).
Given the aforementioned use of second-generation
antipsychotics, which block the 5-HT2A receptor, to augment SRI treatment in OCD, and also given the evidence
reviewed earlier for a possible association between abnormalities in the 5-HT2A gene and OCD, we also used our
model to test the effects of combining 5-HT2A antagonism
with an increase in 5-HT. Consistent with the pharmacological effects found empirically, our results showed that adding
a 5-HT2A blocker to an SRI further decreased the network’s
tendency to fall into existing obsessions (see Fig. 4).
We also used our model to test the effects of combining 5-HT1A agonism with an increase in 5-HT because of
the early studies, reviewed earlier, that suggested that
medications that act on the 5-HT1A receptor might be useful as augmentation therapies for OCD. We found that
adding a 5-HT1A agonist to an SRI was also effective at
further decreasing the network’s tendency to fall into
existing obsessions (see Fig. 4). These findings can be
interpreted in terms of the excitability of the network:
5-HT1A receptors have a predominantly inhibitory effect
on the network; thus, 5-HT1A agonism decreases network
excitability, thereby ameliorating the tendency to fall into
obsessions.
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As reviewed earlier, the empirical results concerning
the effectiveness of medications that act on the 5-HT1A
receptor as augmentation for SRI treatment in OCD have
been inconclusive. However, as also reviewed earlier,
those studies cannot distinguish presynaptic from postsynaptic effects, and interpretation of the results of the
studies using buspirone is further complicated by the fact
that buspirone is a partial agonist. The results of our simulations suggest that postsynaptic stimulation of 5-HT1A
receptors might be useful as an augmentation strategy in
the treatment of OCD. However, postsynaptic 5-HT1A
receptors in the OFC might desensitize after chronic SRI
treatment (El Mansari & Blier, 2005), which might render
this augmentation strategy impracticable.
As noted earlier, we have found in our simulations that
both decreased 5-HT and increased glutamate lead to an
increased tendency to develop obsessions and to fall into
existing obsessions. If decreased 5-HT underlies these
problems in a patient, it is natural that an increase in
5-HT in that patient should help to reverse the problems.
A more interesting question, however, is whether an
increase in 5-HT is also helpful if the problem is caused
by increased glutamate rather than by decreased 5-HT.
To address this question, we ran simulations with the
same levels of increased glutamate that we previously
demonstrated would lead to an increased tendency to
develop obsessions and to fall into existing obsessions
(see Fig. 3a–3d), but we increased 5-HT above normal
levels in those simulations. We found that raising 5-HT
above normal levels reverses both the tendency to
develop obsessions (see Fig. 3e; compare with Fig. 3b
and 3c) and the tendency to fall into existing obsessions
(see Fig. 3f) that increased glutamatergic neurotransmission causes. Thus, an increase in 5-HT should be helpful
even if the problem is caused not by low 5-HT but by
increased glutamatergic neurotransmission.
One limitation with the treatment of OCD is that
patients have already developed obsessions—otherwise,
they would not be treated. Our simulation results suggest
that starting treatment after the obsessions have already
developed might not be ideal: Even though an increase
in 5-HT decreases the tendency to fall into existing attractors (compare the solid and dashed orange lines in Fig.
3f and compare the solid and dashed black lines in Fig.
4), the strength of the attractors itself strongly modulates
this tendency (see the monotonic increase in each line in
Figs. 3f and 4). Even under normal conditions (solid
black lines in Figs. 3f and 4), the network still has a strong
tendency to fall into sufficiently strong attractors. Thus,
even a completely normal neurochemical milieu might
be insufficient to ameliorate ingrained obsessions.
Nonetheless, increasing 5-HT sufficiently can still
decrease the tendency to fall into these obsessions

(dotted orange line in Fig. 3f). In other words, increasing
5-HT well above normal levels might be necessary to
overcome ingrained obsessions. The same increase in
5-HT that would be sufficient to prevent the development
of obsessions (see Fig. 3e) might be insufficient to
decrease strongly established obsessions (see Fig. 3f,
dashed orange line—note that although the dashed
orange line restores a dynamic similar to normal conditions, under those conditions, the network still has a
strong tendency to fall into strong attractors, so a further
increase in 5-HT, as indicated in the dotted orange line,
might be necessary).
Patients with OCD often seek treatment years after
their symptoms first began. By that time, their obsessions
are already extremely strong. Our simulation results suggest that starting treatment at that stage, even if it can be
successful, might be far from ideal. Earlier treatment
with pharmacological interventions at substantially lower
doses could potentially prevent the development of
obsessions. In fact, if a reliable way of identifying patients
at risk were available, a tantalizing possibility is that giving these patients even modest doses of an SRI might
prevent the development of OCD. This could be a case
in which an ounce of prevention is worth a pound of
cure.

Limitations and Open Questions
All modeling is subject to limitations that come from (a)
the practical necessity to focus on a subset of mechanisms while ignoring others and (b) uncertainty concerning the premises of the model. In this section, we review
these limitations as they apply to our model. These limitations also point to fundamental open questions that
should be addressed in future research.

Other 5-HT receptors
Our model includes only 5-HT1A and 5-HT2A receptors,
but other 5-HT receptors in the OFC also appear to play
a role in reversal learning and compulsivity; perhaps
most notable among these is the 5-HT2C. Administration
of 5-HT2C receptor antagonists directly into the OFC both
improves reversal learning (Boulougouris & Robbins,
2010) and reduces compulsive lever pressing in the signal-attenuation rat model of OCD (Flaisher-Grinberg
et al., 2008). Furthermore, some studies (albeit not all)
have shown that meta-chlorophenylpiperazine (mCPP),
which is an agonist at multiple 5-HT receptors but has
greatest affinity for the 5-HT2C receptor, exacerbates
symptoms in patients with OCD (Westenberg, Fineberg,
& Denys, 2007). In rats, mCPP induces exaggerated selfgrooming behavior (which is often considered a model
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for OCD-like behaviors), and this effect appears to be
mediated by the 5-HT2C receptor (Graf et al., 2003). This
set of findings implicating activation of the 5-HT2C receptor in OCD-related behaviors and blockade of the 5-HT2C
receptor in the amelioration of such behaviors raises the
possibility that 5-HT2C antagonists might be useful to treat
OCD. Both empirical work aimed at further testing this
possibility and computational work akin to the one we
present here but focusing on the 5-HT2C receptor would
therefore be of great value.
Other studies have highlighted possible roles for other
serotonin receptors—for example, the 5-HT1D—in OCD
(Aouizerate, Guehl, & Cuny, 2005). A more detailed
understanding of the specific receptors involved may
allow for more targeted treatments, given that inhibiting
the reuptake of 5-HT is a somewhat crude, nonspecific
manipulation.

Other behaviors modulated by 5-HT
A long-standing idea is that 5-HT is involved in behavioral
inhibition (Soubrié, 1986). Behavioral inhibition is not a
unitary concept but, rather, encompasses several distinct
processes that are mediated by partially distinct neural
structures and neuromodulatory systems (Bari & Robbins,
2013). The prototypical case of behavioral inhibition is
response inhibition, which itself can be subdivided into
three subtypes: (a) the inhibition of responses whose execution has already started, typically assessed using the
stop-signal task; (b) the inhibition of prepotent responses
before they start, typically assessed using the go/no-go
task; and (c) the inhibition of responses until they are
appropriate, so as to prevent premature responding, often
assessed using the five-choice serial reaction time task
(Dalley & Roiser, 2012; Eagle, Bari, & Robbins, 2008).
Manipulations of the serotonergic system have no effect
on the ability to inhibit responses in the stop-signal task,
which is instead modulated by norepinephrine
(Chamberlain, Müller, et al., 2006; Clark et al., 2005; Eagle
et al., 2008, 2009; Nandam et al., 2011). However, manipulations of the serotonergic system do affect the ability to
inhibit responses on go/no-go tasks (Eagle et al., 2008;
Harrison, Everitt, & Robbins, 1999) and to inhibit premature responses on serial reaction time tasks (Dalley &
Roiser, 2012; Miyazaki, Miyazaki, & Doya, 2012; Worbe,
Savulich, Voon, Fernandez-Egea, & Robbins, 2014).
The extent to which these serotonergic effects act
through the OFC is unclear. Response inhibition in go/
no-go and stop-signal tasks is typically thought to be mediated mostly not by the OFC but by the inferior frontal
gyrus, supplementary and presupplementary motor areas,
and subthalamic nucleus, with possible involvements of
the insula and medial frontal gyrus (Aron, Robbins, &
Poldrack, 2004; Bari & Robbins, 2013; Simmonds, Pekar, &
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Mostofsky, 2008; Swick, Ashley, & Turken, 2011).
Conversely, several neuroimaging studies have shown that
serotonergic manipulations affect OFC activation during
response inhibition in go/no-go tasks (Anderson, McKie,
Elliott, Williams, & Deakin, 2008; Del-Ben et al., 2005;
Rubia et al., 2005; Völlm et al., 2006). Premature responses
on the five-choice serial reaction time task might also
depend on the OFC: Lesions of the OFC induce both perseverative responding and increases in premature responding in this task (Chudasama et al., 2003).
Another prominent idea is that 5-HT is involved in
aversive processing (Boureau & Dayan, 2011; Daw,
Kakade, & Dayan, 2002; Dayan & Huys, 2009). In relation to the role of 5-HT in the OFC, this idea dovetails
nicely with the emphasis on the involvement of the
OFC in the representation of value, outcome expectancies, and reinforcement learning (Frank & Claus, 2006;
Jones et al., 2012; O’Doherty, 2007; Schoenbaum &
Esber, 2010; Schoenbaum et al., 2009; Schultz, Tremblay,
& Hollerman, 2000). The possible role of 5-HT in aversive processes might potentially be reconciled with its
role in inhibition because aversion is often linked with
inhibition. Some evidence has suggested that 5-HT
might be involved specifically in punishment-induced
inhibition (Crockett, Clark, & Robbins, 2009), and computational considerations have suggested a rationale
for a tightly interwoven involvement of 5-HT in both
aversion and inhibition (Cools, Nakamura, & Daw,
2011).
It is clear that additional work will be necessary to
integrate the perspective that we have articulated in this
article with these other theories and findings. We can
speculate, for example, that the role of 5-HT in disrupting
attractors, which we have shown herein, could be useful
to prevent prepotent responses in go/no-go tasks by disrupting the neural activity corresponding to the prepotent response. Such suggestions, however, are at present
at best vague, so it is clear that much additional theoretical work would be necessary to seek to integrate these
various perspectives.
One difference between our focus in this study and
the focus of prior computational perspectives on 5-HT is
that here we investigated the effects of changes in tonic
5-HT levels on the target site (in our case, the OFC);
thus, our focus was on modeling these effects with a sufficient level of biophysical detail. Other computational
theories of the role of 5-HT have been concerned primarily with understanding, at an algorithmic level, the
role of the firing of 5-HT neurons (Daw et al., 2002;
Dayan & Huys, 2008, 2009)—thereby seeking, in essence,
to obtain an algorithmic understanding of 5-HT akin to
the one that has been obtained for the phasic firing of
dopamine neurons with the prediction-error hypothesis
(Glimcher, 2011; Maia, 2009). Those theories therefore
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focus on the circumstances under which 5-HT neurons
would be expected to fire more or fire less, not on
explaining in detail how 5-HT affects target sites. Of
course, an integrated understanding of the role of 5-HT
will have to integrate both aspects: the “presynaptic”
side (i.e., under which circumstances 5-HT neurons fire
and how much) and the “postsynaptic” side (i.e., what
effect 5-HT has on the neuronal circuits in target regions).
Developing such an integrated understanding should be
an important focus for future computational efforts to
understand the role of 5-HT in cognition and behavior.
This integration would ideally also occur between levels
of analysis. Although it is undoubtedly valuable to use
different levels of modeling (e.g., algorithmic vs. biophysical) to address phenomena at different levels of
analysis, it will be important and interesting to seek to
integrate these different levels of analysis (Frank, in
press).
Another function of 5-HT that we did not include in
our model but that may be relevant for the learning
(and possibly the unlearning) of obsessions is the modulation of synaptic plasticity. We have shown that by
modulating network excitability, 5-HT modulates the
tendency to develop obsessions through Hebbian
learning. However, 5-HT also has direct effects on synaptic plasticity that would be expected to modulate
such learning (Lesch & Waider, 2012). It would be interesting to incorporate these effects in the model to
investigate how they affect the tendency to develop
obsessions.

Effects of 5-HT2A receptors on neural
activity in the OFC
In our model, 5-HT2A receptors increase excitability both
in pyramidal neurons and in GABAergic interneurons, as
seems to occur in vitro and in vivo (Puig & Gulledge,
2011). Thus, at the circuit level, stimulation of 5-HT2A
receptors has both a direct excitatory effect and an indirect inhibitory effect. Nonetheless, also consistent with
the empirical evidence concerning the PFC (Puig et al.,
2003; Puig & Gulledge, 2011), the overall effect is more
excitatory than inhibitory. Some studies, however, have
reported that directly applying 2,5-dimethoxy-4-iodoamphetamine (DOI)—a 5-HT2A, 5-HT2B, and 5-HT2C agonist
(Canal & Morgan, 2012)—into the OFC predominantly
inhibits neuron activity (El Mansari & Blier, 1997, 2005).
Similar findings have sometimes also been reported with
microiontophoresis of DOI into the medial PFC, although
the effects seem to be dose dependent: At low ejection
doses, DOI increases glutamate-evoked excitation,
whereas at higher doses, it has an inhibitory effect
(Ashby, Edwards, Harkins, & Wang, 1989; Ashby et al.,
1994; Ashby, Jiang, Kasser, & Wang, 1990). Furthermore,

the inhibitory effect of DOI in the OFC is blunted by local
application of a 5-HT2A antagonist (Rueter, Tecott, & Blier,
2000), thereby suggesting that this inhibitory effect might
be mediated at least in part by 5-HT2A receptors. Other
areas of PFC also have subpopulations in which 5-HT2A
receptor stimulation leads to inhibition, and this effect is
hypothesized to result from the increased excitability in
GABAergic interneurons (Puig et al., 2003; Puig &
Gulledge, 2011). One possibility is therefore that in OFC,
the overall effects of 5-HT2A receptor stimulation are due
more to the excitation of GABAergic interneurons than to
direct effects on pyramidal neurons themselves. Weighing
against this possibility, however, is the finding that
microiontophoretic application of a GABA antagonist
does not blunt the inhibitory effect of DOI in the OFC
(Bergqvist, Dong, & Blier, 1999) or in medial PFC (Ashby
et al., 1990), thus suggesting that this inhibitory effect is
not mediated by GABAergic interneurons. To complicate
matters further, other findings have led the authors of
these studies to consider the receptor or receptors mediating the inhibitory effects of DOI in the OFC “atypical”
and pharmacologically distinct from 5-HT2 receptors
elsewhere in cortex (Bergqvist et al., 1999; Blier, Habib,
& Flament, 2006; El Mansari & Blier, 2005, 2006; Rueter
et al., 2000). Additional empirical work characterizing the
effects of 5-HT2A receptors in the OFC would clearly be
of value. A substantial proportion of the existing work on
this issue has used drugs such as DOI and mCPP that are
not selective for just one of the 5-HT2 receptors, which
makes it difficult to disentangle the contributions of the
different 5-HT2 receptors (especially the 5-HT2A vs. 5-HT2C
receptors). Agents that are more selective are now available (Glennon & Dukat, 2013) and should shed important light on the specific roles of 5-HT2A and 5-HT2C
receptors in the OFC.
If the biophysical and pharmacological characteristics
of 5-HT2A receptors in OFC differ substantially from
those implemented in our model, our simulations of the
augmentation of SRI treatment with 5-HT2A antagonists
(see Fig. 4, blue dashed line) would be based on invalid
assumptions. In particular, if 5-HT2A receptors in OFC
are predominantly inhibitory, then the results of these
simulations would be invalid: To a large extent, in our
model, blocking 5-HT2A receptors improves SRI treatment because it further decreases the excitability of the
network. The results of the rest of the simulations, however, would be unaffected, given that 5-HT itself would
still have a predominantly inhibitory effect, which is
what drives the findings in the simulations that involve
5-HT manipulations. In fact, the inhibitory effect of 5-HT
would be even stronger if 5-HT2A receptor stimulation
was also inhibitory; thus, the results of the simulations
that involve 5-HT manipulations would be even more
pronounced.

Downloaded from cpx.sagepub.com at Association for Psychological Science on July 8, 2015

Serotonin, Orbitofrontal Function, and Obsessive-Compulsive Disorder

Modeling the relation between
neuronal activity and behavior
In our simulations of perseverative responding in reversal-learning and other tasks, we equated perseverative
neuronal responding with perseverative errors, but we
did not model neuronal activity during the tasks themselves. Other researchers have developed neurocomputational (Frank & Claus, 2006) and algorithmic (Wilson
et al., 2014) models of the role of the OFC in reversallearning and related tasks, and it would be of interest to
seek to merge the perspective articulated here concerning modulation of the OFC by 5-HT with those models
that more explicitly link the details of OFC function with
performance in these tasks.

Relation to dopamine
In a nutshell, the mechanism behind our findings is that
decreases in 5-HT lead to overstability of attractors, and
increases in 5-HT can compensate for overstable attractors. Biophysical models of the effects of dopamine on
cortical circuits suggest that dopamine also modulates
attractor stability: Specifically, these models suggest that
D1 and D2 receptor stimulation lead, respectively, to an
increase and a decrease in the stability of attractors
(Durstewitz, 2010). It is interesting that some evidence
from animal models has suggested that stimulation of
cortical and limbic D1 receptors leads to OCD-like behaviors (Campbell et al., 1999). In addition, compulsive lever
pressing in the signal-attenuation model of OCD is diminished by D1 blockade (although this study involved systemic drug administration, so it is not possible to know
whether the effect was due to D1 blockade in cortex,
striatum, or elsewhere; Joel & Doljansky, 2003). These
findings are consistent with our account: Excessive attractor stability, whether the result of reduced 5-HT or
increased glutamate, as in our simulations, or of increased
D1 receptor stimulation, may lead to OCD and related
behaviors. Nonetheless, the parallel between the effects
on neural circuit dynamics that we describe for 5-HT and
those that have been described previously for dopamine
(Durstewitz, 2010) raises a more fundamental theoretical
question: What are the differences (if indeed there are
any) between the neurodynamic regimes that can be
achieved by serotonergic versus dopaminergic manipulations? Answering this question will no doubt require
additional modeling (and empirical) work.

Conclusions
There has been substantial interest recently in the budding field of computational psychiatry: The use of computational techniques to understand psychiatric disorders
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and their neural underpinnings (Huys, 2013; Maia &
Frank, 2011; Montague, Dolan, Friston, & Dayan, 2012).
Prior neurocomputational work has suggested that
increased glutamatergic activity in OCD might create
excessively strong attractors toward which activity tends
and that are difficult to escape (Maia & McClelland, 2012;
Rolls, Loh, & Deco, 2008). We showed here that decreased
levels of 5-HT have the same effect through a related
mechanism: 5-HT has a predominantly inhibitory effect;
thus, decreased levels of 5-HT lead to increased excitability, which produces excessively strong attractors. We
also showed how this effect could, via Hebbian learning,
lead to the development of specific, strong, and persistent obsessions. Reduced levels of 5-HT might therefore
contribute to the development and maintenance of OCD,
as well as to other forms of perseverative and compulsive
behaviors typically studied in the laboratory.
Despite some evidence that has suggested possible
primary abnormalities in the serotonergic system in OCD
(reviewed earlier), the strongest evidence implicating
5-HT in OCD comes from the use of SRIs in treatment.
The fact that SRIs are helpful in treating OCD, however,
does not itself prove that there is a primary abnormality
in the 5-HT system; SRIs could also be compensating for
another abnormality (van Dijk, Klompmakers, & Denys,
2010). Our results illustrate this possibility by showing
that increases in 5-HT help to reduce the tendency to
develop obsessions and to fall into existing obsessions,
even if those tendencies are caused by excessive glutamatergic activity, not by low levels of 5-HT.
Our model provides a unified account of a large body
of clinical and preclinical results and offers mechanistic
insights into the role of 5-HT in OCD and other related
perseverative and compulsive behaviors. The model, if
correct, also has important clinical implications. If our
account of the development of obsessions based on
Hebbian learning is realistic, a sobering implication is
that having obsessions further strengthens those obsessions, thereby making early intervention—or even prevention—extremely important. Furthermore, in our
model, increasing 5-HT decreases the tendency to
develop new obsessions and to fall into existing obsessions, but it does not by itself lead to the unlearning of
existing obsessions. (Some such unlearning might occur
via more complex Hebbian mechanisms when the frequency of obsessions is reduced, but this is not implemented in the current version of the model.) This
behavior of the model might help to explain why SRIs
typically do not produce full remission and especially
why, in many cases, they have to be taken long term,
possibly indefinitely. Stopping SRI treatment could rapidly lead to a return of the old obsessions, as well as
providing fertile ground for the development of new
obsessions.
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