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Summary
The prefrontal cortex (PFC) of the human brain is essential for many complex
cognitive processes that are regulated in part by the ascending monoaminergic
neurotransmitters. Of these transmitters, prefrontal serotonin (5-HT) is
implicated in the neuropathology and treatment of a number of psychiatric
disorders including depression, obsessive–compulsive disorder and
schizophrenia. However, little is known about the roles of 5-HT within the PFC
regarding behaviour and cognition. The aim of this thesis was therefore to
compare the behavioural effects of selective serotonergic lesions of the PFC
using 5,7-dihydroxytryptamine, in a New World primate, the common
marmoset (Callithrix jacchus), on two tests of prefrontal cortical function
designed to measure the flexible control of inhibitory responding.
First, the role of 5-HT in orbitofrontal cortex function was assessed using a
serial discrimination reversal task in which monkeys have to repeatedly shift
their responding between one of two visual stimuli. In contrast to controls, 5HT-lesioned monkeys were impaired in their ability to reverse stimulus–reward
associations, due to perseveration at the previously-correct stimulus. Second,
the role of 5-HT in lateral PFC function was assessed using an attentional setshifting task in which monkeys have to shift their attention between two
perceptual dimensions of a compound visual stimulus. Despite lesioned
monkeys showing perseverative responding when reversing a stimulus–reward
association, the same monkeys were unimpaired in their ability to shift between
higher-order dimensions or rules. Finally, two studies were undertaken to
characterize the perseverative deficit both neurochemically and psychologically.
Although selective orbitofrontal cortex dopamine lesions were without effect,
selective 5-HT lesions of the orbitofrontal and lateral PFC induced
perseveration, which was not due to learned avoidance or proactive interference.
These findings suggest that PFC 5-HT (but not dopamine) is critical for flexible
responding at the level of changing stimulus–reward contingencies, but is not
essential for the higher-order shifting of attentional sets, thus highlighting the
differential sensitivity of distinct prefrontally-mediated psychological functions
to serotonergic modulation. Further characterization of the 5-HT systems
involved in this deficit may reveal drug targets for the treatment of psychiatric
disorders in which these abilities are impaired.
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Chapter 1: General Introduction
Historical perspectives of frontal lobe function

T

he case that initiated frontal lobe study was the remarkable and now
famous story of the 25-year-old Vermont railroad worker Phineas
Gage. In 1847, Gage was a well-liked and competent foreman who

was preparing a hole for blasting powder when the powder prematurely ignited.
The force of the explosion drove Gage’s tamping iron — a metal rod 1.5 inches
in diameter — into the base of his left cheekbone and through the top of his
skull. Incredibly, Gage survived this accident and neither his memory or his
intelligence were compromised. However, the accident caused marked and
lasting alterations in his personality. In the words of his physician: “He is fitful,
irreverent, indulging in the grossest profanity (which was not previously his
custom), manifesting but little deference for his fellows, impatient of restraint or
advice when it conflicts with his desires” (Harlow, 1868). Indeed, his emotional
and social behaviour were so profoundly altered that Harlow concluded that “his
equilibrium, or balance, so to speak, between his intellectual faculties and
animal propensities seems to have been destroyed” and that “Gage was no
longer Gage” (Harlow, 1868).
The legacy of Phineas Gage provided the impetus for the study of the
neurological localization of behaviour. After World War I, many cases of
frontal damage similar to Gage’s were reported to cause childish, impulsive and
socially inappropriate behaviour coupled with an inability to plan ahead
(Whitaker, 2001). In an attempt to investigate the nature of the deficits apparent
in such patients, Carlyle Jacobsen performed one of the earliest reported animal
studies into the behavioural effects of prefrontal cortical damage on problem
solving. He tested two chimpanzees, Becky and Lucy, on the spatial delayed
response task. In this task, the subject watches while a piece of food is hidden
under one of two identical cups. An opaque screen is lowered to hide the cups
from the subject’s view for a certain delay, and then the screen is raised and the
subject is allowed to choose a cup. If the correct cup is chosen, the subject
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obtains the food reward. After lesions of the whole of the anterior frontal lobe,
both subjects lost their ability to perform this test, leading Jacobsen to conclude
that the frontal lobes were necessary for the ability of an animal to adjust to an
environment. However, Jacobsen also noticed that the surgery produced a
major emotional change in Becky. Prior to surgery, she was temperamental and
would react angrily when she chose the unrewarded cup, but after surgery, she
was calmer, unruffled by an incorrect choice and was no longer concerned with
mistakes (Jacobsen, 1936). Jacobsen and John Fulton presented these results at
the International Neurological Congress held in London in July 1935, where the
combination of the profoundly altered behaviour and emotion seen in both
Becky and humans with frontal lobe damage, and the relative sparing of
intellect, motor and language skills epitomized by Phineas Gage, caught the
attention of Portuguese neurologist Antonio Egas Moniz (1874–1955). Moniz
subsequently returned to Portugal to initiate one of the more unfortunate periods
in the history of humanity’s treatment of the mentally ill.
Moniz thought that the abnormal behaviours typified by psychotic and ‘insane’
individuals were the result of abnormal brain activity. Upon seeing the calming
results of prefrontal damage in Becky, he immediately reasoned that deliberate
destruction of the frontal lobes in the mentally ill would have similar calming
and beneficial effects. He therefore developed a technique of destroying the
“more or less fixed arrangements of cellular connections that exist in the brain”,
particularly within the frontal lobes — the prefrontal lobotomy. Moniz’s first
patient was a 63-year-old woman suffering from paranoia, auditory
hallucinations and severe anxiety. Moniz and his assistant Almeida Lima used a
drill to reveal her brain, exposed the white matter to absolute ethanol to kill the
fibres connecting the frontal lobes to the rest of the brain, and closed the wound.
Within days she was reported as being calm and behaviourally intact, although
perhaps more apathetic than before. Moniz pronounced the operation a victory
and continued with a further 20 patients, making progressively larger lesions,
until in 1936 he observed that manic depressives showed a reduction of emotion
after surgery and he declared the technique a fantastic success. Although Moniz
recommended that it should be used with caution, the technique of
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‘psychosurgery’ was enthusiastically received by the American physician
Walter Freeman:
“It has been said that if we don’t think correctly, it is
because we haven’t ‘brains enough’. Maybe, it will be
shown that a mentally ill patient can think more clearly
and constructively with less brain in operation” (Walter
Freeman, quoted in Whitaker, 2001, p. 107).
In collaboration with the neurosurgeon James Watts, Freeman rapidly pioneered
this approach in the United States. Between 1939 and 1951, World War II
produced an influx of patients to mental asylums and during this time over
18,000 lobotomies were performed in the United States alone on the mentally
ill, war veterans, prisoners, rebels and even misbehaving children (see Whitaker,
2001). Incredibly, by the early 1950s there had still been no long-term study
into the after-effects of lobotomy and although Freeman claimed that his
patients had recovered, it was difficult to judge, as they were so different from
their preoperative state. Indeed, the apathetic, emotionless, and inhuman quality
of the thousands who had been lobotomized was beginning to cause concern
with both the public and the psychiatric profession — so much so that Nolan
Lewis, the director of the New York State Psychiatric Institute, accused
Freeman of merely ‘quietening’ patients rather than treating them. However, in
1952 the tranquillizer chlorpromazine was introduced and by 1954 the modern
era of psychopharmacology had been so widely embraced that the
indiscriminate use of lobotomy quietly subsided.
The distasteful history of prefrontal lobotomy indelibly linked the prefrontal
cortex (PFC) to the abnormalities that occur in mental illness. Indeed, Moniz’s
reasoning that the symptoms shown in mental illness could be due to abnormal
brain activity in the frontal lobes and his observations on similarities between
frontal lobe damage and some symptoms of mental illness are still highly
pertinent today. The causes of mental illness are still only beginning to be
understood, and current research now has numerous new techniques with which
to probe the potential abnormalities. Human imaging technology nowadays
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permits the investigation of neural abnormalities in the mentally ill. In the
laboratory, animal lesion techniques, electrophysiology, and the development of
tasks specific to distinct prefrontal cognitive abilities have started to provide
information about the cognitive abilities of patients with frontal lobe damage,
and to detail the neural structures implicated in the plethora of cognitive deficits
seen in psychiatric illness.

Finally, and perhaps most importantly, the

development of drugs that alleviate the debilitating and distressing symptoms
has provided a pharmacopoeia that can be used to probe the distinct
neurotransmitters, chemicals, and molecular structures involved in the
underlying aetiology of the disorders. These converging lines of research have
provided clear evidence that Moniz was right: in many psychiatric disorders,
including obsessive–compulsive disorder (OCD), schizophrenia, attention
deficit/hyperactivity disorder (ADHD), sociopathy, autism, and depression,
there are indeed abnormalities in the structure, activation and biochemistry of
the PFC (e.g. Weinberger et al., 1986; Insel, 1992a; Drevets et al., 1997;
Mayberg, 1997; Saxena et al., 1998; Baaré et al., 1999; Hesslinger et al., 2002;
Itami & Uno, 2002; Blair, 2004; Sabbagh, 2004).
Before these findings can be discussed fully, an understanding of the anatomy
of the PFC is required. I shall therefore review the anatomical heterogeneity of
the PFC, and discuss its comparability across species in terms of
cytoarchitecture and connectivity.

Anatomy of the PFC
The PFC is the portion of the frontal lobe anterior to the premotor and motor
cortices. However, the history of this definition is not without controversy. The
relative size and complexity of the PFC has increased phylogenetically to
encompass approximately 29% of the human cerebral cortex; in comparison, the
PFC is only 11.5% of the rhesus macaque cortex and 9% of marmoset cortex
(Brodmann, 1912). Attempts were therefore made to segregate the PFC into
distinct regions that would be comparable across species. Several different
schemes now exist for the anatomical parcellation of the lateral, medial and
ventral (orbitofrontal) regions of the PFC.
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Definitions of PFC anatomy based on microscopic features
In the first investigation of prefrontal cortical anatomy, Brodmann defined the
human PFC according to the granularity of the cortex it contained —
specifically, the presence of small granule cells in layers II (external) and IV
(internal). The prefrontal areas conform to one of three different patterns with
respect to the granule-cell-containing layer IV: no granule cell layer (agranular),
a sparse, thinly-developed granule cell layer (dysgranular) or a thick, welldeveloped granule cell layer (granular). Brodmann divided the human frontal
lobe into an agranular precentral region (regio praecentralis), an agranular
medial region (regio cingularis), and a granular frontal (regio frontalis) region
— later termed PFC or ‘granular frontal cortex’ — that included the dorsal,
lateral and ventral surfaces of the frontal cortex. Brodmann subdivided these
regions into numbered areas. He also defined prefrontal regions in the macaque
brain, numbering them as areas 10, 11, 12, and 13 on the ventral surface, areas 8
and 9 on the lateral surface and agranular regions 24, 25 and 32 on the medial
surface. However, Brodmann recognized that his macaque and human maps did
not match (see Petrides & Pandya, 1999; Ongur & Price, 2000). Indeed, human
area 46 was missing from the macaque map, area 8 covers very different areas,
and area 12 in monkeys corresponds to area 47 in humans (Petrides & Pandya,
1994).

In addition, portions of Brodmann’s ‘granular’ frontal cortex,

specifically the caudal and medial regions of the orbitofrontal surface, are
dysgranular or agranular (Walker, 1940; Barbas & Pandya, 1989).
These discrepancies led Walker (1940) to re-examine Brodmann’s maps and,
upon realizing that he could distinguish different subregions within Brodmann’s
areas on the basis of cytoarchitectonic features, he subsequently developed his
own map of the macaque brain that corresponded well to the human PFC.
Walker recognized both the granular frontal cortex of Brodmann, the
dysgranular/agranular

caudal

orbitofrontal

regions,

and

the

agranular

cingulate/limbic cortex as components of the PFC, which thus encompasses the
lateral, dorsal, medial and orbital surfaces of the frontal cortex (Walker, 1940).
Further studies comparing the heterogeneity of prefrontal areas across species,
and the desire for architectonic maps of the human and macaque PFC in which
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areal definitions were based on the same criteria, led to the production of
detailed maps by Petrides & Pandya (1994; 1999; 2002), and the subsequently
inclusion

of

both

cytoarchitectonic

and

chemoarchitectonic

features

(Carmichael & Price, 1994). However, the majority of studies into prefrontal
function predate these more detailed breakdowns and except where more precise
definition is possible, the notation of Walker will be used.

Connectional definitions of PFC anatomy
The definitions of the PFC given above are, with the exception of that by
Carmichael & Price (1994), based solely on architectonic features of the cortex.
Thus, no distinction is made between adjacent areas of similar appearance that
possess different afferent and efferent connections.

However, it has been

suggested that the connectivity of different cortical regions provides a more
consistent approach to the recognition and comparison of similar cortical
regions across different species.
In particular, based on their work in the rabbit, sheep and cat, Rose & Woolsey
(1948b), and subsequently Akert (1964), proposed that specific regions of the
PFC can be defined across species according to their connections with the
mediodorsal nucleus of the thalamus (MD). Akert noted that the projections
from MD are topographically organized. He divided the primate PFC into
orbitofrontal (ventral) and dorsolateral (cortex around the arcuate and principal
sulci) regions; the medial, magnocellular portion of MD projects to the
orbitofrontal cortex (OFC), the lateral parvocellular MD projects to the
dorsolateral cortex and the lateral paralamellar MD projects to the frontal eye
field (area 8). Akert (1964; see Nelson, 2004) did not consider the cingulate
region on the medial wall to have MD connections (Rose & Woolsey, 1948a)
and it was therefore not part of his PFC, but subsequent studies demonstrated
connections from the dorsal regions of MD to areas 24 and 32 on the medial
wall (see Barbas & Pandya, 1989; Preuss, 1995).

Thus, analogous to the

notation of Walker (1940), the regions of the medial wall can be considered part
of the PFC. Previously, Brodmann had defined the PFC as ‘granular’ and
consequently asserted that rodents do not have a PFC, for they have no granular
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cortex. The connectivity approach allows for the recognition of homologous
regions of PFC in humans, monkeys and rodents, as well as marsupials and
monotremes (Preuss, 1995; Jerison, 1997).
However, it is now well acknowledged that MD does not just project to the
prefrontal regions as defined by Rose, Woolsey and Akert, but also to anterior
cingulate cortex, the lateral premotor cortex, supplementary motor areas and
parts of the motor cortex (summarized in Preuss, 1995). So although MD
innervation is not a defining feature of PFC, the principle that each frontal
region receives a specific thalamic input still applies. Other types of innervation
have been suggested to define PFC.

Dopaminergic projections from the

brainstem nuclei were proposed to be specific to the PFC, but were
subsequently shown to innervate the primary motor cortex, premotor cortex and
anterior cingulate cortex (see Preuss, 1995). Innervation from the amygdala is
also not specific to the PFC, although differences in the density of innervation
(amygdalar projections to the OFC are dense, projections to the dorsolateral
cortex are sparse) allows the subdivision of the PFC into areas remarkably
similar to Walker’s (1940) notation (Porrino et al., 1981; Way, 2003). Finally,
the connections of the PFC with the striatum through a series of frontal–striatal
circuits allows a functional rather than an anatomical definition (Groenewegen
et al., 1997). These findings led to the suggestion that no single criterion for
classification yet attempted, i.e. cytoarchitecture or innervation from MD,
dopamine (DA) or the amygdala, provides a satisfactory definition of PFC (see
Preuss, 1995; Groenewegen et al., 1997 for a detailed discussion). Most now
consider the PFC to be the region of the frontal cortex with particularly dense
reciprocal connections with MD (Uylings & van Eden, 1990; Ngan et al., 2000).
Nevertheless, despite the remaining ambiguity concerning the precise definition
of the PFC, these studies have demonstrated unequivocally that homologous
regions of PFC may be identified in many species, despite differences in their
location and their connections. Of particular relevance to this thesis, these
species include the human, non-human primate and the rat, the last containing
some regions considered homologous to the prefrontal regions of the human.
The regional anatomy and connectivity of the orbitofrontal, medial and
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dorsolateral regions of the human PFC will now be compared to that of the
macaque and the marmoset. Finally, the similarity of the rat PFC to that of the
primate will be discussed.

Cytoarchitecture of the orbitofrontal and dorsolateral PFC:
comparison across species
In the human, the OFC occupies the ventral/orbital surface of the frontal lobes
(the terms ventral and orbital will be used interchangeably).

It has been

subdivided into 6 regions by Petrides & Pandya (1994). As demonstrated in
Figure 1.1, area 10 is found at the frontal pole. At the medial edge, area 14 is
found caudal to area 10 and extends up the medial wall, where it is bordered
caudally by area 25 and dorsally by area 32. (The medial PFC is found on the
medial wall of the PFC and includes areas 25 and the anterior regions of area 24
— the anterior cingulate which curves around the anterior part of the corpus
callosum, and area 32.) On the lateral edge, area 47/12 is found caudal to area
10 and extends up onto the lateral surface, where it is bordered rostrally by areas
45A and 9/46. Area 45A is found caudal and ventral to area 47/12 on the lateral
edge. Caudal to area 10, and extending medially between the anterior regions of
areas 47/12 and 14, is area 11. Caudal to area 11, situated between the more
posterior regions of areas 47/12 and 14, is area 13. Caudal to area 13 lies the
agranular insular (prefrontal) cortex.

Figure 1.1. Cytoarchitectonic maps of the human lateral (left) and orbitofrontal
(right) PFC according to Petrides & Pandya (1994). From Figure 3 of Petrides &
Pandya (2002).

Chapter 1: General Introduction

8

Petrides & Pandya (1999) recognized 8 regions within the human dorsolateral
PFC. As depicted in Figure 1.1, areas 10 (the frontal pole), 47/12, and 45A
extend from the lateral edge of the ventral surface, up onto the ventral edge of
the lateral surface. Caudal to 45A lie 45B and 44, and rostral to 45A, 45B,
47/12, and the dorsal edge of area 10 lies area 9/46v. Rostral to 9/46v lies
9/46d, and at the anterior junction of the two, and impinging onto area 10, lies
area 46. Dorsal to area 9/46d is area 9 and caudal to areas 9, 9/46d, and 9/46v
lies areas 8B, 8Ad and 8Ac. Posterior to area 44 and areas 8B, 8Ad and 8Ac
lies premotor area 6.

Figure 1.2. Cytoarchitectonic maps of the rhesus lateral prefrontal (left) and
orbitofrontal (right) cortex according to Petrides and Pandya. From Figure 3 of
Petrides & Pandya (2002).

The notation of Petrides & Pandya (1994) was designed to allow the comparison
of the human and rhesus macaque (Macaca mulatta) prefrontal regions. Figure
1.2 shows the regions defined in their comparative study of the macaque PFC.
Although there are clearly differences in the relative sizes of individual areas
between human and macaques, it is also apparent that all of the
cytoarchitectonically defined regions in the human orbitofrontal and dorsolateral
PFC can be defined in the macaque monkey.

Chapter 1: General Introduction

9

Figure 1.3. Cytoarchitectonic maps of the marmoset brain according to Brodmann
(1909), showing the lateral (left) and medial (right) surfaces.

Comparison to the marmoset (Callithrix jacchus) orbitofrontal and dorsolateral
cortices is more difficult — although, remarkably, the original cross-species
cytoarchitectonic analyses of Brodmann included a map of Hapale, the previous
name for Callithrix (Figure 1.3). Brodmann observed that while the marmoset
and the macaque contained equivalent regions of PFC, the macaque and the
human did not. However, as discussed above, more recent cytoarchitectonic
studies of the PFC have found the macaque and human cortices to have
homology (Walker, 1940; Carmichael & Price, 1994; Petrides & Pandya, 1994;
Preuss, 1995; Petrides & Pandya, 1999), but unfortunately these studies did not
include a qualitative analysis of the marmoset.

Consequently, a recent

investigation has defined the PFC of the marmoset cytoarchitectonically in a
manner consistent with previous studies (D. Tomic et al., unpublished
observations, University of Queensland). Tomic et al. identified 21 distinct
regions of the marmoset PFC, which were numbered according to existing
definitions for comparative purposes.
As shown in Figure 1.4, the marmoset OFC is suggested to consist of area 10
(the frontal pole) and areas 11–14. Area 11 is subdivided into 11l (granular)
and 11m (dysgranular), which lie caudal to area 10. Caudal to area 11 lie the
three dysgranular subdivisions of area 13: 13a, 13m and 13l, bounded medially
by area 14 (dysgranular) and laterally by area 12 (granular). At the posterior
edge lie the agranular insular areas mAgr and lAgr. Thus a rostral/granular
caudal/agranular gradient can be described across the orbital surface —
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particularly within the medial orbital regions — that corresponds well to the
macaque PFC (Barbas & Pandya, 1989).

midline

midline

Figure 1.4. Speculative cytoarchitectonic representation of the marmoset lateral (left)
and orbitofrontal (right) PFC according to D. Tomic et al. (unpublished), redrawn
using similar colours to Petrides & Pandya (1994). Similarity of colours is for
comparison purposes only and is not intended to signify homology. PrCO, precentral
orbital granular area; G, gustatory cortex; OFO, orbitofrontal cortex; lAgr, lateral
agranular area; mAgr, medial agranular area; Olf Ctx, olfactory cortex.

The marmoset dorsolateral PFC was also found to contain granular cortex in the
rostral and dorsal parts (area 10, and the more caudal areas 45, 46 and 8). In
addition areas PrCO on the lateral convexity and area 12 on the lateral/orbital
junction were defined as granular. Area 6 (with 3 subdivisions; 6v, 6d and 6m)
forms the rostral agranular dorsolateral cortex, and area 6m joins the
lateral/medial boundary with agranular areas 4 and 9.

In conclusion, the

marmoset PFC clearly has a range of discrete cytoarchitectonically defined
regions with granular, dysgranular and agranular components. Similarity to
macaque and human prefrontal cortices ultimately awaits a sophisticated
neuroanatomical connection analysis, although the granular regions of the
marmoset PFC correspond very closely to those defined in marmosets by
Brodmann (1909).
Comparison of human PFC to the rat is harder than to the macaque, owing to the
complete lack of granular prefrontal regions in the rat. Indeed, according to
Brodmann (1909) the lack of granular frontal cortex signified that the rat did not
possess PFC at all. Recent studies have since suggested that despite major
differences in the cytoarchitecture of the rat and primate prefrontal cortices, the
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rat does indeed possess regions homologous to the orbitofrontal and medial
prefrontal cortices of primates (Krettek & Price, 1977; Uylings & van Eden,
1990; Preuss, 1995).

However, the question of whether the rat has a

dorsolateral PFC homologue is still uncertain (Preuss, 1995; Ongur & Price,
2000). It has been suggested that although rats may prove valuable for our
understanding of orbitofrontal and medial prefrontal cortices, the rat may not be
a suitable model of dorsolateral cortex function (Preuss, 1995). However, on
the basis of anatomical and functional criteria, Uylings et al. (2003) concluded
that regions of the rat PFC previously considered ‘premotor’, and therefore not
included in the ‘prefrontal’ regions, do indeed have ‘dorsolateral-like features’.
Thus the rat PFC is found in the medial and lateral regions of the rat frontal
cortex; specifically, the OFC is found on the dorsal rostral rhinal sulcus, the
medial cortex is found in the infralimbic and ventral prelimbic areas and the
rostral portions of ACd/Cg1 (dorsal anterior cingulate) and ACv/Cg2 (ventral
anterior cingulate), and the dorsolateral region is found in regions FR2 (rat
frontal area 2), ACd/Cg1 and dorsal PL/Cg3 (prelimbic cortex) regions (Zilles,
1985; reviewed in Ongur & Price, 2000; Uylings et al., 2003).

Connectivity of the PFC
The PFC is densely interconnected with other regions of the brain. There are
cortico-cortical connections to other regions within the PFC as well as other
regions of cerebral cortex, and fronto-subcortical connections, including five
well-defined

fronto-striatal

(specifically,

cortico-striato-pallido-thalamo-

cortical) circuits terminating in the supplementary motor area, frontal eye fields,
dorsolateral prefrontal region, lateral orbitofrontal area, and anterior cingulate
cortex (Alexander et al., 1986). The connections of the orbitofrontal, medial
and dorsolateral prefrontal cortices will now be discussed.

Connections of the orbitofrontal and medial PFC
All regions of the OFC are densely interconnected with nearly all the other
granular, dysgranular and agranular regions of the orbital surface — so much so
that they are often referred to as ‘the orbital prefrontal network’ (Carmichael &
Price, 1996). However, the OFC is also heavily connected to the cingulate and
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the medial PFC, so the areas on the medial wall, and the medial orbital surface
are now considered to form another circuit — the medial prefrontal network —
while the rostral orbitofrontal regions connect to the dorsolateral PFC
(Carmichael & Price, 1996; Ongur & Price, 2000).

The medial prefrontal

network has strong projections to autonomic centres in the hypothalamus and
brainstem, which together are thought to function as a visceromotor system
(Ongur & Price, 2000). The OFC also projects to the ventral striatum as a part
of an orbitofrontal–striatal loop. The orbital network originates in Brodmann’s
area 12 and the lateral portion of area 11 and 13 in the macaque (lateral orbital
gyrus of area 11 and ventral portions of areas 10 and 47 on the medial inferior
frontal gyrus in humans) and projects to the ventromedial caudate. The medial
network originates in the medial regions of Brodmann’s areas 11 and 13 and all
of area 14 in the macaque (in humans, the gyrus rectus and portion of area 11 on
the medial orbital gyrus) and projects to the ventromedial putamen and nucleus
accumbens. The striatum sends functionally organized projections through the
globus pallidus and substantia nigra and back to the OFC via the magnocellular
portion of the mediodorsal thalamus (Mega & Cummings, 1994; Ferry et al.,
2000; Mega & Cummings, 2001).

The OFC also projects to the ventral

tegmental area (Cavada et al., 2000).
In addition to the thalamic inputs, the OFC receives a strong input from the
basolateral amygdala that is especially dense in the caudal, agranular areas.
These regions of the OFC project reciprocally to the basolateral amygdala and
also connect to other limbic regions such as the insula and hippocampal
formation (Cavada et al., 2000), which project in reciprocal fashion primarily to
the more medial orbital regions. The OFC also receives information from
premotor and sensory cortices, including somatosensory, olfactory and gustatory
information. This information arrives primarily at the caudal and lateral OFC
— the orbital network — which sends this information rostrally for integration
with information from limbic structures (Carmichael & Price, 1995; Ongur &
Price, 2000).

The dense interconnectedness of these orbital and medial

networks therefore provides a link between the sensory, autonomic and
visceromotor systems, which would appear critical for emotional and rewardrelated behaviour.
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Connections of the dorsolateral PFC
Like the OFC, the dorsolateral PFC projects to the striatum. Projections from
Brodmann’s areas 9 and 10 on the anterolateral surface of the frontal lobe
terminate on the dorsolateral striatum and onto the lateral globus pallidus and
rostral substantia nigra pars reticulata. These areas then project back to areas 9
and 10 via the parvocellular portion of the mediodorsal thalamus to close the
loop. The dorsolateral PFC also projects to the supplementary motor areas, the
superior colliculus, and the cingulate cortex, and is reciprocally connected with
areas that innervate it. Like the OFC, the dorsolateral PFC receives primary
somatosensory information, and also receives cortico-cortical input from the
OFC, the parietal cortex and secondary association cortices (Cavada &
Goldman-Rakic, 1989).

This suggests that it receives highly processed

information, consistent with the known integrative and ‘executive’ function of
the dorsolateral PFC (Goldman-Rakic, 1988).

Integrating PFC anatomy with lesion studies
Although Harlow concluded at the time that the damage to the frontal lobes of
Gage’s brain was responsible for the impulsive, childish, rude and ‘momentseizing’ character that he observed, it was not until relatively recently that the
exact location of Gage’s brain damage was determined. With the aid of Gage’s
skull, preserved in Harvard Medical School, Hanna Damasio and colleagues
used a combination of photography, X-ray imaging and three-dimensional
computer modelling of the skull to identify the damaged regions.

She

concluded that the orbitofrontal and medial regions of both frontal lobes were
destroyed (Brodmann’s areas 12, 8–10 and 32), with somewhat greater damage
on the left. In addition, area 11 was destroyed on the left and area 24 (anterior
cingulate cortex) destroyed on both sides. Thus, localized damage to these
regions was responsible for Gage’s alterations in behaviour. The lateral aspects
of the PFC, and areas essential for movement (area 6, the premotor cortex) and
language (area 44/45 on the left inferior frontal gyrus, or Broca’s area) were
spared (Damasio et al., 1994).
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As this case illustrates, human lesions are rarely confined to discrete anatomical
regions of the PFC.

While producing valuable information about PFC

functions, study of these patients alone does not allow the assignment of
functions to discrete anatomical regions within the PFC.
Consequently, selective animal lesion models and tasks have been developed to
tax different aspects of prefrontal function. These have provided a wealth of
evidence to localize distinct cognitive abilities to distinct regions of the PFC.
Crucially, many of the tasks used to assess animal prefrontal function have been
developed from clinical human tests, and vice versa. Evidence from animal
studies can therefore be compared to the cognitive impairments seen after
human prefrontal damage, and to the activation of different brain regions
accompanying performance of distinct tasks as shown by functional
neuroimaging. The comparison of animal and human prefrontal function after
prefrontal damage has proved particularly valuable in relating the cognitive
deficits seen in human psychiatric disorders to putative regions of prefrontal
dysfunction.
The systematic study of frontal lobe function has revealed that distinct
anatomical regions of the PFC mediate performance on different tasks. Damage
to the dorsolateral PFC causes deficits in executive functions (an ill-defined
umbrella term that describes a range of higher-order cognitive abilities). Such
deficits include impaired organizational strategies, deficits in planning, and poor
memory search strategies, with impaired memory for remote and recentlylearned information, and impaired working memory. Impaired attentional set
shifting and set maintenance (as measured by card sorting and concept
alternation tasks), and perseveration on alternating-concept tasks is also seen,
along with impaired performance on tests of attention, a bias towards highly
salient objects, and poor response inhibition. One task, the Wisconsin Card
Sorting Test (WCST), is highly sensitive to dorsolateral PFC dysfunction and
tests several abilities (including set shifting and response inhibition) that have
independently been shown to depend on the dorsolateral PFC (Grant & Berg,
1948; Shallice & Burgess, 1991; Dias et al., 1996a). Damage to the dorsolateral
PFC causes a ‘dysexecutive syndrome’ characterized by the impairment of
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integration of information from both frontal and subcortical regions.
Consequently, damage to some of these subcortical regions may cause similar
deficits to dorsolateral PFC lesions.
As demonstrated by the case of Phineas Gage, one of the defining features of
damage to the OFC is personality alteration, with irritability, socially
inappropriate behaviour, a labile mood, impaired empathy, and decreased
awareness of social and emotional cues — perhaps attributable to an impaired
ability to alter behavioural responses after a negative experience (Butter, 1969;
Iversen & Mishkin, 1970; Jones & Mishkin, 1972; Rolls et al., 1994; Hornak et
al., 1996; Hornak et al., 2003). Sufferers are extremely socially disadvantaged.
They are also impulsive and show impaired decision making, both in the real
world and in laboratory tests, leading to poor judgement and an inability to plan
for the future (Bechara et al., 1994; Damasio, 1994). Their impulsivity also
leads to impairments in emotional and cognitive inhibition (Damasio, 1994).
Measures of attention and memory are largely normal (Damasio et al., 1990),
which contrasts with the effects of dorsolateral PFC damage, while some studies
have shown IQ to be unaffected by either orbitofrontal or dorsolateral PFC
damage (Milner, 1964; Stuss et al., 1983).
The use of animal (particularly monkey) models to characterize these deficits
has led to numerous theories of prefrontal function. There are a range of
behavioural paradigms thought to tax different behavioural functions that have
proven sensitive to PFC damage in primates. These include spatial and visual
memory tasks such as the delayed-non-matching-to-sample, delayed-response
and delayed-alternation tasks, and spatial and visual discrimination tasks such as
serial reversal learning and go/no-go discriminations. Many experiments using
these tasks were designed either to find a single cognitive function that was
common to all these behavioural paradigms, or to localize each of a variety of
cognitive functions subserved by the PFC. The use of these tasks led GoldmanRakic (1987) to suggest that the PFC was critical for working memory — the
ability to hold task-relevant information ‘on line’ during the task to enable
successful performance. The role of the PFC in working memory is not the
focus of this thesis; however, I shall briefly summarize the key findings of
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working memory literature, as they exemplify one controversial topic of PFC
research: that of heterogeneity versus homogeneity of function. Goldman-Rakic
suggested that the PFC was homogeneous in function with regard to working
memory, such that all the PFC mediated working memory, but that different
regions of the PFC were responsible for different modalities of working
memory, and that “subdivisions of PFC function as central executive centres for
guiding voluntary behaviour by representational memory” (Goldman-Rakic,
1987). Thus, the dorsolateral PFC mediated spatial working memory while the
orbitofrontal regions mediated non-spatial working memory (Goldman-Rakic,
1995; Owen et al., 1999) in relation to a wide range of cognitive functions.
Although supported by behavioural and electrophysiological evidence (see
Roberts et al., 1998 for review), prefrontal homogeneity of function was hotly
debated. Indeed, subsequent work rejected the domain-specific hypothesis of
Goldman-Rakic and proposed a heterogeneous, hierarchical organisation, in
which specific regions within the dorsolateral and orbitofrontal PFC make
contributions to both non-spatial and spatial working memory, and only differ in
the nature of the processing they provide (Petrides, 1994; 1995; 1996). Further
human imaging work has since supported this proposal (Owen, 1997; Owen et
al., 1998). The role of the PFC in working memory will not be discussed
further, as a full review of all PFC functions is beyond the scope of this thesis.

The PFC and inhibition
Rather than focusing on the ability of PFC to remember information, I intend to
focus on the ability of the PFC to optimize behaviour in response to
environmental change. It is apparent from the discussion above that damage to
both the dorsolateral and orbitofrontal cortices can cause deficits in different
forms of response shifting and inhibitory processing. An essential element of
intelligence is the ability to interact and respond appropriately to our everchanging surroundings. The abilities to learn and relearn the significance of
stimuli that signal reward and punishment, and the ability to withhold responses
once they become inappropriate, are crucial for successful environmental and
social interactions. Investigations of tasks requiring these abilities have led to
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another theory of PFC function — that it has a role in the inhibition and flexible
control of behaviour.
Numerous laboratory tests that require behavioural shifting and the inhibition of
a prepotent response have been developed. Therefore, I shall now review the
literature investigating the roles of the PFC in the flexibility and inhibition of
behaviour as determined by monkey and human behavioural tasks. In particular
I shall review data pertaining to attentional and affective shifting paradigms; I
shall also incorporate imaging and electrophysiological evidence relevant to
these tasks where applicable.

The OFC and inhibition: reversal learning
Animal studies of reversal learning
After the pioneering work of Jacobsen (1936; 1937) discussed earlier, attention
focused on the development of behavioural tasks with which to characterize the
impairment seen after Jacobsen’s large prefrontal excision. One such task was
the visual object serial discrimination reversal task, which was developed by
Harlow (1944) to assess the ability of animals to transfer principles from one
type of discrimination to another. In this task, the monkey is presented with two
stimuli (classically two objects such as a toy pistol and a length of copper pipe)
that are presented to the monkey’s left and right. Each object covers a food well
in which a food reward can be concealed.

However, only one object is

rewarded (e.g. the copper pipe) and therefore the monkey learns to respond only
to that object in order to receive the reward. Once the discrimination is deemed
to have been learned (by the passing of some arbitrary criterion), the stimulus–
reward contingencies are reversed such that the previously-rewarded stimulus
(the pipe) becomes unrewarded, and the previously-unrewarded stimulus (the
toy pistol) becomes rewarded. The monkey must therefore shift responding to
the newly-correct stimulus and inhibit responding to the now-incorrect stimulus
(Figure 1.5).
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Figure 1.5. Schematic of object discrimination reversal paradigm. The monkey is
presented with two objects – one of which is correct (denoted ‘+’) and one which is
incorrect (‘–’). Choice of the correct object results in reward, while choice of the
incorrect stimulus does not. Once learned, the discrimination is reversed so that the
previously-correct stimulus becomes incorrect, and vice versa.

This task has proved to be a highly successful probe of PFC function: upon
reversal, monkeys with frontal lesions are impaired at shifting responding to the
newly-correct stimulus, due to perseveration at the previously-correct stimulus.
That is, they perseverate: they keep responding to the previously-correct
stimulus for much longer than controls (Settlage et al., 1948; Warren et al.,
1962; Mishkin, 1964).
One of the earliest attempts to localize this deficit more precisely investigated
the effects of selective orbitofrontal lesions in the cat on the acquisition and
reversal of a visual discrimination (Teitelbaum, 1964). Compared to controls,
the lesioned cats were not impaired at acquisition of the discrimination, but
were profoundly impaired at the reversal, taking twice as many trials to reach
criterial performance. In addition, Treichler (1973) investigated the effects of
large lateral PFC lesions on a series of colour discrimination reversals in
macaques.

Although the lesioned monkeys were impaired on the initial

reversals, post mortem examination of the lesion revealed extensive damage to
both the dorsolateral and the ventrolateral PFC, so determination of the
anatomical locus for this impairment was imprecise. Similar deficits were also
found in the go/no-go task.

In this task, monkeys are again required to

discriminate between two stimuli, but in this case, the ‘go’ and ‘no go’ stimuli
are presented at different times, never simultaneously, and while the monkey
must make a response to the ‘go’ stimulus it must refrain from responding to the
‘no go’ stimulus. In macaques, bilateral removal of either the orbitofrontal or
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lateral PFC (with a lesion that extended just around the lateral/orbital boundary
in the case of both lesion types), but not dorsolateral prefrontal lesions,
produced deficits in withholding responses on the no-go trials (Battig et al.,
1962; Brutkowski et al., 1963; Lawicka et al., 1975).
The alterations in behaviour seen after frontal lobe lesions had been described as
deficits in response inhibition — specifically, the failure to inhibit an entire
response sequence or to inhibit the ‘drive’ to respond (Stanley & Jaynes, 1949;
Brutkowski, 1964). However, the findings that monkeys with dorsolateral or
orbitofrontal lesions perseverated on a variety of responses, including the ability
to respond, and not to respond (see below) suggests that disinhibition of
responding is not an adequate explanation for perseveration (Mishkin, 1964;
McEnaney & Butter, 1969). Mishkin (1964) subsequently proposed that the
disinhibition caused by frontal lesions reflects a more general inability to inhibit
whatever ‘response set’ was predominant in a given situation, including the set
to withhold a response.
Two subsequent papers investigating the role of the monkey OFC in reversal
learning were more conclusive (Iversen & Mishkin, 1970; Jones & Mishkin,
1972). In 1972, Jones and Mishkin showed that global lesions of the OFC that
extended up the lateral wall to just below the principal sulcus (encompassing
ventral areas 10, 11, 13, 14, ventrolateral areas 47/12 and parts of area 45)
impaired object reversal learning in a primarily perseverative manner. They
divided the errors made on each reversal into three stages. Stage I referred to a
period of responding above chance (at the p < 0.05 level) to the previouslycorrect stimulus, i.e. performing significantly worse than chance performance;
stage II referred to a period of responding at chance levels; and stage III
signified a period of responding above chance levels (also at the p < 0.05 level)
to the newly-correct, previously-incorrect stimulus. This approach provided a
quantitative approach to error analysis, and a more accurate description of
perseverative responding. Orbitofrontal-lesioned monkeys made most of their
errors on stage I, although they remained slightly impaired on stage II. This
approach is of interest with regard to the earlier findings of reversal deficits in
cats by Teitelbaum (1964), who observed a “characteristic three-phase
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performance curve” for each reversal, but unfortunately omitted to publish his
analysis. This perseverative reversal deficit was further substantiated by a study
showing that lesions of the entire macaque OFC (encompassing the entire
ventral surface between the boundaries of the medial and lateral surfaces)
impaired a series of reversals in a go/no-go visual discrimination paradigm
(McEnaney & Butter, 1969). Consistent with earlier observations, lesioned
monkeys did not differ in their initial learning, but made significantly more
errors before attaining criterial performance on reversals 2–5. These errors were
due to impairments in suppressing the ‘no go’ response to the previously
negative (no-go) object, as well as in suppressing the ‘go’ response to the
previously positive (go) object, upon reversal. That is, orbitofrontal-lesioned
monkeys “perseverate [in] the dominant response tendency” (McEnaney &
Butter, 1969, p. 560). These findings suggest that the impairment is not simply
due to motoric disinhibition of goal-directed responses, but represents a failure
to inhibit a learned prepotent tendency — be it making or withholding a
response.
In an attempt to reconcile the findings of reversal impairments following
extensive dorsal prefrontal or OFC lesions, Iversen & Mishkin (1970) proposed
that the ‘locus’ for preventing perseveration may lie in a region removed by
both lesions, namely the inferior prefrontal convexity. The inferior prefrontal
convexity is usually considered to be the area around the orbital/lateral
boundary, and thus extends from the principal sulcus on the lateral surface (area
47/12 and the ventral portions of areas 46, 9/46v and 45A) to the lateral orbital
sulcus on the orbital surface (area 47/12 and possibly area 13). However,
definitions of the inferior convexity are inconsistent as many also include the
lateral regions of area 11 on the ventral surface. Iversen and Mishkin therefore
investigated the effects of selective lesions of the inferior convexity which,
according to Petrides & Pandya (2002), included most of area 47/12 on the
ventral and lateral surfaces and the lateral portions of area 11. They compared
these to selective lesions of the remainder of the orbital surface (the medial
orbital PFC, including most of area 11, area 13, orbital 14 and anterior orbital
area 10 while sparing area 47/12) and controls. Using an object-based reversal
task, monkeys performed six serial reversals, each to a criterion of 29 correct
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responses out of 30. Again, there were no differences on task acquisition, but,
relative to the other groups, monkeys with inferior convexity lesions were
profoundly impaired at reversing the discrimination when measured on either
the total number of errors made before achieving the criterion (henceforth,
‘errors to criterion’) or the number of consecutive errors prior to the first correct
response.

This impairment on the latter measure is suggestive of strong

perseveration, although it only persisted for one reversal. In contrast, monkeys
with medial orbital lesions were unimpaired on the first reversal but performed
significantly worse than controls on the remaining reversals (reversals 2–6).
This deficit was apparently not due to perseveration as it was only apparent on
the total number of errors to criterion.

These findings suggest that the

perseverative deficit apparent in stage I of the reversal breakdown of Jones &
Mishkin (1972) was caused by damage to the lateral orbital and ventrolateral
areas encompassed by the inferior convexity lesion (and specifically area
47/12), and not by damage to the medial orbital region (Butter, 1969; Jones &
Mishkin, 1972; but see Passingham, 1975).

In contrast, deficits on later

reversals may have been due to damage to the medial orbital regions, which
appear to be responsible for later reversal learning at a point when both stimuli
have been associated with both ‘reward’ and ‘no reward’.
In addition to the reversal task, Iversen & Mishkin (1970) also studied the
effects of these selective lesions on an auditory version of the go/no-go task.
Their results were similar to those from the reversal task, in that lesions
restricted to the inferior convexity impaired task performance relative to shamoperated controls and to medial orbital lesions. In addition, most of the errors
made by the inferior-convexity-lesioned monkeys were on the no-go trials,
when they responded inappropriately, suggesting a deficit in the ability to
inhibit responding (similar to the perseverative deficits seen after inferior
convexity lesions in the reversal task). Thus it would appear that the inferior
convexity is important in the ability to withhold a prepotent and inappropriate
response, and in this way contributes to the flexible control of behavioural
responding necessary for successful task performance.
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The effects of lesions of other areas of the PFC on reversal learning and go/nogo performance have also been investigated.

Lesions of the anterior

orbitofrontal regions (areas 10, anterior part of 14, 11m and parts of 11l;
Carmichael & Price, 1994; Petrides & Pandya, 2002), posteromedial (most of
area 13 and frequently including the caudal regions of orbital area 14), and
dorsolateral regions (areas 9, 10, 9/46, and 47/12 on the lateral surface), all of
which largely spared areas 47/12, 13, and 11 on the ventral surface, were
without effect on object discrimination learning (Butter, 1969; Gaffan &
Harrison, 1989). However, dorsolateral prefrontal lesions including the inferior
convexity, and inferior convexity lesions on their own, both impair spatial
reversal learning (Mishkin, 1964; Butter, 1969), while dorsolateral lesions that
spare the ventral portion of the lateral PFC do not induce perseveration in
auditory or visual discrimination tasks (Lawicka et al., 1966). These findings
led to the suggestion that such spatial reversal deficits may have two
components: a spatial deficit resulting from the dorsolateral lesion and a
perseverative, reversal deficit resulting from the ventral inferior convexity
lesion (Iversen & Mishkin, 1970). This suggestion is supported by the findings
that neither restricted lesions of the principal sulcus (the sulcal boundary
between the lateral inferior convexity and the dorsolateral PFC) nor of the
dorsolateral PFC have an effect on place discrimination reversals (Passingham,
1975; Gaffan & Harrison, 1989). Finally, whereas selective dorsolateral PFC
lesions have been shown not to impair a visual version of the go/no-go task
(Brutkowski et al., 1963), monkeys with lesions of the dorsolateral and ventral
portion of the lateral PFC were impaired relative to controls (Mishkin &
Pribram, 1955).
Thus it would appear that in animal models, damage to areas on the
lateral/orbital boundary — particularly orbital area 47/12 of Petrides & Pandya
(2002) — impairs the performance of tasks that require the alteration of
behaviour away from a previous response pattern and the inhibition of a
response to an inappropriate stimulus. In contrast, lesions of the dorsolateral
PFC that spare these regions appear to be without effect on these tasks.
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Human lesion studies of reversal learning
The study of humans with damage to the ventral PFC also suggests that
prefrontal damage may cause abnormal reinforcement processing, with
deleterious changes in flexible stimulus–reward learning.

Indeed, the stark

absence of goal-directed action in patients with ventral PFC damage has led to
their being described as showing ‘goal neglect’, i.e. they fail to use available
information to guide their actions (Duncan et al., 1996).
Patients with orbitofrontal damage appear to be impaired at reversal learning.
One of the earliest informative studies, albeit using patients with large lesions
including the PFC, investigated go/no-go reversal learning, extinction, and
behaviour in everyday life (Rolls et al., 1994). Rolls et al. found that those
patients with primarily ventral damage were much worse at reversal and
extinction than patients with damage outside the ventral regions. Furthermore,
these impairments were positively correlated with behavioural disturbances and
took the form of repeated choice of the previously-rewarded visual stimulus.
This is consistent with the notion of an impairment in altering behaviour as a
result of changing stimulus–reward contingencies, and suggests that these
patients had difficulty in withholding responding. However, the presence of
other frontal cortical and non-frontal damage in these patients, and the
heterogeneous nature of the damage in control patients, does not unequivocably
link the reversal deficits to the ventral PFC.
Consequently, a more recent study by this group was designed to determine if
reversal learning impairments are specifically due to OFC damage (Hornak et
al., 2004). Hornak et al. used a probabilistic reversal task previously shown to
activate the OFC bilaterally (O'Doherty et al., 2001) in which it was necessary
to use relevant feedback to maximize the reward obtained.

Patients with

dorsolateral PFC damage who were able to attend to the relevant feedback were
able to use the information successfully to guide subsequent choices and were
unimpaired at the reversal task (Fellows & Farah, 2003; Hornak et al., 2004). In
contrast, patients with bilateral orbital/medial PFC lesions were severely
impaired. These findings are therefore consistent with previous findings in
humans and other primates (Rolls et al., 1994; Dias et al., 1996a; O'Doherty et
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al., 2001) and further implicate the orbitofrontal cortex in stimulus–reward
association and knowledge of the changing reward value of stimuli (Rolls,
2000). As in the monkey literature, these deficits are not due to failures in
associative learning per se, as patients with damage to the most medial areas of
the ventral PFC (‘the ventromedial PFC’, which is usually taken to include areas
11, 12, 13, 25, 32 and 10) did not show deficits in the initial learning of prereversal associations (Fellows & Farah, 2003).

Electrophysiology of the OFC
Electrophysiological recording is also consistent with the evidence from the
monkey and human literature that the OFC is important in the encoding of
flexible stimulus–reward contingencies.
Early single-cell recording studies in the ventral PFC and inferior convexity
found cells that responded to the withholding of reward, the reversal of
stimulus–reward contingencies and the making of go and no-go responses
(Rosenkilde et al., 1981; Kubota & Komatsu, 1985; Watanabe, 1986). These
findings suggested that the ventral PFC may contain a mechanism for response
selection. Subsequent studies have identified that the OFC contains neurons
that not only encode the relative reward value of primary reinforcers such as
taste and smell (see Rolls, 2000 for review), but seem to respond best to cues in
general that have behavioural significance (Kawasaki et al., 2001). Extensive
evidence now suggests that cells in the OFC selectively encode the meaning of
both rewarded and non-rewarded stimuli in discrimination tasks, and that the
neurons reverse the stimulus to which they respond when the behavioural
contingency is reversed (Thorpe et al., 1983; Rolls et al., 1996; Schoenbaum et
al., 1999). OFC neurons have also been shown to reflect the relative preference
of an animal for rewards, and to exhibit cue-selective activity during delay tasks
such as spatial delayed responding (Tremblay & Schultz, 1999; Schultz et al.,
2000; Schoenbaum & Setlow, 2001). These findings are consistent with the
behavioural and neuroimaging data indicating that the OFC responds to the
reinforcement contingencies, and not just the sensory features, of a stimulus.
Furthermore, the cells selectively encode the reinforcement features of a
stimulus according to their relevance for subsequent behaviours and have a role
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in “controlling and correcting reward related and punishment related behaviour”
(Rolls, 2000, p. 284).
Lesion and electrophysiological evidence therefore suggests that the OFC has
roles in the inhibition of a prepotent response, in coding the reinforcement
contingencies of stimuli, and in the ability to re-attach significance to stimuli
when environmental contingencies change.

It does therefore not seem

surprising that a task such as reversal learning, which requires both the regular
re-assignment of value to stimuli and the inhibition of previously-rewarded
stimuli, has proven to be such a useful model with which to investigate the roles
of the OFC in both humans and non-human primates.

Neuroimaging of reversal learning in humans
In addition to the study of humans with defined lesions of the PFC on reversal
learning, neuroimaging techniques can be used to localize changes in brain
activation associated with task performance in intact humans.
Rogers et al. (2000) used a blocked positron emission tomography (PET)
imaging design to investigate the neural substrates of reversal learning and
observed no activations in the OFC, but an increase in regional cerebral blood
flow (rCBF) in the left ventral caudate nucleus.

The ventral caudate has

extensive connections with the orbitofrontal PFC, and the ventral striatum has
been implicated in reversal learning (Divac et al., 1967).

The lack of an

expected rCBF increase in the OFC during reversal learning may have been due
to the data subtraction processes required for image analysis (there was
evidence for increased OFC rCBF in reversals, but it was also seen in other nonreversal, shift conditions; therefore, when these conditions were compared with
the reversal phases, this increased rCBF was subtracted, and the effect
eliminated). In addition, PET has poor temporal resolution, requiring the use of
blocked designs and the averaging of activity over an extended period.
Consequently the imaging technology may be insensitive to the speed of the
putative neuronal response (Rolls, 1996; Rogers et al., 2000).

Functional

magnetic resonance imaging (fMRI) can also be complicated by technical
limitations as the sinuses and the eyes cause inhomogeneity in the magnetic
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field adjacent to the orbitofrontal regions, causing loss of information.
However, the development of event-related fMRI allowed the identification of
neural responses to single events. Nagahama et al. (2001) found changes in
activation of the human ventrolateral PFC during fMRI of reversal learning, but
did not scan the OFC. Cools et al. (2002) also used this technique to investigate
probabilistic reversal learning and the role of feedback in successful task
performance.

They found significant ventrolateral PFC activation on trials

when healthy subjects shifted responding from the previously-correct to the
previously-incorrect stimulus, and this activation was not correlated with
negative feedback (punishment signals that followed incorrect responses).
Although these findings indicate the activation of the ventral PFC in reversal
learning, the loss of the signal from the OFC itself meant that its role could not
be examined. Nevertheless other imaging studies have implicated the OFC in
the reversal of social cues (Kringelbach & Rolls, 2003), and in reward–related
processes — particularly those associated with changes in, or uncertainty about,
stimulus–reward contingencies (Rogers et al., 1999c; Elliott et al., 2000a; Elliott
et al., 2000b; O'Doherty et al., 2001; McClure et al., 2004).

Human decision-making tasks require the OFC
Difficulties in changing behaviour in response to ‘negative’ feedback (such as
punishment or lack of reward) have been proposed to contribute to the decisionmaking deficits often seen in patients with ventral PFC damage, such as Gage
(Rolls et al., 1994). To test this hypothesis, the Iowa Gambling Task (IGT) was
designed to examine the impulsive, risky, and often inappropriate decisionmaking often shown by patients with OFC lesions (Shallice & Burgess, 1991;
Bechara et al., 1994).

It requires the learning of reward and punishment

associations under uncertainty in order to guide subsequent decision-making.
Subjects are faced with four packs of cards, two ‘risky’ and two ‘safe’, with the
nature of each deck unknown to the subject. Choice of cards from the two
‘risky’ decks results in large monetary wins but occasionally very large losses,
whereas choices from the other decks result in small wins but also smaller
losses. Subjects are instructed to try and make as much money as possible, and
successful performance requires avoiding the risky decks (Bechara et al., 1994).
Patients with damage to the ventromedial PFC persistently choose the
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disadvantageous cards, opting for high gains but higher eventual losses, and
showing an inability to learn from their mistakes (Bechara et al., 1994; Bechara
et al., 2000). This data is paralleled by recent studies showing that excitotoxic
lesions of the rat OFC can increase the preference for small, immediate rewards
over larger, delayed rewards (Mobini et al., 2002) (but see Kheramin et al.,
2002; Winstanley et al., 2004b). These findings reflect alterations in both
temporal discounting of the value of future rewards and the sensitivity to the
ratio of the two rewards (Kheramin et al., 2002) and are consistent with the
disinhibited/impulsive personality seen after orbitofrontal damage.
Bechara et al. (1998) also reported that lesions to the dorsolateral PFC or other
brain areas does not impair IGT performance. However, more recent evidence
does not suggest such a clear-cut dissociation between ventromedial and
dorsolateral PFC function on this task (Manes et al., 2002; Clark et al., 2003;
Sanfey et al., 2003). In contrast to the Bechara et al. studies, IGT deficits have
been found after both ventromedial and unilateral dorsolateral PFC lesions
(Manes et al., 2002; Clark et al., 2003; Fellows & Farah, 2005). These findings
indicate that impairments in IGT performance cannot be considered indicative
exclusively of ventromedial PFC dysfunction, and are consistent with a recent
PET study which found widespread activation of orbitofrontal, dorsolateral and
anterior cingulate cortices during performance of the IGT (Ernst et al., 2002).
IGT performance has also been compared to two more recent decision-making
tasks designed to assay the individual elements contributing to IGT
performance: the Cambridge Gamble task, which requires subjects to place a bet
on a probabilistic judgement between two mutually exclusive outcomes with no
requirement for learning, and the Risk Task, an adapted version of the
Cambridge Gamble task designed for use in imaging paradigms in which fixed
bets are associated with each decision (Rogers et al., 1999b; Rogers et al.,
1999c). Patients with unilateral PFC damage but relative sparing of the orbital
and medial PFC showed limited impairments on both the Gamble and Risk tasks
but substantial deficits on the IGT (Clark et al., 2003). Comparison to the much
greater impairments previously seen in these tasks in patients with frontal
damage that did include the ventral areas (Rogers et al., 1999b; Rogers et al.,
1999c; Manes et al., 2002) suggests that the newer tasks — particularly the Risk
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Task — may be more sensitive to orbitofrontal damage than the IGT (Clark et
al., 2003).
Nevertheless, a recent study investigating the contributions of the ventromedial
PFC to IGT performance presents some intriguing findings. Observing that the
card order of the IGT initially establishes a bias to the high-risk decks that must
be reversed as losses increase, Fellows & Farah (2005) assessed the
performance of patients with ventromedial PFC damage on the normal IGT, a
modified version of the IGT in which such a reversal requirement was
eliminated, and a simple reversal task.

Consistent with previous reports,

ventromedial patients were impaired on both the normal IGT task and the
simple reversal task (Bechara et al., 1994; Rolls et al., 1994; Fellows & Farah,
2003; Hornak et al., 2004). However, patients improved to control levels when
tested on the modified IGT with no reversal component, suggesting that
impairments in the reversal of stimulus–reinforcement processes may also
contribute to the deficits in decision-making seen as a consequence of ventral
PFC damage.
Thus, the OFC keeps track of the stimulus–reinforcement associations in a given
behavioural context and this information is used to guide goal-directed
behaviour to maximize rewarding outcomes.

Damage to the OFC impairs

performance on tasks that rely on awareness of changing stimulus–reward
contingencies, and contributes to impulsive and/or risky behaviour, seen in
decision-making tasks. The relationship between the affective and inhibitory
components of OFC function is uncertain, although there is evidence for a
behavioural dissociation within the OFC. As mentioned previously, lesions of
the lateral OFC (area 47/12) induced perseverative responding on a reversal
learning task in macaques, while lesions of the medial orbitofrontal (areas 11,13
and 14) increased the number of errors required to learn a stimulus–reward
discrimination without causing perseveration (Butter, 1969; Iversen & Mishkin,
1970). Neuroimaging evidence also suggests a dissociation between medial and
lateral OFC function. In the probabilistic reversal paradigm mentioned above,
O’Doherty et al. (2001) demonstrated that while the medial OFC was more
active during reward (gain of money), the lateral OFC was more active during
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punishment (loss of money).

Furthermore, the extent of activation was

correlated with the magnitude of reward or punishment. In combination, this
behavioural and neuroimaging evidence suggests that while damage to the
lateral OFC may cause insensitivity to punishment and consequent
perseveration, damage to the medial OFC may cause insensitivity to reward and
impair the ability to learn a stimulus–reward association (Elliott et al., 2000a).

The lateral PFC and inhibition: attentional set-shifting
Animal studies of attentional set-shifting
The relative lack of effect of dorsolateral PFC damage on reversal learning tasks
is of particular interest with regard to the roles of the PFC in the control of
flexible responding and in preventing impulsive behaviour. In particular, the
severe perseverative deficits seen in human patients performing the Wisconsin
Card Sorting Test (WCST; Milner, 1963; Milner, 1964) after dorsolateral PFC
damage are in sharp contrast to the monkey studies in which OFC damage,
instead, causes perseverative responding (Mishkin, 1964). The WCST (Grant &
Berg, 1948) consists of cards showing pictures of stimuli. These stimuli vary
along numerous perceptual dimensions, specifically shape (e.g. star or triangle),
colour (e.g. red or green), and number (e.g. two stars or three triangles) and are
therefore multidimensional.

The test requires subjects to sort the cards

according to one particular dimension that is unknown to them (e.g. colour).
Once the rule has been learned, subjects must shift to sorting according to a
different dimension (e.g. shape). They are not told that the rule has changed,
merely given feedback as to whether they are performing correctly or
incorrectly.

Subjects with dorsolateral PFC damage consistently show

perseverative deficits on this task: when the relevant dimension is switched,
subjects continue to respond to the previously-correct dimension (Milner, 1963;
Milner, 1964; Eslinger & Damasio, 1985; Shallice & Burgess, 1991).
While this task clearly has some similarities to the reversal learning tasks
mentioned previously, there are also some fundamental differences. In the
reversal learning task, subjects are required to shift responding from one
stimulus to another. However, these stimuli are unidimensional. In the WCST,
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subjects also have to shift responding, but they have to use one perceptual
dimension of the multidimensional stimuli to guide their responding. Shifts can
occur between the same dimension (e.g. red to green; intradimensional or ID
shifts) or between different dimensions [e.g. red to star; extradimensional or ED
shifts (Slamecka, 1968; Roberts et al., 1988)].
To investigate the neural control mechanisms required for reversal learning and
the WCST, and the apparent discrepancies associated with their use in the
human and monkey literature, Roberts et al. (1988) developed a computerized
version of the WCST for use in marmosets and humans. In this attentional setshifting task, two-dimensional compound visual stimuli were used that consisted
of white lines superimposed on blue shapes. These perceptual dimensions were
dictated by the non-trichromatic colour vision of most marmosets, and were
displayed on a touch-sensitive computer screen. A touch to the correct stimulus
resulted in a reward of banana milkshake. Marmosets were initially trained to
respond to unidimensional exemplars consisting of either blue shapes or white
lines. The other dimension was then superimposed to create compound stimuli,
and marmosets performed a series of intradimensional shifts in which all the
stimuli were changed. However, in all the discriminations, the same dimension
remained relevant (e.g. blue shape). Marmosets then received excitotoxic
lesions to the lateral or orbital PFC or sham surgery. After recovering, the
marmosets performed more intradimensional shifts, requiring continued
responding to the previously-relevant dimension (shape), an extradimensional
shift, which required a shift in responding to the other dimension (lines), and
finally a reversal between two exemplars within the relevant dimension. Thus
three types of discrimination learning were assessed (Figure 1.6; Dias et al.,
1996b; Dias et al., 1996a; Roberts & Wallis, 2000).
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Figure 1.6. A. Intradimensional shift: shapes remain relevant despite the change of
all the stimuli. B. Extradimensional shift: shapes cease being relevant and lines
become relevant. C. Reversal: within the relevant dimension (here, lines), the
stimulus–reward contingency reverses. In all cases, ‘+’ indicates the correct stimulus
and the colour of the ‘+’ indicates the correct dimension.

Dias et al. (1996b; 1996a) found that acquisition of the novel intradimensional
shifts were not impaired by either orbital or lateral PFC lesions. However,
while lateral PFC lesions impaired performance on the extradimensional shift
(shifting between dimensions, e.g. shape to line), they were found not to affect
the reversal. In contrast, OFC lesions impaired the reversal (lesioned subjects
perseverated at the previously-correct stimulus), but did not affect the
extradimensional shift. Consistent with previous monkey studies, these findings
suggest that OFC damage causes a disruption of inhibitory control at the level of
stimulus-driven responding.

Lateral PFC lesions also caused a loss of

inhibition, but at the higher-order level of switching attention between different
dimensions, and not at the level of maintaining responding to a given dimension
(intradimensional shift) or that of shifting between individual stimuli. These
findings provide an explanation for the deficits seen on the WCST in patients
with dorsolateral PFC damage. They also suggest that mechanisms of inhibitory
control are not limited to the OFC, and that inhibitory modulation is controlled
by the whole PFC with “the precise form of the inhibition being dependent on
the nature of the psychological operations performed by any one region”
(Roberts & Wallis, 2000, p. 256). Subsequent use of naturalistic object retrieval
tasks, in which the animal has to inhibit the tendency to reach for a reward,
support this theory (Dias et al., 1996b; Dias et al., 1997; see Roberts & Wallis,
2000 for review).
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Electrophysiology of the lateral PFC
The finding that the dorsolateral PFC is crucial for extradimensional set shifts
provides an explanation for why electrophysiological studies also detect rewardsensitive cells in the dorsolateral PFC and not just in the OFC (Watanabe, 1996;
Leon & Shadlen, 1999). To compare the roles of dorsolateral and OFC neurons
within the same task, Wallis and Miller (2003) recorded simultaneously from
both sets of neurons in macaques performing a reward preference task. They
found that neurons in the OFC usually coded only for reward amount and
gained selectivity quicker than dorsolateral neurons. While dorsolateral neurons
also coded reward amount, they also coded for the monkey’s response. These
findings are consistent with the notion of reward-related information entering
the OFC first before being sent dorsally for the determination of the relevant
reward-oriented behaviour (Wallis & Miller, 2003).

Damage to the lateral PFC in humans: attentional set-shifting
The double dissociation of the Dias (1996b; 1996a) studies has yet to be
reported in human patients.

However, Owen et al. (1991) showed that a

heterogeneous group of human frontal-lesioned patients were impaired at
extradimensional (ED) but not intradimensional (ID) shifts. In a similar study,
only patients with large frontal lesions that incorporated the dorsolateral PFC, or
patients with focal lesions of the dorsolateral PFC were found to be impaired at
the ED shift stage of a three-dimensional attentional set-shifting paradigm
(Manes et al., 2002). Owen et al. (1993) also demonstrated ED shifting to be
impaired (relative to ID shifting), due to perseveration, in a heterogeneous
group of patients with frontal lobe lesions. Although it was not possible to
correlate the deficit with damage to a particular region, it is relevant that Milner
(1963) has previously shown that perseverative WCST impairments were
correlated with the degree of damage to the dorsolateral PFC.
Neuroimaging studies of humans and macaques performing attentional setshifting tasks are more ambiguous that the marmoset behavioural studies.
Consistent with the animal and human lesion studies, many studies have found
activations of the left and/or right dorsolateral PFC (Berman et al., 1995;
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Nagahama et al., 1996; Konishi et al., 1998; Nagahama et al., 1998; Omori et
al., 1999; Rogers et al., 2000; Nagahama et al., 2001) and the inferior frontal
gyrus (Berman et al., 1995; Konishi et al., 1998; Nagahama et al., 1998; Omori
et al., 1999). However, the set shifting task is complicated and requires many
psychological processes (including switching, attention, working memory and
inhibition) and the role of these different regions in these processes is a matter
of debate. While Nagahama et al. (1998) found that dorsolateral PFC activation
was seen when shifting between colour and shape dimensions, other studies in
humans and macaques have identified the critical set-shifting ‘locus’ as the
inferior frontal/ventrolateral cortex (Konishi et al., 1999a; Monchi et al., 2001;
Nakahara et al., 2002). Smith et al. (2004) used an event-related fMRI ‘pure
switching’ paradigm in which the working memory component (the requirement
to remember when to switch) was eliminated by the use of cues continuously
signalling whether switching was required. They too found right inferior PFC
activation and a small left dorsolateral PFC activation on switch trials. They
proposed that the lack of a working memory requirement in this task might
explain the small size of the dorsolateral PFC activation, compared to the other
studies of set shifting mentioned above, but that this activation consequently
represented a response purely to switching. In contrast, they proposed that the
right inferior PFC activation was related to the inhibitory processing required to
inhibit one response in favour of another.

This proposal is not without

precedent. Right inferior PFC and anterolateral OFC activation has been linked
to inhibition of responding in go/no-go, attentional set-shifting, and stop-signal
tasks (Garavan et al., 1999; Konishi et al., 1999b; Menon et al., 2001; Rubia et
al., 2001; Horn et al., 2003; Rubia et al., 2003). Patients with unilateral right
frontal lobe damage are also impaired at inhibitory control in the stop-signal
task (Aron et al., 2003). This task require subjects to respond rapidly to ‘go’
signals; on a small proportion of trials, a ‘stop’ signal follows the ‘go’ signal
and subjects must inhibit the response currently being prepared or executed.
The impairment seen in patients with frontal lobe damage is correlated with the
degree of damage to the right inferior frontal gyrus (Aron et al., 2003). This
includes area 45, a region found in the inferior convexity of humans and
macaques. This area is also activated in humans inhibiting ongoing responses in
the stop-signal task (Aron et al., 2003; Rubia et al., 2003; Aron et al., 2004a;
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Aron et al., 2004b).

Thus, although imaging of the set-shifting task has

consistently shown increased activity in the lateral PFC during ED shifting,
ambiguity remains over the contributions of the ventrolateral and dorsolateral
PFC regions.

The PFC and psychiatric disease
Given the extensive anatomical links between the PFC — particularly the OFC
and medial PFC — and the rest of the limbic system, it is perhaps not surprising
that performance on many of the cognitive tasks discussed above is impaired in
psychiatric disease states.

Deficits in response inhibition and behavioural

flexibility are characteristic of several psychiatric diseases, particularly
schizophrenia (Merriam et al., 1999), mania (Haldane & Frangou, 2004),
obsessive–compulsive disorder (Rosenberg et al., 1997; Bannon et al., 2002),
depression (Merriam et al., 1999), drug abuse (London et al., 2000), chronic
gambling (Cavedini et al., 2002b), and psychopathy (Mitchell et al., 2002;
Blair, 2003). Consequently, there is interest in how the abnormalities in PFC
neurophysiology underlying such deficits may contribute to the aetiology of
such disorders.

Schizophrenia
Schizophrenia is a serious and debilitating psychiatric disorder that affects
approximately 1% of people worldwide. It often begins at an early age and is
characterized by two classes of symptoms: the ‘positive’ psychotic symptoms
such as delusions (abnormal beliefs), hallucinations (abnormal perceptions) and
disordered thought and memory, which are interspersed with periods of
‘negative’ symptoms such as flattened emotional responses, poverty of speech,
withdrawal from social contact, poor attention span and lack of motivation.
Ever since schizophrenia was first described, the disorder has been associated
with frontal lobe dysfunction due to the remarkable similarities between the
cognitive ‘negative’ symptoms of the disorder and the consequences of frontal
lobe damage. The negative symptoms are the most unmanageable part of the
disorder and because of their severity and prevalence, the frontal deficits
apparent in schizophrenia have been intensively studied. Schizophrenics show
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deficits on tests of executive function including attentional set shifting
(Weinberger et al., 1986; Pantelis et al., 1999), attention (Grillon et al., 1990)
working and episodic memory (Morice & Delahunty, 1996) and planning
(Morice & Delahunty, 1996; Pantelis et al., 1997). These studies and other
investigations of executive function indicate that schizophrenics show a broad
deficit in executive functioning that is similar to dysfunction induced by frontal
cortex or basal ganglia lesions (Pantelis et al., 1997; Elliot et al., 1995).
Consistent with frontal lobe dysfunction, schizophrenics typically show
hypoactivation of the dorsolateral PFC.

Specifically, their frontal rCBF

measures are lower at rest and do not show the increase in dorsolateral PFC
rCBF during WCST performance as shown by controls (Berman et al., 1986;
Weinberger et al., 1986). The impairments seen in WCST performance may
become more apparent as the illness progresses (Morice, 1990; Elliott et al.,
1995; Hutton et al., 1998), and both hypofrontality and poor WCST
performance are correlated with prominent negative symptomatology (Wolkin
et al., 1992). These findings led to the suggestion that schizophrenics fail to
activate their frontal lobes fully during performance of tasks in which they are
required (Weinberger & Berman, 1988).
Schizophrenics also show deficits on reversal learning, perseverating at the
previously-correct stimulus (Elliott et al., 1995; Pantelis et al., 1999). Paranoid
schizophrenics also demonstrate profound impairments on discriminations and
reversals (Klingner et al., 1972), suggesting that OFC dysfunction might
contribute to subtypes of schizophrenia — particularly those with severe
negative symptomatology. Studies of frontal lobe volume in schizophrenia are
currently inconclusive (reviewed in Andreasen et al., 1990; Shenton et al.,
2001); however, smaller frontal lobe volumes have been found to correlate with
cognitive deficits, while an increase in negative symptom severity is associated
with decreased orbitofrontal grey matter volume (Baaré et al., 1999). Although
performance of schizophrenic patients on the IGT yields mixed results (see
Wilder et al., 1998; Shurman et al., 2005), impairments are seen on the
Cambridge Gamble task that are very similar to those shown by OFC-lesioned
patients, suggesting OFC dysfunction in schizophrenia (Hutton et al., 2002).
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Depression and mania
Studies in depressive and manic patients show that they have remarkably similar
performances on the majority of tasks sensitive to PFC dysfunction.

For

example, both show deficits on the WCST and on planning tasks (such as the
Tower of London test) that have been shown to be at least partially subserved by
the dorsolateral PFC (Baker et al., 1996; Dagher et al., 1999).

Indeed,

depressed and manic patients are both reported to show deficits on the WCST
compared to normals, but not as severe as those shown by schizophrenics
(Merriam et al., 1999; Martinez-Aran et al., 2002) (but see Borkowska &
Rybakowski, 2001).

However, manic and depressed patients differ on

performance of an affective shifting task (Murphy et al., 1999) based on the
go/no-go paradigm of Iversen & Mishkin (1970). Subjects must classify happy
or sad words, responding to one but not the other; across blocks of trials, the
rule is kept constant or reversed (so that subjects must now respond to the other
category of words). Thus subjects must demonstrate attention to the stimuli,
inhibitory control, and the ability to shift attention and emotional ‘set’ from one
affective dimension to the other (Murphy et al., 1999; Rubinsztein et al.,
2001b). This task activates the ventral prefrontal and cingulate cortices in
normal humans (Elliott et al., 2000c).

Manic patients showed impaired

response inhibition and reduced attentional focus, while depressed patients took
longer to perform the shift trials relative to non-shift trials, i.e. were impaired at
reversing the target dimension. Furthermore, depressives showed a bias towards
sad stimuli, while manic patients showed a bias towards happy information
(Murphy et al., 1999)  biases that are both associated with abnormalities in
the activation of ventral and medial prefrontal cortices (Elliott et al., 2002;
Elliott et al., 2004). In humans, imaging studies have implicated the ventral,
anterior cingulate cortex (subgenual PFC) in the control of mood, both normal
and pathological (see Cardinal et al., 2002). Using PET, Drevets et al. (1997)
demonstrated that unmedicated familial manic depressive patients and unipolar
depressed patients showed decreased CBF in this region. However, this region
also shows reduced grey matter volume and increased neuronal density due to
glial loss (Drevets, 2000a), and when this is taken into account, blood flow per
unit volume is actually seen to increase (Mayberg, 1997; Drevets, 2000b).
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This activity increase is consistent with the findings that subgenual PFC blood
flow increases during experimentally-induced sadness in healthy volunteers
(Mayberg et al., 1999; Drevets, 2000a) and that effective antidepressant
treatment is seen to decrease subgenual PFC activity in depressed individuals
(Buchsbaum et al., 1997; Mayberg et al., 1999). Indeed, compared to controls,
depressives have been shown to have decreased grey matter in left lateral and
right medial OFC; furthermore, early changes in metabolic activity in the rostral
anterior cingulate predicts which patients will respond to antidepressant
treatment (Mayberg et al., 1997; Lacerda et al., 2004). Compared to healthy
volunteers, decreased activation of the ventromedial portion of the OFC and the
medial caudate is seen in depressed patients during feedback to planning and
guessing tasks (Elliott et al., 1998), while patients with manic depression show
increased dorsal anterior cingulate and ventral striatal activity and decreased
OFC activation during rest and the performance of executive tasks (Blumberg et
al., 2000). Finally, manic depressive and depressed patients show quantitatively
different neural activations during a decision-making paradigm: manics showed
increased anterior cingulate cortex activation and less inferior frontal gyrus
activation than controls, whereas depressives did not (Rubinsztein et al., 2001a)
suggesting that depression and mania may therefore be related to different
patterns of ventromedial PFC dysfunction.

OCD
OCD is a severe, anxiety-related psychiatric disorder with a lifetime prevalence
of 1–3% (Niehaus & Stein, 1997).

It is characterized by the presence of

excessive and recurrent obsessions and/or compulsions — obsessions being
unwanted, intrusive thoughts which elicit anxiety, and compulsions being
ritualistic and repetitive behaviours (mental or physical) that are performed to
ease the anxiety caused by the obsessions. A common example is the overfrequent cleaning and washing of hands elicited by repetitive obsessions about
cleanliness and hygiene. Just as for schizophrenia, set-shifting tasks have been
used to investigate frontal lobe involvement in the cognitive abnormalities
underlying OCD. Deficits in tasks used to probe lateral PFC function are
mixed. Although some studies have found evidence for impaired set-shifting in
OCD, particularly at the ED shift stage (Head et al., 1989; Veale et al., 1996;
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Lucey et al., 1997; Fontenelle et al., 2001), it is possible that these findings are
confounded by the presence of comorbid depression. Depressives often show
impairments on set-shifting tasks (Purcell et al., 1997; Merriam et al., 1999) and
many studies controlling for depression have reported normal set-shifting
behaviour in OCD patients (Abbruzzese et al., 1997; Cavedini et al., 1998;
reviewed by Evans et al., 2004). In addition, no impairment is seen on the
Tower of London planning task, although longer response latencies suggest that
subjects show impairments in generating alternative strategies after an error
(Christensen et al., 1992; Baker et al., 1996; Veale et al., 1996).
OCD symptomatology may result from deficient response feedback mechanisms
failing to signal that conditions have changed following a response (e.g. washed
hands are now clean).

Consistent with this theory, OCD patients have

impairments in tasks sensitive to OFC function such as alternation learning, a
task related to reversal learning (Freedman et al., 1998). Subjects are presented
with two different objects and are told that a coin is hidden under one of them.
The subject’s task is to learn that the object that the coin is under alternates after
every correct response. Monkeys and humans with OFC damage are impaired
at learning this rule (Pribram & Mishkin, 1956; Freedman et al., 1998). OCD
patients perform worse than both controls and schizophrenics on this task
(Abbruzzese et al., 1997; Spitznagel & Suhr, 2002) and alternation learning
appears to distinguish OCD from depressives, with OCD patients making more
perseverative errors (Cavedini et al., 1998). Furthermore, a correlation between
symptom severity and impaired alternation learning suggests a specific
orbitofrontal dysfunction in OCD (Gross-Isseroff et al., 1996; Zohar et al.,
1999). OCD patients have been reported to display increased risk-taking in the
Iowa Gambling Task, with poor task performance correlating with poor
treatment prognosis (Cavedini et al., 2002a). This is consistent with the view
that obsessions and compulsions also represent perseverative behaviours that
disrupt the planning of real-life strategies. In addition, damage to the OFC can
result in OCD symptoms (Berthier et al., 1996) and, conversely, surgical
disconnection of the orbitofrontal and cingulate regions from the rest of the
brain is effective in severe, refractory OCD (reviewed by Mindus et al., 1994).
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In addition to the behavioural findings, neuroimaging studies of OCD have
consistently suggested abnormalities in the OFC and associated circuitry such as
the anterior cingulate cortex and caudate nucleus — specifically, hyperactivity
at rest and during symptom provocation that is seen to normalize in response to
treatment (Baxter et al., 1987; Baxter et al., 1988; Nordahl et al., 1989; Swedo
et al., 1989; Insel, 1992a; Breiter et al., 1996; Saxena et al., 1998; Kwon et al.,
2003).

Previous studies have also suggested that differential activation of

distinct subregions of the OFC may contribute to OCD.

In particular,

hyperactivity of the granular anterolateral OFC may contribute, as it is the
region whose activity correlates to symptom intensity after provocation and the
region with the largest metabolic decrease after successful treatment (Benkelfat
et al., 1990; McGuire et al., 1994; Rauch et al., 1994; Saxena et al., 1999).
These findings are consistent with the deficits seen in alternation learning, as the
anterolateral OFC has been shown to mediate alternation tasks in humans (Gold
et al., 1996) and volumetric reduction has been observed in the left anterior, but
not posterior, OFC of OCD patients (Choi et al., 2004a).
Finally, the notion that OCD symptomatology represents the inability to inhibit
obsessional thoughts, and the inability to inhibit prepotent ‘compulsive’
responses, would suggest a deficit in response inhibition in OCD (see Bannon et
al., 2002). This notion is compatible with the proposed lateral orbitofrontal
dysfunction in OCD, and OCD patients do show decreased behavioural and
cognitive inhibition in a variety of tasks (Tien et al., 1992; Enright & Beech,
1993; Rosenberg et al., 1997; Bannon et al., 2002) (but see MacDonald et al.,
1999) in addition to the increased errors they show on the alternation learning
task (Abbruzzese et al., 1995; Cavedini et al., 1998). Although Krikorian et al.
(2004) did not find impairments in high-functioning, unmedicated OCD patients
on the stop-signal reaction time task, they speculated that the deficits may be
more apparent in more severely affected patients or during emotional
provocation or provocation of symptoms.
In summary, the PFC and its associated circuitry is heavily implicated in the
pathophysiology of numerous psychiatric disorders. Although all the disorders
mentioned

display heterogeneous

symptoms
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performance on neuropsychological tasks, PFC dysfunction is clearly suggested
for each. In particular, OFC dysfunction appears particularly relevant to OCD.

Serotonergic drugs are important for the treatment of these
disorders
Treatment for psychiatric disorders is problematic, variable and not always
successful. However, a wealth of evidence now implicates the monoamines in
the underlying pathophysiology and/or treatment of these disorders.

In

particular, drugs that act on the serotonin system are now the primary mode of
treatment for depression, OCD, and increasingly schizophrenia, where they are
good at ameliorating the cognitive symptoms (Saxena et al., 1999; Meltzer et
al., 2003; Celada et al., 2004). Depression is considered particularly sensitive
to serotonergic manipulation and 80% of antidepressants now sold target
serotonin reuptake (Celada et al., 2004). These drugs are also remarkably
effective in OCD, and the newer antipsychotic drugs increasingly target the
serotonergic system (Saxena et al., 1999; Meltzer et al., 2003). Given the
evidence implicating PFC dysfunction in psychiatric disorders, it is therefore
surprising that very few studies have specifically investigated the behavioural
and cognitive effects of serotonin manipulation within the PFC (Passetti et al.,
2003; Winstanley et al., 2003a).

Consequently, I shall now review the

serotonergic system in the brain and the cognitive sequelae of prefrontal
serotonergic disruption before summarizing the specific aims of this thesis.
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Serotonin
“Of all the neurotransmitters… serotonin remains… the most intimately
associated with neuropsychopharmacology” (Cooper et al., 1996, p. 352).

S

erotonin (5-hydroxytryptamine or 5-HT; Figure 1.7) was first isolated
from blood serum in the 1940s (see Feldman et al., 1997) and is
implicated in many physiological and pathological processes including

synaptogenesis, cell proliferation, apoptosis, homeostasis, circadian regulation
and migraine (Saxena & Ferrari, 1989; Moskowitz, 1992; Azmitia, 2001; Ursin,
2002). Although 90% is found in the enteric nervous system and 8–10% in
platelets, 1–2% is present in the central nervous system. It was this fact, and its
structural similarity to psychotropic agents such as the hallucinogen lysergic
acid diethylamide (LSD) that first indicated 5-HT might function as a
neurotransmitter. Subsequent demonstrations of the sensitivity of brain 5-HT
levels to the antidepressants imipramine and isoniazid (Marshall et al., 1960)
and to LSD (Gaddum, 1953) provided the basis for many years of research
characterising 5-HT as a neurotransmitter intimately involved in many
psychological processes (Meneses, 1999). In particular, 5-HT dysfunction is
deeply implicated in the psychopathology of mental illness (Barnes & Sharp,
1999) and there is intense interest in the roles of 5-HT in cognitive deficits
associated with psychiatric and neurodegenerative disorders.

5-HT and its

diverse receptor system therefore represent an important area for drug
discovery.

Figure 1.7. Molecular structure of serotonin (5-HT).
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5-HT synthesis
5-HT cannot cross the blood brain
barrier and therefore neural 5-HT is
synthesized in situ from the amino
acid

L-tryptophan

in

the

nerve

terminals (Meek & Neff, 1972). Ltryptophan is primarily obtained from
the diet and consequently brain 5-HT
levels are very sensitive to alterations
in dietary L-tryptophan. The first stage
in

the

synthesis

of

5-HT

is

hydroxylation of L-tryptophan at the 5′
position by the enzyme tryptophan
hydroxylase to form 5-hydroxy-Ltryptophan (Figure 1.8). L-tryptophan
hydroxylase is the rate-limiting step in
5-HT synthesis and 5-HT production
appears to be initiated by an increase
in the rate of firing of serotonergic
neurons.

5-hydroxy-L-tryptophan is

immediately decarboxylated by the
non-specific enzyme L-amino acid
decarboxylase

to

form

5-

hydroxytryptamine (see Feldman et
al., 1997). Once synthesized, 5-HT is
actively transported into secretory
vesicles where it is bound to the 45
kDa form of a 5-HT binding protein.
The vesicles and their contents are

Figure 1.8. Synthesis and metabolism of 5HT
from
tryptophan
to
5hydroxyindoleacetic
acid
within
a
serotonergic neuron (A) and to melatonin
within the pineal gland (B).

then released via exocytosis when sufficient neuronal depolarisation occurs.
Released 5-HT can then exert numerous effects via pre- and postsynaptic
receptors, before its effects are terminated via active uptake or metabolism.
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5-HT uptake and the 5-HT transporter
Active 5-HT uptake by the serotonergic neuron provides a major mechanism for
the cessation of 5-HT’s effects at the synapse. As 5-HT is removed from the
synaptic cleft by a 5-HT transporter (5-HTT) faster than diffusion would allow,
the duration and spatial influence of released 5-HT is constrained. The cloning
of the 5-HTT gene from rat, human, and monkey brains has revealed a common
gene whose transcriptional activity is regulated by an allele-specific
polymorphic region (Lesch et al., 1997). Due to its selective nature, the 5-HT
transporter is amenable to specific drug manipulation. Drugs that block the
activity of the 5-HTT elevate not only the quantity of 5-HT but also the duration
and spatial extent of its effects. Many drugs of abuse including cocaine and
MDMA have the ability to block the 5-HTT; drugs that selectively block the 5HTT are known as selective serotonin reuptake inhibitors (SSRIs). The SSRIs
fluoxetine, paroxetine and citalopram are currently used for the treatment of
depression and obsessive–compulsive disorder.

5-HT metabolism
5-HT metabolism occurs mainly via oxidative deamination by the enzyme
monoamine oxidase (MAO). 5-Hydroxyindoleacetaldehyde, the resulting
aldehyde is subsequently oxidized further to 5-hydroxyindoleacetic acid (5HIAA), although this process is partially dependent on the NAD+/NADH ratio
of the tissue and reduction to 5-hydroxytryptophol may occur. (Nicotinamide
adenine dinucleotide [NAD+] is a coenzyme derived from niacin [vitamin B]
and is an integral component of the energy-producing electron transport chain in
the mitochondria. It becomes NADH when it accepts a pair of high-energy
electrons from hydrogen during aerobic respiration.) 5-HIAA is transported out
of the brain by the acid transport system and is excreted in the urine where it
provides an important measure of 5-HT turnover in the body.

5-HT localization
Immunological and fluorescence histochemistry have localized the cell bodies
of serotonergic neurons primarily to the nine raphé nuclei lying near the midline
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in the pons and medulla of the brainstem (B1-9 of Dahlstrom & Fuxe, 1964). In
addition 5-HT has been detected in the area postrema, the locus coeruleus and
the interpeduncular nucleus. In the rat and the primate, the more caudal raphé
nuclei (B1–4) primarily provide the serotonergic innervation of the spinal cord,
the brainstem itself, and some cerebellar 5-HT. These nuclei have important
roles in the autonomic, motor and sensory functions of the spinal cord and
brainstem (Feldman et al., 1997) but will not be discussed further. The more
rostral nuclei — the dorsal raphé (B6 and B7), the median raphé (B5 and B8)
and the centralis superior (B9) — provide the extensive serotonergic innervation
of the forebrain and midbrain. The combined projections of the dorsal and
median raphé provide 80% of the serotonergic innervation to the forebrain
(Azmitia & Segal, 1978).

5-HT projection pathways
In both the rat and the primate, fibres course ventrally from the raphé nuclei and
turn rostrally near the interpeduncular nucleus. In the rat, ‘ventral’ fibres from
nuclei B6–8 innervate midbrain structures while ‘dorsal’ B7/8 fibres innervate
the colliculi, before the majority of fibres from both groups join the medial
forebrain bundle and a smaller number enter the dorsal raphé cortical tract.
Projections from the medial forebrain bundle subsequently innervate the
thalamus, mammillary bodies, hypothalamus, the dorsal and ventral striatum,
and the rest of the limbic system; these projections also provide extensive
innervation to the neocortex. With respect to innervation of the frontal cortex,
the pathway bifurcates at the level of the septum, rostral to the hypothalamus
(Azmitia & Segal, 1978). One branch innervates the dorsal and medial PFC and
the other innervates the ventromedial PFC and the olfactory bulb (Lidov et al.,
1980).
In the primate, however, the ascending dorsal and ventral systems are slightly
different. Indeed, the relative magnitudes of the medial forebrain bundle and
the dorsal raphé cortical tract are reversed in the primate, with the majority of
fibres travelling through the dorsal raphé cortical tracts to the hypothalamus
(Azmitia & Gannon, 1983).

This alteration may be a consequence of the
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expansion of the neocortex in the primate relative to the rat (Jerison, 1997).
Nevertheless, direct comparisons with the continuing ascending projections in
the rodent is difficult due to a lack of data on projections rostral to the
hypothalamus in the primate.
Is there evidence for heterogeneity of function between the dorsal and median
raphé systems?
Although the precise anatomical locations of the ascending serotonergic
pathways in the non-human primate are unknown, there is evidence for
heterogeneity of function between the dorsal and median raphé systems.

Morphology
Studies in numerous species (including the rat, the cat, and both Old and New
World monkeys including the rhesus macaque and the marmoset) indicate that
the dorsal and median raphé send morphologically distinct varicose projections
to the forebrain (Lidov et al., 1980; Kosofsky & Molliver, 1987; Mulligan &
Tork, 1988; Hornung et al., 1990). Immunocytochemical staining directed to
endogenous 5-HT has revealed that the dorsal raphé projects fine, extensively
branching fibres with small varicosities. In contrast, the larger median raphé
fibres appear beaded in the terminals due to the presence of many large
spherical varicosities (Kosofsky & Molliver, 1987; Wilson & Molliver, 1991a).

Toxin sensitivity
These different classes of fibres show differential sensitivity to the neurotoxin
3,4-methylenedioxymethamphetamine

(MDMA)

and

other

amphetamine

derivatives. While the fine fibres appear very sensitive to such neurotoxicity
and remain damaged for months, the beaded median fibres appear insensitive.
Thus damage to the 5-HT system in MDMA abusers may predominantly affect
the functions mediated via the dorsal raphé projections (Wilson et al., 1989).

Regional anatomy
In the rat, the hippocampus, amygdala and septum are predominantly innervated
by the median raphé with a small contribution from the caudal dorsal raphé,
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whereas the primary innervation to the striatum originates in the rostral dorsal
raphé (Jacobs et al., 1974; Molliver, 1987; Tork, 1990; Wilson & Molliver,
1991a; Wilson & Molliver, 1991b). In the primate, there is more evidence for
regional differences in the innervation of subcortical structures by the two
ascending systems than there is for the cortex. To investigate the primate
cortex, Porrino & Goldman-Rakic (1982) injected horseradish peroxidase
(HRP) into different regions of the dorsolateral and orbitofrontal cortices of
rhesus macaques and examined the brains for evidence of retrograde transport
of HRP to the brainstem raphé nuclei. Injections to all regions of PFC resulted
in substantial HRP labelling in the dorsal raphé cell bodies and they “found no
evidence of topographic organisation in the projections of the raphé nuclei to the
PFC” (Porrino & Goldman-Rakic, 1982, p72). Similarly, Wilson et al. (1991b)
injected dyes into the dorsolateral PFC (area 46) of rhesus macaques. They also
found retrogradely-labelled cells throughout both the dorsal and median raphé,
but identified a greater proportion of fibres (approximately 3 times as many)
originating from the rostral dorsal raphé rather than the median raphé (Wilson &
Molliver, 1991bb). This is consistent with previous studies by Wilson et al.
(1989) in which immunocytochemical techniques specific to the different
morphological classes of serotonergic projections were used to characterize the
regional differences in cortical innervation of the two systems (Wilson et al.,
1989). They observed a greater density of fine 5-HT fibres in the primate PFC
and by extension from the rodent system, surmised that these originated in the
dorsal raphé. However, this study provides no evidence for regional differences
in the serotonergic innervation of other areas of the PFC.
Further characterization of neocortical innervation by serotonergic fibres has
focused on the differences at the laminar innervation of the cortex rather than in
regional innervation. Early investigations into the possible laminar nature of
cortical 5-HT were performed by Berger et al. (1988), who used
autoradiography of tritiated 5-HT to examine the granular dorsolateral PFC.
However, since they visualized 5-HT itself rather than the different classes of
fibres, they reported that “the granular prefrontal [cortex]… displayed a very
dense 5-HT innervation without apparent laminar segregation” (Berger et al.,
1988, p. 113). Although direct evidence from the PFC is lacking, subsequent
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studies have identified the fine fibres from the dorsal raphé as predominating in
cortical layers II–V in most cortical regions examined. In contrast, the beaded
median raphé axons are primarily found in layer I of the cortex with very few
fibres seen in layers II–V (Wilson & Molliver, 1991a; Wilson & Molliver,
1991b).
In summary, ascending 5-HT projections to the forebrain encompass two
morphologically and pharmacologically different systems that innervate
different subcortical structures en route to the cortex, with the dorsal raphé
innervating the striatum and the median raphé innervating the hippocampus,
septum and amygdala.

Anatomical evidence is therefore consistent with

heterogeneity of function between the two ascending systems and would suggest
that it is the dorsal raphé fibres that have the dominant role in the serotonergic
control of prefrontal cortical function, as this is the densest projection to the
PFC.

5-HT receptors
An additional layer of complexity is provided by the plethora of receptors that
have been identified as binding 5-HT. The 5-HT receptor system is remarkable
among all the known neurotransmitter systems for the number of receptors
currently identified — currently in excess of 14 distinct receptor subtypes. One
explanation for this is the ancient evolutionary age of the 5-HT receptor system.
When the amino acid sequences of most known receptors (not 5-HT3; see
below) were aligned according to the method of Feng and Doolittle (Feng &
Doolittle, 1990), it was calculated that the primordial 5-HT receptor emerged
800 million years ago due to a molecular evolutionary rate of approximately 1%
per 10 million years (Peroutka & Howell, 1994; Peroutka, 1995). Given that the
system is so old (probably older than the DA, acetylcholine [ACh] and
noradrenaline [NA] systems), it is therefore perhaps not surprising that so many
receptors have evolved to encompass the myriad physiological roles of 5-HT.
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Classification history
The first attempt at the classification of 5-HT receptors proposed two different
subtypes, D and M, based on the pharmacological antagonism of 5-HT in a
peripheral smooth muscle preparation by dibenzyline and morphine respectively
(Gaddum & Picarelli, 1957). Although this classification system was known to
be flawed, it remained until 1979 when Peroutka and Snyder used radioligand
binding to demonstrate the existence of distinct 5-HT receptor subtypes in the
rat frontal cortex (Peroutka & Snyder, 1979; Fozard, 1987). These receptors
were labelled 5-HT1 and 5-HT2, but the failure to match this classification
system to that of Gaddum and Picarelli suggested that this method was also
inadequate (Fozard, 1987). Reconciliation of these systems awaited Bradley’s
(1986) recognition that the 5-HT2 receptors of Peroutka and Snyder (1979)
matched the D receptors of Gaddum & Picarelli (1957), and that the
heterogeneous 5-HT1 receptors and M receptors (subsequently relabelled as 5HT3) were distinct (Bradley et al., 1986). Although this classification scheme
proved to be a useful framework, advances in molecular technology, and the
discovery that 5-HT1C, 5-HT1A and 5-HT2 receptors were all members of the
G protein receptor superfamily, led Hartig (1989) to propose a classification
based on both the structure and pharmacology of distinct receptors (Dohlman et
al., 1987; Hartig, 1989). Subsequently, a new system incorporating all the
structural, pharmacological and transductional properties of a given receptor
was devised (Humphrey et al., 1993) which incorporates all known receptors
and their posttranscriptional isoforms.
5-HT receptor subtypes: 5-HT1A and 5-HT2A receptors appear particularly
important in PFC function
A full review of 5-HT receptors and their pharmacology is beyond the scope of
this thesis.

However, as the heterogeneity they display has important

implications for 5-HT receptor function, the anatomy, transduction systems and
clinical relevance of the 14 currently identified receptors are summarized in
Tables 1.1 and 1.2. The 5-HT1 and 5-HT2 receptor families deserve additional
note as they are particularly concentrated within the PFC of the rat, human and
macaque (Pazos et al., 1987b; Pazos et al., 1987a) and are co-localized with the
median and dorsal raphé fibres respectively (Hoyer et al., 1986; Blue et al.,
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1988; Goldman-Rakic et al., 1990; Wilson & Molliver, 1991a). In particular, it
is likely that the 5-HT1A and the 5-HT2A receptor subtypes are dominant in the
PFC (Blue et al., 1988; Marazziti et al., 1994; Pike et al., 1995). Both receptors
are co-localized on pyramidal cells in layer V where 5-HT1A receptors mediate
hyperpolarization, decreased 5-HT release and decreased raphé excitation, and
5-HT2A receptors mediate depolarization, glutamate release and altered efferent
output (Araneda & Andrade, 1991; Jakab & Goldman-Rakic, 1998; Aghajanian
& Marek, 1999; Casanovas et al., 1999; Aghajanian & Marek, 2000; Lambe et
al., 2000; Martin-Ruiz et al., 2001; Amargos-Bosch et al., 2004).

These

findings suggest that the flow of information out of the PFC, including crucial
feedback to the raphé nuclei, is under the reciprocal control of these receptors.
Alterations in the balance between these receptors is thought to be responsible
for the actions of hallucinogenic drugs and this therefore has interesting
implications for the mechanism of action of antipsychotic medications (MartinRuiz et al., 2001).

Clinical roles of 5-HT1A and 5-HT2A receptors
Clinically, both 5-HT1A receptor agonists and 5-HT2A antagonists show
significant anxiolytic, antidepressant, and antipsychotic activity, implicating 5HT1A and 5-HT2A receptors in the manifestation of depression and other
psychiatric disorders (Ichikawa et al., 2001). A thorough review of this area is
also beyond the scope of this thesis. However, I shall briefly summarize the
known alterations that occur in depression, schizophrenia, OCD and mania, to
illustrate the differing alterations of PFC 5HT1A and 5-HT2A receptors
apparent in these disorders, and their significance for current treatment
strategies.

Schizophrenia
Until recently, the neurotransmitter most implicated in the manifestation of
schizophrenia was DA.

Schizophrenic symptomatology was thought to

originate with a dopaminergic hypoactivity in the PFC causing the negative
symptoms, and subsequent disinhibition of the excitatory projection from the
medial PFC to the ventral tegmental area (VTA) leading to the mesolimbic DA
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hyperactivation thought to underlie the positive symptoms (Weinberger et al.,
1988; Meyer-Lindenberg et al., 2002) (but see Sesack & Carr, 2002). However,
the problem may not be in the DA system per se but in the regulation of the DA
system (Iyer & Bradberry, 1996). Amelioration of schizophrenic symptoms
would still be expected with dopaminergic antagonists in this scenario (as is the
case), but an explanation may be provided for the effects of the newer,
‘atypical’ antipsychotics such as clozapine and risperidone. Although the exact
mechanisms of action of these drugs are uncertain (Ichikawa et al., 2001),
atypical antipsychotics have both serotonergic and dopaminergic activity and
are more effective at treating the symptoms of schizophrenia (particularly the
negative symptoms) than the older ‘typical’ antipsychotics, and cause fewer
extra-pyramidal side effects (Ichikawa & Meltzer, 1999; Ichikawa et al., 2001).
It is currently believed that clozapine acts on a combination of receptors: it
exhibits D2 receptor antagonism, 5HT2A receptor antagonism and 5HT1A
receptor partial agonism. Both D2 and 5HT2A receptors normally inhibit DA
release in the PFC and their antagonism therefore facilitates it (Ichikawa &
Meltzer, 1999). Similarly, 5HT1A receptor activation enhances DA outflow,
suggesting that serotonergic dysregulation of the PFC DA system may be
partially responsible for schizophrenia (Ichikawa et al., 2001; Meltzer et al.,
2003). The combination of 5-HT1A activation and 5-HT2A receptor blockade
reduces the activity of the medial PFC neurons that project to the VTA and acts
to attenuate dopaminergic output.

This reduction in DA output would

theoretically reduce the dopaminergic overactivity in the mesolimbic DA
pathway to limbic structures without blocking the D2 receptors in the
nigrostriatal pathway, important since striatal D2 receptor blockade causes
debilitating motor symptoms (Celada et al., 2004).
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Brain region and cortical layer

Central receptor effect

Similar to 5-HT1B – it is possible that the 5-HT1D
autoreceptor is actually 5-HT1B.a
currently unknown
Structural similarities to 1D receptors suggests
putative roles in migraine.a

Basal ganglia, striatum and raphé.a

Low levels in the basal ganglia, hippocampus and
cortex.k

Entorhinal cortex, striatum and claustrum.a

Hippocampal formation, entorhinal cortex and
raphé.a

5-HT1B

5-HT1D

5-ht1E*

5-ht1F*

currently unknown

Highest levels in the choroid plexus. Lower levels
in cortical and limbic areas.a

5-HT2C

Agonist: ketanserin (5-HT2A/2C).
Antagonist: SB242084.

Agonist: BW 723686.q

Agonist: ketanserin (5-HT2A/2C).

May regulate cerebrospinal fluid;r implicated in
depression, anxiety and antipsychotic action.s

Implicated in mitogenesis, anxiolysis and
migraine.r

5-HT2A receptors are implicated in depression,
anxiety and OCD.o 5-HT2A agonism mediates
hallucinogenic effects. In combination with DA
D1/2 antagonists and 5-HT1A agonists, 5-HT2A
antagonists are potent antipsychotics.

None currently identified.

Agonists: LY344864 and LY334370.a

Antagonist: M100,907.

None currently identified.

Sumatriptan eases migraine due to
vasoconstrictive properties.j

Sumatriptan eases migraine due to vasoconstrictive properties.j
The selective agonists are analgesic,
antidepressant and antiaggressive in rats.i

5-HT1A receptors have important roles in
depression e.g. pindolole and buspironef, and
also anxiety and OCD e.g. buspirone.f
They are important antipsychotic targets.g

Clinical roles of receptor and drugs

None currently identified.

Sumatriptan (and derivatives):
1B/1D agonist.l

Sumatriptan (and derivatives):
1B/1D agonist.l
Agonists: anpirtoline and CP-94,253.i

Agonist: pindolol.
Partial agonist: buspirone.
Antagonist: WAY100635.

Receptor-specific drugs

Table 1.1. References: a. Reviews: Barnes & Sharp (1999), Kennett (2000). b. Human: Marazziti et al. (1994), Hoyer et al. (1986) Pike et al. (1995). Rat: Hall et al. (1985), Pazos et al. (1987a). c. Burnet et al. (1996), Pazos et al. (1987b). Insel
(1992a). d. Araneda & Andrade (1991; Mayberg, 1997; Hesslinger et al., 2002; Mitchell et al., 2002; Weickert et al., 2003), Amargos Bosch et al. (Blair, 2003; 2004; Blair, 2004). e. Celada et al., (2004; Sabbagh, 2004). f. Goa & Ward (1986),
Robinson et al. (1990), Drevets et al. (1999), Blier & Ward (2003). g. Bantick et al. (2001). h. Barnes & Sharp (1999), Kennett (2000). i. Schlicker et al. (1992), de Almeida et al., (2002). j. Barnes & Sharp (1999), Kennett (2000). k. Rat:
Bruinvels et al. (1993), Barnes & Sharp (1999). l. Kennett (2000), Tfelt-Hansen et al. (2000). m. Marmoset: Hoyer et al. (1986). Rat: Blue et al. (1988). Macaque: Goldman-Rakic et al.(1990), Pazos et al. (1987b). n. Araneda & Andrade
(1991), Amargos-Bosch et al. (2004), Jakab & Goldman-Rakic (1998), Aghajanian & Marek (1999), Lambe et al. (2000), Aghajanian & Marek (2000). Martin-Ruiz et al. (2001). o. Celada et al. (2004), Burnet et al. (1996), Ngan et al. (2000),
Meltzer et al. (2003), Martin-Ruiz et al. (2001). p. Duxon et al. (1997a). q Barnes & Sharp (1999), Kennett (2000), Duxon et al., (1997b). r. Kennett (2000). s. Di Matteo et al. (2002), Di Giovanni et al. (2002), Kennett et al. (1997b). *Lower
case denotes a putative receptor identified only by the gene product. Gi/Go/Gq/G11are different G proteins.

currently unknown

Activation on the pyramidal apical dendrites in
layer V increases excitation and stimulates
glutamate release.
Subsequent stimulation of post-synaptic AMPA
receptors alters PFC efferent outputn.

Low levels in cerebellum, hypothalamus and
medial amygdala.p

Also in caudate, hippocampus, nucleus accumbens
and olfactory tubercle.

Highest levels in frontal cortex, primarily in layers
V and III of human, monkey and ratm.

5-HT2B

5-HT2A

5-HT2 family — Metabotropic receptors that cause activation of phospholipase C via Gq/G11.a

Terminal autoreceptors: inhibit 5-HT release;
terminal heteroreceptors: hyperpolarizing.h

Postsynaptic in forebrain, particularly PFC;
mediate pyramidal cell hyperpolarization.e

Raphé autoreceptors; inhibit neuronal cell firing
and terminal 5-HT release.d

Highest levels in hippocampus, cerebral cortex —
particularly PFC, striatum and dorsal and median
raphé.b
Primarily on pyramidal cell dendrites in layers III
and V.c

5-HT1A

5-HT1 family — Metabotropic receptors that cause deactivation of adenylate cyclase via Gi/Go.a

Receptor
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High levels in the nigrostriatal and mesolimbic regions
of the rat, primate and human.
Low levels found in the neocortex.e

High levels in rat and human forebrain — particularly
hippocampus, striatum and forebrain.
Possibly localized on astrocytes.h

Not expressed in humans; present in rat and mouse in
the hippocampus, entorhinal and piriform cortices and
dorsal raphé.h

Highly expressed in limbic and cortical regions of rat
and human, particularly striatum (caudate).k

Highly expressed in the dentate gyrus and thalamus.
Lower levels in the hippocampus, anterior cingulate
cortex and amygdala.n

Metabotropic
activation of
adenylate
cyclase via Gs.f

Metabotropic
deactivation of
adenylate
cyclase via Gs.

Putatively
metabotropic.

Metabotropic
activation of
adenylate
cyclase via Gs.

Metabotropic
activation of
adenylate
cyclase via Gs.

5-HT3

5-HT4

5-HT5A

5-ht6*

5-HT7

Putative partial agonist:
LSD.j

Putative partial agonist:
LSD.j

Antagonists: SB-207266A
and SB20407A.

Antagonist: ondansetron.

Specific drugs

Putatively heteroreceptors on glutamatergic cortico-raphé
fibres acting to inhibit raphé activity.
May regulate excitability in circadian systems and the
hippocampus.o

Antagonists: SB-269970-A
and SB-656104-A.p

Activation enhances excitation in frontal cortex and
Antagonist: SB-271046, a
hippocampus in the rat and releases DA and NA (but not 5- putative cognitive
HT) from the rat medial PFC.l
enhancer.m

Currently unknown.

Currently unknown.

Activation modulates both frontal ACh and striatal DA
release in the rat.f

Entry of Na+ and Ca2+, and egress of K+ thus causing
neuronal depolarization and reduction of central DA
function.c

Central receptor effect

Implicated in
depression, psychosis,
sleep and circadian
rhythms.p

Implicated in
depression and
psychosis.m

Currently unknown.

Currently unknown.

Putatively anxiolytic.g

Antiemetic and
anxiolytic; may act as
a cognitive enhancer.d

Clinical roles

Table 1.2. References: a. Barnes & Sharp (1999), Kennett (2000). b. Parker et al. (1996), Barnes & Sharp (1999). c. Barnes & Sharp (1999), Kennett (2000), Costall & Naylor (2004). d. Barnes et al. (1990),
Domeney et al. (1991), Costall & Naylor (2004), Insel & Winslow (1992; Saxena et al., 1998; Mayberg et al., 2000; Mitchell et al., 2002; Weickert et al., 2003; Blair, 2004; 2004). e. Jakeman et al. (1994),
Mengod et al., (1996), Kennett (2000). f. Gerald et al. (1995), Consolo et al. (1994), Bonhomme et al. (1995), Steward et al. (1996). g. Kennett et al. (1997a). h. Carson et al. (1996). Nelson et al. (2004). i.
Barnes & Sharp (1999). Nelson et al. (2004). j. Nelson et al. (2004). k. Monsma et al. (1993). l. Lacroix et al. (2004) Woolley et al. (2004). m. Monsma et al. (1993). n. Varnas et al. (2004), Thomas & Hagan
(2004), Gustafson et al. (1996). o. Harsing et al. (2004), Tokarski et al. (2003), Thomas & Hagan (2004). p. Thomas & Hagan (2004), Roth et al. (1994), Barnes & Sharp (1999). *Lower case denotes a putative
receptor identified only by the gene product.

5-HT5B

Highest levels in human brainstem.
Lower forebrain expression, but highest in the
hippocampus .b

Ionotropic
ligand gated ion
channel.a

Brain region and cortical layer

Transduction
mechanism

Receptor

The importance of 5-HT1A and 5-HT2A receptors in schizophrenia is supported
by evidence of abnormalities in these receptors post mortem. Burnet et al.
(1996) investigated the densities of 5-HT1A and 5-HT2A receptors in the brains
of schizophrenics and controls. 5HT1A receptor densities were significantly
increased in the dorsolateral PFC and in the anterior cingulate cortex, while 5HT2A receptors were decreased in the dorsolateral PFC and parahippocampal
gyrus, with a trend towards a decrease in the cingulate cortex. These findings
are consistent with numerous other studies reporting increased prefrontal
cortical 5-HT1A receptors (Hashimoto et al., 1991; Simpson et al., 1996) but
decreased prefrontal cortical 5-HT2A receptors (Arora & Meltzer, 1991;
Laruelle et al., 1993; Ngan et al., 2000) in schizophrenics, although some have
reported no prefrontal cortical change (Joyce et al., 1993) and data from other
cortical areas is not as consistent (see Burnet et al., 1996).

In addition,

schizophrenics who commit suicide have higher 5-HT2A receptor densities than
those dying by other causes (although 5-HT abnormalities have long been
related to suicidal behaviour; for review, see Mann, 2003). The suggestion that
PFC 5-HT2A receptors are decreased in schizophrenia is an intriguing finding
given that atypical antipsychotics such as clozapine block them and yet help to
alleviate the symptoms of schizophrenia.

Depression
The importance of 5-HT in depression is exemplified by the widespread use of
the SSRI antidepressants, which act — initially — by inhibiting 5-HT uptake
and thus increasing synaptic levels of 5-HT. The monoamine oxidase (MAO)
inhibitors produce a similar outcome via inhibition of the catabolic enzymes
MAO A and/or B. Long-term SSRI treatment appears to upregulate 5-HT2A
binding and increase 5-HT1A receptor sensitivity. Normally, the presynaptic 5HT1A autoreceptors in the raphé nuclei act to limit the increase in synaptic 5HT produced by SSRIs, but this effect appears to be reduced with long-term
SSRI treatment, due to receptor desensitization (Blier & Ward, 2003).
Desensitization of 5-HT1A receptors by 5-HT1A-specific compounds, such as
the anxiolytic/antidepressant buspirone, allows the 5-HT neurons to return to
their normal firing frequency and thus increase the activation of postsynaptic
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cortical 5-HT1A receptors (Blier & Ward, 2003). Selective presynaptic 5HT1A antagonists may therefore have valuable antidepressant activity.
Although evidence is inconsistent, 5-HT2A receptors may be downregulated in
the cortex of unmedicated depressives (particularly the posterolateral
orbitofrontal and the anterior insular cortices), and the increased 5-HT2A
binding seen after SSRI treatment may represent a return to normal levels (Biver
et al., 1997; Yatham et al., 2000; Messa et al., 2003). This would suggest the
presence of impaired 5-HT2A transmission in depressed patients, perhaps due to
reduced 5-HT release (Yates et al., 1990; Yatham et al., 2000; Messa et al.,
2003).

OCD
Although evidence for an underlying 5-HT malfunction in OCD is scant
(Baumgarten & Grozdanovic, 1998), 5-HT reuptake inhibitors (e.g. fluvoxamine
and paroxetine) and 5-HT/NA reuptake inhibitors (e.g. the tricyclic
antidepressant clomipramine) are very effective in OCD (Zohar & Judge, 1996;
Delgado & Moreno, 1998a), suggesting that 5-HT neurotransmission
ameliorates symptoms. Consistent with the neuroimaging evidence implicating
hyperactivity of the anterolateral OFC in OCD, mentioned above, it has been
shown that drug treatment with paroxetine, fluoxetine or clomipramine
normalizes anterior (particularly anterolateral) OFC hyperactivity in OCD, and
that lower glucose metabolism in the anterolateral OFC differentiates patients
who respond to drug treatment from those who do not (Swedo et al., 1989;
Benkelfat et al., 1990; Brody et al., 1998; Saxena et al., 1999). These effects
may be mediated via alterations in the fronto-subcortical pathways projecting to
areas such as the caudate nucleus and nucleus accumbens, which have dense
serotonergic innervation (see Saxena et al., 1998; Saxena et al., 1999).
Alternatively, they may be mediated in the OFC itself: 5-HT reuptake inhibitors
have been shown to increase 5-HT release and desensitize 5-HT terminal
autoreceptors in the guinea-pig OFC after 8 weeks of drug treatment. This time
course matches the duration of treatment required for symptom amelioration in
OCD, and contrasts with the 3 week duration of treatment required for similar
molecular effects to be seen in the dorsal PFC (El Mansari et al., 1995;
Bergqvist et al., 1999b).
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At the receptor level, studies with hallucinogens such as LSD (a potent 5-HT2A
and 5-HT2C receptor agonist) have suggested that activation of 5-HT2
neurotransmission — particularly in the OFC — is important for treating OCD,
while 5-HT1A receptor activation may be deleterious (Delgado & Moreno,
1998a; Bergqvist et al., 1999a).

In addition, high doses of antipsychotics

exhibiting 5-HT2A receptor antagonism can actually cause OCD symptoms,
leading to the suggestion that clinical trials of hallucinogens with 5-HT2A
activity would be valuable in OCD (Delgado & Moreno, 1998b; Ramasubbu et
al., 2000).

Serotonergic manipulation
Given the success of serotonergic drugs at alleviating the symptoms of these
disorders, additional forms of serotonergic manipulation have been used to
investigate the underlying role of 5-HT in the complex pathological cognitive
profiles that it ameliorates. One of the most successful techniques has been the
depletion of tryptophan, the precursor to 5-HT.
Tryptophan depletion
L-tryptophan is primarily obtained from the diet, and is not stored in substantial
quantities. Therefore elimination of dietary L-tryptophan can induce profound
and relatively rapid decreases in brain 5-HT levels. In addition, L-tryptophan
uptake occurs via an active process that is used by all the large neutral amino
acids (e.g. phenylalanine) and many others (e.g. methionine and valine).
Therefore, increasing the plasma concentrations of amino acids other than Ltryptophan reduces the uptake of whatever L-tryptophan is available, due to
competition at the transporter (Cooper et al., 1996). Consequently, the use of Ltryptophan depletion has been widely used to study the cognitive and
physiological effects of decreased 5-HT. In typical human studies, subjects
ingest 50–100 g of a tryptophan-free amino acid mixture. The resulting increase
in protein synthesis, and consequent incorporation of existing tryptophan into
protein, results in a consistent and profound depletion of tryptophan and
reduction of 5-HT synthesis. In 1974, Gessa et al. demonstrated a profound
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decrease in brain tryptophan, 5-HT, and the 5-HT metabolite 5-HIAA in rodents
after ingestion of a tryptophan-free solution (Gessa et al., 1974). Similarly,
dietary tryptophan depletion was found to decrease plasma and cerebrospinal
tryptophan in humans and other primates, and also to decrease levels of 5-HIAA
in cerebrospinal fluid (Young et al., 1988; Young et al., 1989; Carpenter et al.,
1998). By extension from rodents, tryptophan depletion was presumed to cause
decreases in brain 5-HT, and in 1997, Nishizawa et al. used PET to provide an
in vivo measurement of 5-HT synthesis in the human brain undergoing
tryptophan depletion (Nishizawa et al., 1997). They found decreases in the rate
of 5-HT synthesis and the levels of cerebrospinal tryptophan and 5-HIAA,
suggesting that tryptophan depletion does indeed reduce central 5-HT in
humans.
Since the validation of this technique, many initial studies have investigated
alterations in cognitive abilities induced by tryptophan depletion, and the
relationships between altered serotonergic function and psychiatric illness.
Given the evidence for 5-HT dysfunction in disorders associated with prefrontal
(particularly orbitofrontal or ventromedial) PFC dysfunction — and the
extensive limbic connections of these areas — it is perhaps not surprising that
tryptophan depletion has effects on mood and affective processing.

Tryptophan depletion and psychiatric disease
Depression
Studies of tryptophan depletion in healthy subjects have shown inconsistent
effects on mood.

Many studies investigating healthy normal subjects

undergoing tryptophan depletion have failed to report any subjective alterations
in mood (Park et al., 1994; Carpenter et al., 1998; Knott et al., 1999; Ravindran
et al., 1999; Murphy et al., 2002; Gallagher et al., 2003). However, healthy
male subjects sometimes report a slight worsening of mood after tryptophan
depletion (Young et al., 1985; Smith et al., 1987; Ravindran et al., 1999), and
healthy females may have a higher risk of tryptophan-depletion-induced
depressive symptoms than males (Ellenbogen et al., 1996; but see Murphy et
al., 2002). The discrepancies between these studies may be due to differences
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in the gender and family history of the individuals being tested (Neumeister,
2003). However, one explanation for the gender effects may lie in the mode of
action of tryptophan depletion: 5-HT2 receptor binding is significantly reduced
in regions of the PFC, including the left superior frontal gyrus, following
tryptophan depletion in humans (Yatham et al., 2001), and women may have
fewer 5-HT2 receptors in frontal and cingulate cortices than men (Biver et al.,
1996).
However, tryptophan depletion in subjects with a family history of depression
consistently causes a worsening of mood.

Riedel et al. (2002) found that

tryptophan depletion depressed mood in 50% of subjects with a family history
of depression (FH+), compared to 9% of those with asymptomatic families
(FH–), which he interpreted as evidence for serotonergic vulnerability in healthy
FH+ subjects. (Interestingly, the strongest mood decrease was seen in female
FH+ subjects.)

Healthy FH+ men also showed a significantly greater

depression of mood after tryptophan depletion than FH– individuals (Benkelfat
et al., 1994; Klaassen et al., 1999; Quintin et al., 2001). Tryptophan depletion
in patients who had suffered from depression but were in remission (following
treatment with serotonergic antidepressants) at the time of testing has also
caused a rapid and significant return of depressive symptoms (Delgado et al.,
1994; Moreno et al., 1999; Smith et al., 1999b; Leyton et al., 2000; Spillmann
et al., 2001) (but see Leyton et al., 1997a; Moore et al., 1998). Imaging of the
cerebral metabolic correlates of this tryptophan-induced depressive relapse, and
the associated cognitive impairments, concluded that structures including the
OFC, anterior cingulate cortex, and caudate may mediate the affective
symptoms of depression (Bremner et al., 1997; Morris et al., 1999; Smith et al.,
1999b).
That tryptophan depletion does not always trigger depression in healthy subjects
suggests that when such a response is seen, it may indicate individuals with a
heightened risk of depression (Benkelfat et al., 1994; Moreno et al., 1999).
Finally, tryptophan depletion doesn’t exacerbate depressive symptoms in ill,
untreated depressives or in recovered and therefore non-medicated patients
(Delgado et al., 1994; Leyton et al., 1997b), implicating the mechanism of
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action of tryptophan depletion in the therapeutic effect of antidepressants
(Leyton et al., 1997b). Indeed tryptophan depletion has repeatedly been shown
to reverse the efficacy of SSRIs and MAOIs, while tryptophan supplementation
can result in a mood improvement and may be an effective adjunctive therapy
for depression (see Young & Leyton, 2002 for review).

Schizophrenia, mania and OCD
Tryptophan depletion has not provided as much insight into the cognitive
deficits of schizophrenia, mania or OCD. In patients who have recovered from
mania, tryptophan depletion has little effect (Bell et al., 2001) despite extensive
evidence for abnormalities in the ventromedial PFC in manic depression, and
impairments in the performance of tasks associated with this region (Murphy et
al., 1999; Rubinsztein et al., 2001a; Lawrence et al., 2004).

Interestingly,

despite the suggestion that lithium ― the mainstay of treatment for mania ―
may interfere with 5-HT1 receptors (see Hughes et al., 2002), acute tryptophan
depletion also has no cognitive or mood-altering effects in euthymic bipolar
patients (Hughes et al., 2002). However, these subjects were not placed on a
low-tryptophan diet prior to testing, raising the possibility the results seen are
due to inadequate reduction of central 5-HT function. Sharma et al. (1997)
found that acute tryptophan depletion significantly worsened the negative
symptomatology of schizophrenics, while a recent study of schizophrenics
taking non-serotonergic medication found that tryptophan depletion caused a
trend toward the completion of fewer categories on the WCST, with no effects
on mood or positive/negative schizophrenic symptoms (Golightly et al., 2001).
In OCD, evidence from tryptophan depletion is variable. Tryptophan depletion
in remitted, medicated patients (Barr et al., 1994) and remitted, unmedicated
patients (Smeraldi et al., 1999) results in little change in measures of
compulsion and obsessions; mood decreases were limited to those on
serotonergic medication (Barr et al., 1994). However, in an intriguing approach
to OCD, Berney et al. (2003) investigated the theory that tryptophan depletion
would only make symptoms worse (in remitted, SSRI-treated patients) if the
symptoms were also provoked in the environment relevant to the patient’s own
obsessions/compulsions.

They found that tryptophan depletion led to a

significant increase in both subjective distress and compulsive desires and
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rituals, which were greater with worsening stressors. Thus tryptophan depletion
may have its effects in OCD only in particularly challenging situations. This
supports the theory that effective symptom relief does require a functional 5-HT
system (Berney et al., 2003).

Tryptophan depletion and PFC function
It is interesting that tryptophan-depletion-induced depressive relapse has been
linked to changes in the ventral and medial PFC circuits, while worsening of
symptoms due to provocation in OCD has been linked to changes in the
anterolateral OFC (see Benkelfat et al., 1990; Saxena et al., 1999). These
findings immediately raise the possibility that the amelioration of cognitive
deficits seen after serotonergic treatment in depression and OCD may be due to
differential, serotonergic modulation of processes mediated by these regions.
Tryptophan depletion has therefore also been investigated in other tasks in
which patients with OCD or depression are impaired — the affective shifting
task, in which depressives show deficits, and a decision-making task, related to
the IGT, in which OCD and schizophrenic patients are impaired (Murphy et al.,
1999; Cavedini et al., 2002a; Hutton et al., 2002). These will be described next.
The Cambridge Gamble decision-making task was developed by Rogers et al.
(1999b) to characterize the decision-making deficits seen after OFC damage in
humans in a task with no explicit learning requirement (unlike the IGT). In this
task, subjects have to decide whether a yellow token is hidden in the red or blue
boxes at the top of a computer screen (see Figure 1.9 for a typical display from
the task). At the bottom of the screen are panels marked ‘red’ or ‘blue’ that the
subject touches to indicate his choice. The subject is instructed to try and obtain
as many points as possible. They do so by placing a bet on their choice of red
or blue being correct. The available bets are displayed in the right hand side of
the screen for 5 seconds each. Having chosen where they think the yellow
token is hidden, they choose a bet which reflects the risk they feel is associated
with their choice (5%, 25%, 50%, 75% or 95% of the subject’s current score,
displayed in ascending or descending order). The location of the token is then
revealed, with either a ‘you win’ sign accompanied by a short sequence of
ascending musical notes or a ‘you lose’ sign accompanied by a low tone. If they
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have guessed correctly, the value of the bet is added to their total points. If they
have guessed incorrectly, the value of the bet is deducted. By varying the ratio
of red and blue boxes, and the value of the bets in relation to the subject’s
current total score, this task can quantify the quality of decision making, the
speed of decision making, and the propensity of subjects to make risky
decisions.
Compared to controls, tryptophan-depleted subjects did not show significant
alterations in the time needed to make a decision (although there was a trend
towards increased deliberation times) and they did not differ in the amount of
points they put at risk when faced with the more advantageous ratios of red and
blue boxes (Rogers et al., 1999b). However, tryptophan-depleted subjects did
choose the more likely outcome less often than controls. That a qualitatively
similar deficit was also shown by patients with lesions of the OFC and by
amphetamine abusers (Rogers et al., 1999b), who may have reduced
orbitofrontal 5-HT (Wilson et al., 1996), suggests that optimal decision making
on this task may depend on serotonergic function within the OFC.

Figure 1.9. On each trial subjects are presented with 10 red or blue boxes and they
must make a probabilistic judgement as to whether a token is hidden under a red or
blue box (here blue has been chosen). In addition they must bet on their judgement.
Bets are generated by the computer (here the bet is 62), represent fractions of the
current total score (125 in this example), and change every 5 seconds. All the
information for one trial is therefore present on the screen, and the learning across
trials required by the IGT is absent. (Adapted from Figure 1 of Rogers et al., 1999b;
Figure 1 of Clark et al., 2004.)
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The affective shifting task is based on the go/no-go paradigm of Iverson and
Mishkin (1970). Words are rapidly presented in the centre of a computer screen
one by one. The words have strong affective symbolism and subjects must
classify them as either happy or sad, responding to one but not the other.
Across blocks of trials, the rule (‘respond to happy, not sad’ or ‘respond to sad,
not happy’) is either kept constant or reversed. This test therefore taxes the
abilities to demonstrate attention to the stimuli, inhibitory control, and the
ability to shift attention and emotional ‘set’ from one affective dimension to the
other — all abilities relevant to everyday decision making (Murphy et al., 1999;
Rubinsztein et al., 2001b; Murphy et al., 2002). As expected, control subjects
found non-shift trials (‘keep responding to same emotional dimension’) easier
than shift trials (‘shift to the other dimension’), but this effect was not seen in
tryptophan-depleted subjects, who did not improve (Rubinsztein et al., 2001b;
Murphy et al., 2002). Interestingly, although this task has previously been
shown to be sensitive to the presence of affective disorders (Murphy et al.,
1999), there was no effect of emotional valence on the errors incurred during
task performance (Rubinsztein et al., 2001b). In addition, the impairments
caused by tryptophan depletion were different from those seen in affective
disorders. The depressed patients were slower to respond to happy but not sad
words, and took longer to perform shift relative to non-shift trials (Murphy et
al., 1999).
Both these tasks have been shown to activate the OFC and inferior frontal gyrus
— areas implicated in the acquisition and use of stimulus–reward associations,
as discussed previously (Rogers et al., 1999c; Elliott et al., 2000c; Murphy et
al., 2002). As discussed above, reward-related information is represented in the
OFC. This, and the sensitivity of the decision-making and affective set-shifting
tasks to serotonergic manipulation, led Rogers et al. (2003) to suggest that 5-HT
depletion caused impairments on these tasks by altering reward representations
in the OFC.

They therefore designed a task that allowed the different

components of the decision-making process (e.g. sensitivity to probabilities of
gaining or losing, and sensitivity to gains and losses of different sizes) to be
assessed individually. Tryptophan depletion altered the processing of reward
cues, reducing subjects’ ability to discriminate between rewards of different
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magnitudes, without altering subjects’ ability to discriminate losses of different
magnitudes, or different probabilities of gain or loss (Rogers et al., 2003).
Of particular relevance to depression is the finding of Rogers et al. (2003) that
“tryptophan depletion… did produce a cognitive and emotional state in which
differences in the probability of outcomes and the magnitude of punishment
associated with these outcomes loomed larger than differences in the magnitude
of reward in the context of choices between competing courses of action”
(Rogers et al., 2003, p. 160). Rogers speculated that such a bias towards the
‘negative’ outcomes might represent a precursor to depressed mood, although it
is unknown if depressives show alterations in reward processing in this
decision-making paradigm.
Depressives show oversensitivity to negative feedback when performing the
Cambridge Automated Neuropsychological Test Battery (CANTAB; Evenden
J.L., 1986; Fray et al., 1996), and show abnormally decreased activation of the
ventromedial OFC and medial caudate during feedback to planning and
guessing tasks (Elliott et al., 1996; Elliott et al., 1998). Thus decreased 5-HT in
the ventromedial PFC may mediate the negative bias that depressives show in
affective processing. Indeed, the lengthened response times to happy stimuli
exhibited in the affective shifting task by both tryptophan depleted subjects and
depressives may be due to enhanced distraction by the sad stimuli and is
consistent with this proposal (Murphy et al., 1999; Murphy et al., 2002). What
OCD patients do in the decision-making and affective shifting tasks is unknown.

Tryptophan depletion and memory
Investigations using tryptophan depletion have not been limited to
psychopathology. This technique has also been used to investigate the effects of
5-HT on cognitive processing in healthy humans. One of the earliest such
studies used CANTAB to investigate learning, memory and executive function
(Park et al., 1994).

Tryptophan depletion caused selective impairments in

delayed (but not immediate) visual recognition tests, and an impairment in the
paired-associates test, in which multiple pattern–location associations must be
learned. Other studies have also reported impaired delayed visual recognition,
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relative to immediate recognition (Rubinsztein et al., 2001b), and also impaired
delayed verbal recognition and delayed word recall, in the absence of short-term
memory effects (Riedel et al., 1999; Schmitt et al., 2000). These findings have
led to the suggestion that tryptophan depletion impairs memory consolidation
across both visual and verbal modalities (Riedel et al., 1999; Schmitt et al.,
2000) and are consistent with the demonstration that tryptophan depletion
impairs episodic memory without altering the EEG correlates of retrieval
processes (McAllister-Williams et al., 2002), suggesting a deficit in
consolidation and/or acquisition. It is therefore possible that the declarative
memory system of the hippocampus is modulated by 5-HT (Gallagher et al.,
2003).

Systemic approaches to 5-HT manipulation
Systemic investigations into the roles of central 5-HT and its receptors are
severely hampered by the lack of non-toxic compounds for use in humans, and
the common use of patient groups in which widespread neuropathology may
render interpretation difficult. The effects of the SSRIs on ameliorating the
cognitive impairments seen in depression have been frequently assessed.
Consistent with the effects of tryptophan depletion on memory, SSRI treatment
also appears to improve numerous aspects of cognition, including memory, in
depressives (Keegan et al., 1991; Levkovitz et al., 2002), elderly depressives
(Bondareff et al., 2000; Doraiswamy et al., 2003), and after head injury
(Horsfield et al., 2002). Indeed, normal volunteers show enhanced long-term
memory performance after acute citalopram treatment, thought to be due to
increased memory consolidation (Harmer et al., 2002). Thus the effect of
SSRIs on cognition may be independent of their ability to treat the other
symptoms of depression (Harmer et al., 2002). Nevertheless, there are also
numerous reports of memory loss following fluoxetine treatment, remitting once
treatment has ceased that warrant further investigation (Bangs et al., 1994; Joss
et al., 2003; Huang et al., 2004). Interestingly, citalopram and reboxetine (a 5HT/NA reuptake inhibitor) also decrease the recognition of negative facial
expressions and increase the recall of positive (vs. negative) emotional material
in healthy volunteers (Harmer et al., 2004). The amelioration of the insidious
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‘negative’ bias apparent in depression and anxiety may explain some of the
clinical efficacy of these drugs. However, contrary to expectation, a wellcontrolled study of patients with frontotemporal dementia (who are thought to
have dysfunctional frontal 5-HT) found impairments in reversal learning,
paired-associates learning, and delayed pattern recognition after paroxetine
administration (Deakin et al., 2004). Tryptophan depletion impairs performance
of these tasks (Park et al., 1994; Rogers et al., 1999a; Rogers et al., 1999b; see
Chapter 3 for further discussion) and paroxetine treatment was consequently
expected to enhance, rather than impair, performance. The reasons for these
findings are currently unknown.
Nevertheless, tryptophan depletion does not cause a global impairment of
executive function. While it appears to impair performance in the affective
shifting and decision-making tasks, performance on tasks which tax other
aspects of cognition (such as the attentional set-shifting task, the Tower of
London planning task and self-ordered spatial search tasks) are unimpaired
(Park et al., 1994; Riedel et al., 1999; Rogers et al., 1999a; Schmitt et al., 2000;
see Chapter 4 for further discussion). Thus, 5-HT reduction seems particularly
to disrupt the inhibitory and affective aspects of cognition that depend on the
orbitofrontal, ventromedial and cingulate cortices.

The similarities of the

deficits seen in tryptophan-depleted subjects and depressives suggest that
reduced 5-HT in the ventromedial PFC may mediate the affective deficits of
depression, due to alterations in the processing of reward- or punishment-related
information, such as over-sensitivity to negative feedback or punishment (see
Evers et al., 2005). In OCD, although alterations in the processing of reward
cues appears likely, the fact that perseverative deficits are seen on the
alternation learning task suggests that any OFC dysfunction in this disorder
occurs more laterally than in tryptophan depletion or in depression.
Furthermore, decreased sensitivity to negative feedback and/or decreased
reward sensitivity would be more compatible with the perseverative and
disinhibitory deficits of OCD.
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5-HT and impulsivity
Disinhibition and impulsivity are common features of psychiatric disease —
particularly OCD, ADHD and mania — and may also contribute to pathological
states such as gambling and drug abuse. These are all conditions linked to OFC
dysfunction (Murphy et al., 1999; London et al., 2000; Cavedini et al., 2002b;
Hesslinger et al., 2002; Itami & Uno, 2002). However, impulsivity is complex
and multifaceted, encompassing a variety of behaviours with different biological
bases (Evenden, 1999c). It may be fractionated into reflection impulsivity, the
inability to wait for ample evidence before making a decision, impulsive
decision making (‘impulsive choice’), represented by intolerance to delay of
reward, or motoric behavioural disinhibition (‘impulsive action’), as represented
by a failure to inhibit a response (Evenden, 1999c; Evenden, 1999a).
There is now extensive evidence that serotonergic dysregulation is involved in
impulsive behaviour. Low levels of the 5-HT metabolites are associated with
impulsive aggression and violence in humans (Åsberg et al., 1976; Linnoila et
al., 1983; Brown & Linnoila, 1990; Linnoila et al., 1993), and also with
increased risk-taking behaviour in monkeys in naturalistic situations, such as
making longer jumps through the jungle canopy (Mehlman et al., 1994;
Fairbanks et al., 1999). Selective lesions of the central 5-HT system in rats
using the neurotoxin 5,7-dihydroxytryptamine (5,7-DHT) or the 5-HT synthesis
inhibitor parachlorophenylalanine (pCPA) leads to impulsive choice and
impulsive action in a variety of paradigms (Wogar et al., 1993b; Fletcher, 1995;
Harrison et al., 1997b; Harrison et al., 1997a; Bizot et al., 1999; Mobini et al.,
2000b).
5,7-DHT- or pCPA-induced lesions of the ascending raphé projections cause an
increase in the choice of a small, immediate reinforcer in preference to a larger,
delayed one — that is, impulsive decision-making or impulsive choice (Wogar
et al., 1993b; Ho et al., 1998; Bizot et al., 1999; Mobini et al., 2000a).
Although such findings are not always seen, or may be transient (Bizot et al.,
1999; Winstanley et al., 2003b; Winstanley et al., 2004a), similar findings can
be seen after excitotoxic OFC lesions, raising the possibility that OFC 5-HT
may be involved in behavioural self control (Mobini et al., 2002; but see
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Winstanley et al., 2004b).

Further analysis of these findings showed that

excitotoxic OFC lesions may suppress or promote impulsive choice depending
on the relative magnitudes of the time delays and of the reinforcers (Kheramin
et al., 2002).

5-HT lesions are known to modulate the ‘value’ of, or the

sensitivity to, rewards (Wogar et al., 1991) and enhanced reward value may
underlie the apparent motor facilitation seen after 5-HT lesions in tasks that
involve switching between different levers (Morrissey et al., 1993; Graham et
al., 1994; Ho et al., 1995; Bizot et al., 1999). There is also evidence that an
intact 5-HT system is necessary for the precise temporal regulation of behaviour
(Wogar et al., 1992; Wogar et al., 1993a; Graham et al., 1994; Ho et al., 1995),
which may also explain the increase in behavioural switching (Morrissey et al.,
1994; Al-Zahrani et al., 1996a; Al-Ruwaitea et al., 1997; Ho et al., 1998; but
see Chiang et al., 1999). 5-HT depletion may also produce accelerated temporal
discounting, i.e. an increase in the rate at which reinforcers lose their value as a
function of delay (Al-Zahrani et al., 1996a; Al-Zahrani et al., 1996b; Mobini et
al., 2000b).

A final factor that affects choice is the probability of the

reinforcers. However, despite the evidence that 5-HT may be fundamental for
time discounting, central 5-HT depletion had no significant effect on choice
between definite and probabilistic reinforcers (Mobini et al., 2000b).
With regard to impulsive action, failure to inhibit responding has been seen after
5-HT lesions (be they whole-forebrain lesions induced by i.c.v. administration
of 5,7-DHT, or lesions of the raphé nuclei) in go/no-go trials, the five-choice
serial reaction time task and ‘differential reinforcement of low rates of
responding’ schedules (DRL; Fletcher, 1995; Harrison et al., 1997b; Harrison et
al., 1997a; Harrison et al., 1999). Although both i.c.v. administration of 5,7DHT and selective dorsal raphé lesions caused an increase in premature
responding (Wogar et al., 1993b; Harrison et al., 1997a; Winstanley et al.,
2003b), selective median raphé lesions did not (Harrison et al., 1997b),
suggesting that the dorsal raphé (which primarily innervates the cortex and the
striatum) is more important than the median raphé in the control of impulsive
motoric responding.
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The fact that 5-HT affects both impulsive choice and impulsive action in animal
models might suggest that 5-HT has a unitary effect on impulsivity. However,
tryptophan depletion in humans only affects impulsive action, not impulsive
choice (LeMarquand et al., 1998; LeMarquand et al., 1999; Crean et al., 2002).
Coupled with the inconsistent effects of 5-HT depletion on the inter-temporal
choice paradigm (choice between small, immediate and large, delayed rewards;
Bizot et al., 1999; Winstanley et al., 2003b; Winstanley et al., 2004a), this
suggests that behavioural disinhibition is more affected by 5-HT depletion than
is impulsive choice (Winstanley et al., 2004a). These findings therefore support
the view that impulsivity is not a unitary construct and involves deficits in
response control, temporal judgement and tolerance to delay of reward that can
all contribute to impulsivity as it is casually defined. Such a fractionation of
impulsivity is supported by the non-uniform effects of receptor-specific
serotonergic compounds.

In particular, postsynaptic 5-HT1A receptor

activation and 5-HT2A receptor inactivation cause a decrease in impulsivity in
delayed reward paradigms (and improved attention in the five-choice task)
(Carli & Samanin, 1992; Charrier & Thiébot, 1996; Evenden & Ryan, 1996;
Poulos et al., 1996; Harrison et al., 1997b; Bizot et al., 1999; Evenden, 1999b;
Evenden & Ryan, 1999; Carli & Samanin, 2000; Koskinen et al., 2000;
Winstanley et al., 2003a; Chudasama & Robbins, 2004). Buspirone increases
impulsivity acutely (Liu et al., 2004); it is a partial agonist at 5-HT1A
postsynaptic receptors and a full agonist at 5-HT1A presynaptic receptors, and
decreases 5-HT function acutely (see Liu et al., 2004).

5-HT2A receptor

activation also reduces reflection impulsivity (Evenden, 1999b). Nevertheless,
the precise roles of 5-HT in the different facets of impulsivity, the location of its
effects, and the exact contributions it makes to impulsivity or self-control in the
clinical context remain unknown.

5-HT manipulations specific to the PFC
The finding that 5-HT depletion causes similar deficits (in inhibitory and
affective shifting tasks) to those seen in disorders such as depression and OCD
suggests that underlying serotonergic malfunction may be involved in some of
the deficits in these diseases. In addition, the evidence that OFC dysfunction is
involved in depression and OCD, and the finding that the decision-making and
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affective shifting tasks depend upon OFC circuitry, suggests that serotonergic
dysfunction within the OFC may contribute to these cognitive impairments.
However, all of the studies mentioned above rely on either global tryptophan
depletion or systemic administration of compounds that cross the blood-brain
barrier and can therefore exert central actions. As a consequence, all such
manipulations affect the entire brain or forebrain and the results cannot be said
to be due to effects on any particular anatomical region. Although the results of
tryptophan depletion studies suggest that OFC function may be affected, the
extensive interconnections of the PFC with subcortical and other cortical
regions does not rule out the possibility that alterations of 5-HT function in
other regions of the PFC, or in other areas projecting to the PFC, may be
responsible. Furthermore, many studies investigating the effects of tryptophan
depletion have used the reduction in plasma tryptophan as the index of reduced
5-HT function (for example, Hughes et al., 2002). However, it has been shown
that a marked reduction in plasma tryptophan does not necessarily indicate a
marked reduction in central 5-HT synthesis and function (Carpenter et al.,
1998). In addition, the majority of the studies utilising raphé lesions have not
specifically investigated the levels of 5-HT in the frontal cortex, but checked
instead for satisfactory 5-HT depletions in the striatum and hippocampus. One
of the few studies to investigate cortical 5-HT levels after central 5-HT
reduction specified a reduction in an area of ‘neocortex’ but does not state the
region it was taken from (Harrison et al., 1997a). Consequently, there is little
evidence to substantiate a reduction in OFC, or indeed PFC, 5-HT as a potential
cause of the behavioural alterations seen after central 5-HT depletion. Finally,
the method of tryptophan depletion may itself cause confounds. The ingestion
of the amino acid drink triggers protein synthesis, which is partly responsible
for the tryptophan depletion (as all available tryptophan is rapidly incorporated
into protein). However, tryptophan itself is also important for the regulation of
protein synthesis, and none of the studies mentioned controlled for the
possibility that alterations in protein levels resulting from either the initially
enhanced protein synthesis or the subsequent decrease in synthesis may cause
behavioural effects (see Young & Leyton, 2002). Thus, despite the evidence
from imaging, lesion and psychiatric studies suggesting PFC serotonergic
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involvement, the possibility that other brain areas or processes are involved
cannot be ruled out.
Nevertheless, there are some studies investigating central 5-HT function that are
specific to the PFC. Perhaps the earliest study to investigate 5-HT function in
the PFC was by Brozoski et al. (1979), who used the neurotoxin 5,6-DHT to
destroy the serotonergic terminals of the dorsolateral prefrontal convexity in a
single rhesus macaque. Performance on a spatial working memory task — the
oculomotor delayed response task — was not impaired. However, these results
should be viewed with caution as 5,6-DHT is not as specific a toxin for 5-HT
neurons as 5,7-DHT, with terminal axon regrowth be more pronounced
(Feldman et al., 1997), and the use of only one monkey makes interpretation
very difficult. However, a more recent investigation using the same task has
implicated 5-HT in PFC function.

Williams et al. (2002) iontophoresed

selective 5-HT2A receptor ligands onto spatially-tuned neurons in the rhesus
dorsolateral PFC during performance of a delayed-response working memory
task. They found that 5-HT2A receptor stimulation enhanced the ‘memory
fields’ of the neurons participating in spatial working memory, while the 5HT2A receptor antagonist MDL100,907 attenuated this activity (Williams et al.,
2002). Despite the fact that this study failed to show behavioural changes
correlating with such activity alterations, others have. In the rodent five-choice
serial reaction time task, direct infusions of ketanserin (a 5-HT2A/2C receptor
antagonist) into the medial PFC reduced premature responding, without
affecting speed of responding or choice accuracy (Passetti et al., 2003).
Similarly, Winstanley et al. (2003a) found improved accuracy in the five-choice
task after infusions of MDL100,907 or the 5-HT1A agonist 8-OH-DPAT into
the medial PFC, implicating 5-HT1A and 5-HT2A receptors in attentional
processing. The only studies to investigate the serotonergic manipulation of
reversal learning (albeit with systemic drug administration) have used the 5HT3 receptor antagonist ondansetron.

Marmosets who underwent daily

treatment with low doses of ondansetron showed improved visual object
discrimination and reversal performance with two stimuli compared to untreated
marmosets (Barnes et al., 1990; Domeney et al., 1991; but see Arnsten et al.,
1997). Although these findings may have been due to drug effects on the
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acquisition stage of the task, they nevertheless suggest that 5-HT may have
cognitive effects relevant to OFC function.

Summary
In summary, many studies have investigated the effects of central 5-HT
manipulation at both the neurotransmitter-specific and receptor-specific levels.
These studies suggest that 5-HT plays a role in PFC function, but have provided
relatively little specific evidence to corroborate these findings. In particular,
there is scant behavioural evidence for the specific involvement of 5-HT in PFC
processing. An understanding of the serotonergic modulation of the PFC and of
cognitive tasks that depend upon the PFC would help to define the underlying
mechanisms of disorders such as OCD, depression, and schizophrenia, in which
deficits in response inhibition and attentional and affective shifting are
important features. Consequently the purpose of the experiments described in
this thesis was to investigate the effects of selective depletion of 5-HT from the
PFC of the marmoset on tasks known to depend on PFC function that also
require behavioural flexibility and affective response inhibition — namely
attentional set-shifting and reversal learning.

This approach enabled the

examination of the roles of 5-HT in different forms of response inhibition and in
distinct anatomical regions of the PFC.
The marmoset monkey is an ideal model for these investigations. They are
small, personable New World monkeys that breed well in captivity and appear
to enjoy the daily testing procedures involved. Unlike the rat, marmosets have a
highly evolved PFC, including well-defined granular and dorsolateral regions
and are therefore an excellent model for assessing abilities that depend upon the
PFC. In addition, the serotonergic system of the marmoset has been extensively
studied and the organisation of the cortical projections shown to be similar to
those of macaques and humans (Schofield & Dixson, 1982; Hornung et al.,
1990). The computerized testing protocols available for use with the marmosets
have been extensively validated, and provide objective, reliable measures of
monkey performance. Furthermore, studies already published using the same
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equipment and protocols provides a consistent and valuable comparison for the
behavioural data resulting from serotonergic manipulation.
Chapter 3 assessed the contribution of PFC 5-HT to a test of OFC function in
the marmoset, namely serial reversal learning. To compare the effects of 5-HT
depletion on other forms of inhibitory processing dependent on the PFC,
Chapter 4 assessed the effects of PFC 5-HT depletion on a test of lateral PFC
function, namely attentional set shifting. Finally Chapter 5 investigated the
behavioural, anatomical, and neurochemical specificity of the results obtained in
Chapters 3 and 4.
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Chapter 2: Materials and Methods
Subjects

F

ifty common marmosets (Callithrix jacchus; 19 females, 31 males),
bred on site at the Medical Research Council colony, participated in the
experiments described in this thesis.

Subjects were experimentally

naïve and approximately 18 months old when experiments commenced. They
were housed in either sibling or male/female pairs (males were vasectomized) in
a temperature- (22 ± 1 °C) and humidity- (50% ± 5%) controlled environment
on a 12-hour light cycle (lights on 07:00; lights off 19:00).

Their cages

contained a variety of environmental enrichment aids that were regularly varied,
including boxes and flowerpots to play in and on, ropes, swings and wooden
branches. All experiments took place between 08:00 and 17:00 with individual
monkeys tested at a consistent time of day and in a consistent order. From
Monday to Friday, all marmosets were given 2 hours of access to water and fed
20 g of primate pellets (MP.E1; Special Diet Services/SDS, Withams, Essex,
UK) and a piece of carrot at the end of the daily testing session. At the
weekends water was available ad libitum and their diet was supplemented with
fresh fruit (banana, apple or grapes), brown bread, hard-boiled eggs, marmoset
jelly (SDS), peanuts, Farley’s Rusks (H.J. Heinz Co. Ltd, Hayes, Middlesex,
UK), malt loaf (Soreen, Bolton, UK) and forage mix (a mixture of seeds and
dried fruit). All procedures were performed in accordance with the UK Animals
(Scientific Procedures) Act 1986 (Project Licenses PPL 80/1344 and PPL
80/1770).

Automated testing apparatus
Behavioural testing was conducted in a automated test apparatus specifically
designed for the marmoset (adapted from Roberts et al., 1988; Figure 2.1),
located in a sound-attenuated box within a dark room.
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Figure 2.1. Apparatus used to test monkeys. A: licker; B: stimuli displayed on touchsensitive computer screen; C: sound-attenuated wooden box; D: metal frame to hold
Perspex carry box and marmoset; E: door, which was shut during testing. Inset:
marmoset (Jupiter) in the testing box licking banana milkshake from the licker.

The marmoset was transported to the apparatus in a cuboidal, clear Perspex box,
one side of which was a removable metal door. The Perspex box slotted into a
metal frame (see Figure 2.1D) in the centre of the apparatus, and the metal door
was removed to reveal a colour computer screen (visual display unit, VDU;
Microtec, Model 1440, Bradford, UK). The marmoset could reach through the
vertical metal bars of the frame to touch stimuli (Figure 2.1B) displayed on this
screen and these responses were detected by a touch-sensitive array of infrared
beams (Microvitec Touchtec 501) attached to the screen. In the centre of the
screen, a vertical, metal licking spout (Figure 2.1A) was attached to the bars of
the frame. Licking at the spout was detected by an infrared photocell beam
located at the entrance of the spout that was connected to a peristaltic pump
which enabled reinforcement presentation when the subject licked. Liquid
reinforcement (banana milkshake; Nesquik, Nestlé, UK) was delivered at a rate
of 1 ml/min The test chamber was lit with a 3 W bulb located centrally in the
roof of the apparatus, and a 4 kHz tone could be presented via two tone
generators located on the left and right of the computer screen (R. S.
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Components, part 249-429, Corby, UK). A video camera was suspended from
the roof of the apparatus, which relayed video signals to the control room
outside the testing room and enabled the marmosets’ behaviour to be monitored.
The stimuli presented on the touchscreen were 38 mm wide × 50 mm high
(abstract exemplars), 32 × 32 mm (blue shapes) and 32 × 38 mm (white lines;
Figure 2.2). These stimuli were generated by an Acorn A5000 computer (Acorn,
Cambridge, UK) located in the control room and connected to the testing
apparatus via a circuit board (Paul Fray Ltd, UK) located in the testing room.
The Acorn A5000 controlled all aspects of the behavioural testing using
programs written in BBC BASIC V with Arachnid control extensions (Cenes
Ltd, Cambridge, UK).

Figure 2.2. Examples of different pairs of stimuli displayed on the touchscreen. A:
abstract exemplars; B: blue shapes; C: white lines. All stimuli were presented to the
marmosets on a black background.

Initial behavioural training procedures
Marmosets were initially habituated to the experimenter and trained to enter the
Perspex carry box for marshmallow reward (Supercook, Sherburn-in-Elmet,
Leeds, UK). Once acclimatized to sitting in the apparatus they were presented
with free-flowing banana milkshake to familiarize them with reward. Once
approximately 700 licks were made in 15 min, monkeys were advanced to a
fixed-interval schedule in which free delivery of banana milkshake was paired
with tone presentation. After 16 initial licks on this schedule, an 8 s tone was
alternated with an 8 s intertone interval. The tone signalled the delivery of free
reward, whereas reward was not available during the intertone interval. Once
marmosets were licking during approximately 90% of ≥20 tone periods and
consistently not approaching the licker in the absence of the tone they were
trained to touch stimuli presented on the touchscreen.
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Initial touchscreen familiarization involved encouraging marmosets to respond
to a large horizontal green bar (15 cm wide × 5 cm high) on the touchscreen, on
which marshmallow had been placed at the location of the stimulus. Some
marshmallow was removable if touched and some was covered with clear
adhesive tape to prevent its removal.

When the stimulus was touched, it

immediately disappeared and an 8 s period of banana milkshake availability was
signalled by the onset of a tone. Following reward, a 1 s intertrial interval (ITI)
preceded the next presentation of the stimulus (the start of a new trial). As
training progressed, the stimulus area was reduced first to a central 5 cm × 5 cm
green square, and then to green squares randomly alternating between the left
and right sides of the screen. The amount of marshmallow was reduced until
the marmoset was responding to the green stimulus alone, and the durations of
the reward and ITI were slowly altered until marmosets were responding to 5 s
of reward and a 3 s ITI. Once more than 40 responses were made in 20 minutes,
the marmoset was considered ready to commence an experiment.
All behavioural tasks described in this thesis involved the discrimination of two
stimuli presented on a touchscreen.

Individual tasks are described in the

relevant chapters, and in all cases, the correct stimulus was presented
pseudorandomly on the left and right sides of the screen (such that in every four
trials, two involved the correct stimulus being on the left, and two on the right).
However, all tasks employed a correction procedure to prevent extreme side
biases from developing (the subject responding only to one side of the screen,
regardless of the stimulus presented there).

The correction procedure was

designed to reduce the probability of reinforcement for a monkey exhibiting a
side bias. It operated automatically, as follows. If a monkey responded to one
side 10 times in a row (regardless of whether those responses were correct or
incorrect), the correction procedure was initiated on the next trial.

The

correction procedure interrupted the pseudorandom assignment of stimuli to
sides of the screen, and placed the incorrect stimulus on the favoured side (and
the correct stimulus on the unfavoured side). This continued until the subject
had made a total of 3 responses to the previously-unfavoured side, whereupon
the correction procedure finished and the pseudorandom trial sequence resumed.
Trials that were part of the correction procedure always counted towards the
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maximum number of trials permitted in a session (i.e. the subject did not earn
‘extra’ trials by initiating a correction procedure). If a subject finished a session
during a correction procedure, the correction procedure resumed at the start of
the next session as if there had been no gap.
The computerized touchscreen apparatus used in these experimental studies
ensures full control over the animals environment during behavioural testing
and allows for the same or similar tests to be used in studies in humans, thereby
aiding the extrapolation of experimental results into the clinic. The use of a
liquid reinforcement in such apparatus has multiple advantages, including (i) the
highly-controlled delivery of discrete volumes of reward, (ii) the delivery of a
variety of different liquid reinforcements at the same spatial location within a
single testing session, and (iii) the delivery of reinforcement such that the
marmoset is unaware of the nature of the reinforcement until having licked and
tasted the reinforcement. The latter is essential to ensure full experimental
control over the learning context. For example, it is well documented that
additional psychological processes are evoked when an animal, learning about
the relationship between a stimulus and reward, is able to ‘see’ the resulting
reward as opposed to just tasting the resulting reward (see Chapter 3). Due to
the cognitively demanding nature of this apparatus and the complexity of the
tasks used, water restriction was used to increase the motivation of the
marmosets to ensure their good and consistent performance across the weeks
and months of testing.

Surgical lesion technique
All animals were premedicated with ketamine hydrochloride (0.05 ml of a 100
mg solution, i.m.; Pharmacia and Upjohn, Crawley, UK), anaesthetized with
Saffan (alphaxalone 0.9% w/v + alphadalone acetate 0.3% w/v, i.m.; Schering
Plough, Welwyn Garden City, UK) and given preoperative analgesia with
Rimadyl (carprofen, a non-steroidal anti-inflammatory drug; 0.03 ml, s.c.;
Pfizer, Kent, UK). Marmosets were then placed in a stereotaxic frame with
specially modified zygoma and incisor bars (David Kopf, Tujunga, CA, USA;
Figure 2.3) for the duration of the operation and anaesthesia was maintained
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with top-up doses of approximately 0.4 ml Saffan every 40–60 minutes. The
reference coordinates for surgery in this frame used the interaural line as the
anteroposterior (AP) zero coordinate and the centre of the superior sagittal sinus
at AP +17.5 as the lateromedial (LM) zero coordinate. All coordinates are
given in mm.

AP coordinates are positive in the anterior direction; LM

coordinates are positive to the right. The skull was exposed and a dental drill
used to remove the bone at the midline at AP +17.5, taking care to avoid
damage to the cortical surface and any blood vessels, particularly the superior
sagittal sinus. Subsequent infusion coordinates were designed on an individual
basis to take into account the extensive between-marmoset variation in frontal
lobe size. To achieve this, the thickness of the brain was measured at a standard
coordinate (AP +17.5, LM –1.5) by carefully piercing the dura mater with the
tip of a 27-gauge hypodermic needle and lowering a fine, smooth dental broach
(29 mm long; Claudius Ash, Potters Bar, UK) vertically through the brain,
taking measurements at the cortical surface and when contact was made with the
base of the skull. If the brain depth was 5.8–6.5 mm, the infusion coordinates
were not altered. If the depth was outside this range, the AP measurement was
altered in steps of 0.5 mm (moved posteriorly if the depth was less than 5.8 mm,
moved anteriorly if the depth was more than 6.5 mm) and the depth re-measured
until the depth fell within this range. The AP distance moved was noted and all
infusion coordinates were adjusted accordingly to provide accurate coordinates
for the frontal lobes of each monkey. All bone was removed from the site of
these injections and infusions commenced.
A.

B.

Figure 2.3. A: Schematic of a marmoset stereotaxic head holder. B: Marmoset
stereotaxic frame showing ear bars and modified zygoma bars. (Part A taken from
Baker & Ridley, 1986, with permission.)
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5,7-dihydroxytrypamine-induced serotonergic lesions of the PFC
5,7-Dihydroxytryptamine is a relatively selective serotonergic neurotoxin. It
has some toxicity to noradrenergic and dopaminergic neurons, but this can be
reduced by the careful administration of suitable NA and DA reuptake blockers
(see Feldman et al., 1997).

Until recently, administration of 5,7-DHT to

terminal areas was believed to cause toxicity via the rapid uptake of the toxin
into serotonergic neurons where it is oxidatively converted to 5hydroxytryptamine-4,7-dione and 6,6′-bi(5-hydroxytryptamine-4,7-dione) —
toxic products that kill the neurons via hypoxia and oxidative stress (Tabatabaie
& Dryhurst, 1992; Tabatabaie et al., 1993). However, recent evidence showing
that inhibitors of 5-HT uptake do not block 5,7-DHT toxicity suggest that 5HTT-mediated uptake into serotonergic neurons is not the mechanism by which
5,7-DHT enters the 5-HT neurons. Consequently, the mechanism by which the
toxin acts remains unknown (Choi et al., 2004c).
Serotonergic lesions of the PFC were made by infusing 2–3 µl/site of a 4.96
mM solution of the selective serotonergic neurotoxin 5,7-dihydroxytryptamine
creatinine sulfate (5,7-DHT; Fluka Biochemika, Buchs, Switzerland, 48%
freebase by mass; Figure 2.4) bilaterally into 20 sites (Table 2.1). Due to the
structural similarity between the monoamine neurotransmitters, 5,7-DHT is not
completely selective for 5-HT neurons and has the potential to damage
dopaminergic and noradrenergic neurons. A lesion technique was consequently
developed that maximized the 5-HT depletion while minimizing DA/NA
neuronal damage (Figure 2.5 depicts serotonergic fibres intended for
destruction). This technique was to use an infusion containing a combination of
the NA uptake blocker nisoxetine hydrochloride (Sigma, Poole, UK; 25 mM),
the DA uptake blocker GBR-12909 dihydrochloride (Sigma; 1.0 mM), and 4.96
mM (2 µg/µl) 5,7-DHT, in saline/0.1% L-ascorbic acid vehicle.
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Figure 2.4. Chemical structure of 5,7-dihydroxytryptamine (5,7-DHT).

Figure 2.5. Dark-field photomicrograph of serotonergic
fibres and terminals within the orbital sector of the PFC
(stained with rabbit anti-serotonin 20080; Diasorin Inc.,
Stillwater, Minnesota, USA). Histology: C. Parkinson;
Image: J. Bashford & A. Newman.

In addition to the depth-check protocol used to standardize coordinates for each
individual monkey, the exact position and number of infusions per site were
adjusted according to the actual tissue depth encountered at each injection site.
At each site, 2–3 infusions were made equidistantly between the cortical surface
and the skull base using a stainless steel cannula (30 gauge) attached to a 10 µl
syringe (Hamilton, USA). Infusions were not made less than 0.8 mm from the
surface or base and not less than 0.8 mm from another infusion. If the depth
encountered did not allow 3 infusions using these parameters then only 2
infusions were used. All infusions were made at the rate of 0.4 µl/20 s and after
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the last infusion at a given site, the cannula remained in place for 4 min before
being slowly removed from the brain. See Table 2.1 for coordinates.

Lesion

Sites
per
side

AP
(mm)

LM
(mm)

Infusions
per site

Volume
per
infusion
(µl)

Infusion
rate

Position of
cannula from
skull base
(mm)

10

+17.0

± 0.75

3

3

0.4 µl/20 s

variable; see text

+18.0

± 0.75

3

3

+18.0

± 1.50

3

2

+18.0

± 2.50

3

2

+18.0

± 3.50

2/3

2

+18.0

± 4.50

2/3

2

+19.5

± 0.75

3

3

+19.5

± 1.50

3

3

+19.5

± 2.50

2/3

2

+19.5

± 3.50

2/3

2

PFC

Table 2.1. Stereotaxic coordinates used to lesion the PFC, in the anteroposterior (AP)
and lateromedial (LM) planes. Positive coordinates represent the anterior and right
directions respectively. Actual AP coordinates were shifted if necessary following the
depth-checking procedure described in the text.

Neurochemically selective lesions of the OFC
Two different OFC lesions were used to target two different neurotransmitters.
Both lesions were intended to target the same regions, but to selectively destroy
two different neurotransmitters, namely 5-HT and DA.
The 5-HT-depleting lesion of the OFC used a similar drug mix to that used for
whole-PFC lesions (as described above) but with greater concentrations. This
was to ensure the regional specificity of the lesion by enabling the infusion of
smaller volumes of solution than those used previously, but still depleting 5-HT
to satisfactory levels. The lesion was made by infusing 0.4–0.6 µl of a solution
containing

nisoxetine

hydrochloride

(Sigma;

50

mM),

GBR-12909

dihydrochloride (Sigma; 2.0 mM), and 9.92 mM (4 µg/µl) 5,7-DHT in
saline/0.1% L-ascorbic acid vehicle into 10 sites bilaterally. See Table 2.2 for
coordinates.
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Lesion

OFC

Sites
per
side

AP
(mm)

LM
(mm)

Infusions
per site

Volume
per
infusion
(µl)

Infusion
rate

Position of
cannula from
skull base
(mm)

5

+16.75

± 2.50

1

0.4

0.04 µl/20 s

0.7

+16.75

± 3.50

1

0.4

+17.75

± 2.00

1

0.4

+17.75

± 3.00

1

0.4

+18.50

± 2.00

1

0.6

Table 2.2. Stereotaxic coordinates used to lesion the OFC, in the anteroposterior (AP)
and lateromedial (LM) planes. Positive coordinates represent the anterior and right
directions respectively. Actual AP coordinates were shifted if necessary following the
depth-checking procedure described in the text.

Selective dopaminergic lesions of the OFC were made using a procedure similar
to that described by Crofts et al. (2001). Monkeys were premedicated with the
MAOI pargyline (Sigma; 50 mg/kg i.p.) to enhance the efficacy of the selective
dopaminergic neurotoxin 6-hydroxydopamine (6-OHDA) hydrobromide. After
20 min, they were anaesthetized with Saffan and selective dopaminergic lesions
of the OFC were made by injecting 0.2–0.3 µl of a 6 µg/µl solution of 6-OHDA
(Sigma; in 0.01% L-ascorbic acid) into 10 sites bilaterally. See Table 2.2 for
coordinates. To protect the serotonergic and noradrenergic innervation of the
OFC from the 6-OHDA, monkeys received peripheral injections of the NA
uptake blocker talsupram (Lundbeck, Copenhagen, Denmark; 20 mg/kg s.c.)
and the SSRI citalopram (Lundbeck; 5 mg/kg s.c.) 30 min before the injections
of 6-OHDA commenced.
For all selective OFC lesions, the depth-check procedure described above was
used to ensure accurate anatomical targeting. All infusions were made 0.7 mm
from the base of the skull and were made at the rate of 0.04 µl/20 s using a 30gauge stainless steel cannula attached to a 2 µl Hamilton syringe. The cannula
remained in place for 4 min following infusion before being slowly withdrawn.

Control lesions
Sham-operated control monkeys received identical surgical treatment to the
lesioned monkeys for all lesion types. In all cases infusions were identical to
the lesion protocols except for the omission of the relevant toxin.
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Postoperative care
All marmosets were administered a warm glucose–saline solution (1% glucose,
0.9% saline; 5 ml, i.p.) and diazepam (Roche Products, Hertfordshire, UK; 0.1–
0.5ml of a 5 mg/ml solution) to combat the effects of any dehydration incurred
during surgery and to alleviate any potential epileptic activity as a result of the
neurotoxins.

If transient seizures were seen, supplementary diazepam was

administered as necessary. Monkeys were kept in a quiet, darkened room for
the first 48 h after surgery and their condition closely monitored with hand
feeding, watering and the provision of an additional heat supply if necessary.
The morning after surgery all monkeys were administered the analgesic
Metacam (meloxicam; Boehringer Ingelheim, 0.1 ml p.o.).

Once fully

recovered and eating well they were returned to their home cage and partner
with free access to water and ‘weekend’ diet for a further 10 days before testing
resumed.

In vivo measurement of 5-HT using microdialysis
The concentric dialysis probes incorporated a 24-gauge thin-walled outer
stainless steel barrel (40 mm long), an inner tubing of polyamide-coated silica
glass (SGE, internal diameter 80 µm, outer diameter 110 µm) and a 1.0 mm
active (exposed) length of dialysis membrane (diameter 220 µm). The probes
were perfused with artificial cerebrospinal fluid (aCSF) at a flow rate of 1.0
µl/min using a Harvard microsyringe pump with 2.5 ml gas-tight syringes and a
serial liquid switch. The composition of aCSF was as follows (in mM): NaCl
147; KCl 3; CaCl2 1.3; MgCl2 1; Na2HPO4 0.2; NaH2PO4 1.3 (pH 7.4). The
aCSF also contained 1 µM of the SSRI citalopram to augment extracellular
levels of 5-HT.

The probe was implanted acutely into the OFC at the stereotaxic coordinates of
AP +17.75, LM –2, D +0.3 (from the skull base). Coordinates were adjusted in
situ to ensure sufficient cortical depth. After a 3 h post-implantation
equilibration period, dialysates were collected every 20 min. Initially, four
baseline determinations were taken, then a 10-min depolarising stimulus (75

Chapter 2: Materials and Methods

83

mM K+) was applied, followed by three further baseline determinations.
Samples were stored in dry ice and then at –850C until analysis. Throughout the
experiment the monkey was maintained under Saffan anaesthesia and its core
temperature was monitored via a rectal probe. The microdialysis was performed
3–10 months after the 5-HT lesion surgery.

The levels of 5-HT and the metabolite 5-hydroxyindoleacetic acid (5-HIAA) in
the dialysate samples were analysed using reversed phase high-performance
liquid chromatography (HPLC) and electrochemical detection. Chilled 15 µl
samples were separated on an 18-carbon (C18) silica-based analytical column
(1004.6 mm octadecylsilane: ODS3) using a mobile phase (13.6 g/l
KH2PO4.H20, 185 mg/l octane sulphonic acid and 18% methanol; pH 2.75)
delivered at 22 °C and at 0.8 ml/min by a dual piston pump. Dialysate levels of
5-HT and 5-HIAA were quantified using a dual electrode analytical cell and
electrochemical detector with electrode 1 set at –150 mV and electrode 2 set at
180 mV with reference to a palladium electrode. The resultant signal was
integrated using Chromeleon software (version 6.20, Dionex, UK on a Dell PC).
The HPLC system was calibrated using standards containing known amounts of
5-HT (detection limit of 0.5 fmol).

Dissection and preparation of brains for high pressure
liquid chromatography (HPLC) analysis
In preparation for HPLC analysis the animal was euthanazed using Euthatal
(pentobarbital sodium, 1 ml of a 200 mg/ml solution, i.p.; Merial Animal Health
Ltd) and the brain immediately and carefully removed. The brain was placed on
an ice-cooled dissecting plate and individual anatomical regions [defined
according to the cytoarchitectonic map of Brodmann (1909)] carefully removed
bilaterally (Figure 2.6), wrapped in aluminium foil and frozen on dry ice to
preserve histochemical integrity. All tissue was maintained at –80 °C until
histochemical analysis. Individual tissue samples were carefully weighed and
200 µl 0.2 M perchloric acid added to denature any protein. Samples were
individually homogenized and centrifuged at 16000 rpm at 4 °C for 20 min. For
each sample, 75 µl of the supernatant was analysed as described above.
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Figure 2.6. Schematic diagram depicting the cortical and subcortical areas
removed for HPLC analysis. Initially, B9/dorsolateral PFC (1), B8/dorsal
supplementary cortex (2), and B4-6/premotor and primary motor cortices (3) were
removed by peeling the cortex away from the underlying white matter. Starting
behind the orbits, the remaining anterior brain was then cut into four sections with
four cuts, 3.0 mm apart (vertical lines) ― blocks A to D. The following regions
were then removed from the blocks. Block A: 4, orbitofrontal cortex (B10–12); 5,
pregenual medial PFC. Block B: 6, postgenual anterior cingulate cortex; 7, nucleus
accumbens; 8, anterior putamen; 9, anterior caudate. Block C: 10, midcingulate
cortex; 11, posterior frontal and anterior parietal cortex (B1, B3, B5); 12, either
considered as mid caudate or as part of the anterior or posterior caudate due to intermarmoset variability; 13, midputamen, H, hypothalamus; BF, basal forebrain; A,
amygdala. Block D: 14, posterior cingulate cortex; 15, posterior parietal cortex;
Hipp, hippocampus; C, posterior caudate; P, posterior putamen; TP, temporal pole.
ac, anterior commissure; oc, optic chasm. Adapted from Figure 2 of Roberts et al.
(1994), with permission.

Statistical analysis
Data were imported into a relational database (Microsoft Access 97) for case
selection and calculation of summary information, and analysed with SPSS
versions 11 and 12 (SPSS, Chicago, USA), using principles based on Howell
(1997). Graphical output was provided by Microsoft Excel 97 (Microsoft
Corporation, Seattle, USA), Graphpad Prism 3.0 (Graphpad Software, San
Diego, USA) and Adobe Illustrator 8.0.1 (Adobe Systems Incorporated, San
José, USA). All error bars are ±1 SEM unless otherwise stated.
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Transformations
Homogeneity of variance was verified using Levene’s test (Levene, 1960).
Skewed data, which violate the distribution requirement of analysis of variance,
were subjected to appropriate transformations (Myers & Well, 1995, pp. 109110; Howell, 1997, pp. 323-329). Count data (e.g. errors to criterion) whose
variance increased with the mean were subjected to a square-root
transformation. Percentages (0–100) were converted to proportions (0–1) and
then arcsine transformed (where the transformed variable is given by
Y ′ = arcsin Y

).

Analysis of variance
Behavioural data were subjected to analysis of variance (ANOVA) using a
general linear model, using SPSS’s Type III sum-of-squares method. All tests of
significance were performed at α = 0.05; full factorial models were used unless
otherwise stated. ANOVA models are described using a form of Keppel’s
(1982) notation; that is, dependent variable = A2 × (B5 × S) where A is a
between-subjects factor with two levels and B is a within-subjects factor with
five levels; S denotes subjects in designs involving within-subjects factors.
For repeated measures analyses, Mauchly’s (1940) test of sphericity of the
covariance matrix was applied and the degrees of freedom corrected to more
conservative values using the Huynh–Feldt epsilon

ε~

(Huynh & Feldt, 1970)

for any terms involving factors in which the sphericity assumption was violated.
Corrected df are reported to one decimal place.

Post hoc tests
Significant main effects of interest were investigated further using pairwise
comparisons (t tests) with a Šidák correction, for factors with >3 levels. This
correction (Šidák, 1967) is based on the observation that αfamilywise = 1 – (1 –
αeach

n
test)

when n tests are performed; the correction was made such that

αfamilywise = 0.05. If the significant main effect pertained to a factor that only had
three levels, uncorrected t tests (Fisher’s Least Significant Difference
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procedure) were used, as these do not require correction if the main effect is
significant, and give better power than alternative approaches (Howell, 1997, p.
370).

Where significant interactions were found, separate ANOVAs were

conducted to establish simple effects.
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Chapter 3: Prefrontal 5-HT Depletion Impairs
Serial Reversal Learning In Marmosets
Abstract
Dysregulation of 5-HT within the PFC has been implicated in a number of
psychopathologies, including depression, schizophrenia, OCD and drug abuse.
However, little is known of the behavioural and cognitive consequences of
selective manipulation of PFC 5-HT. This study examined the effects of 5-HT
depletion from the marmoset PFC on performance of a serial discrimination
reversal paradigm that required monkeys to shift their responding repeatedly
between one of two visual stimuli. Marmosets with 5,7-dihydroxytryptamineinduced 5-HT lesions showed a selective deficit in the capacity to inhibit
responding to the previously-rewarded stimulus, in the absence of a deficit in
retention of a previously-learned stimulus–reward association or in the
acquisition of novel stimulus–reward associations. The specifically
perseverative nature of the deficit, which contrasts with that seen following
PFC DA depletion, highlights the importance of PFC 5-HT in supporting
behavioural flexibility and is discussed with respect to the negative symptoms
of schizophrenia and OCD, in which perseveration is prominent.

Introduction

S

tudies of reversal learning in the human, macaque, and marmoset have
localized the neural correlates of this ability to the OFC (Butter, 1969;
McEnaney & Butter, 1969; Iversen & Mishkin, 1970; Jones & Mishkin,

1972; Rolls et al., 1994; Dias et al., 1996a; Dias et al., 1997; Hornak et al.,
2004).

In addition, investigations into the deficits shown by patients with

ventromedial PFC damage on the IGT reveal that impaired reversal learning
almost certainly contributes: patients with ventromedial PFC damage are
impaired on the basic version of the task (Bechara et al., 1994; Fellows &
Farah, 2005), but perform much better, and similar to controls, when the need to
reverse from the ‘risky’ to the ‘safe’ decks is eliminated (Fellows & Farah,
2005). Studies using tryptophan depletion to investigate the serotonergic basis
of behaviour regulated by the PFC have demonstrated that performance on tasks
such as the affective shifting task and the Cambridge Gamble task are impaired
after reductions in central 5-HT (Rogers et al., 1999b; Rubinsztein et al.,
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2001b). These tasks are subserved by the orbitofrontal, inferior prefrontal and
anterior cingulate cortices (Bechara et al., 1994; Rogers et al., 1999c; Elliott et
al., 2000c; Fellows & Farah, 2005). Consequently, the susceptibility of these
OFC-dependent tasks to serotonergic manipulation suggests that reversal
learning would also be impaired after tryptophan depletion.
Park et al. (1994) performed the first investigation into the effects of tryptophan
depletion on tests of PFC function. These included the Tower of London test of
planning, a spatial working memory test, and a test of extradimensional shifting;
all were largely unaffected. They concluded that the “low-tryptophan drink
appears to have relatively selective effects on cognitive function, namely
impairments in learning and retrieval processes, while leaving performance on
tests sensitive to frontal lobe dysfunction substantially unaffected” (Park et al.,
1994, p. 586). However, this statement masks an important observation about
performance of a visual discrimination paradigm in which stimulus–reward
contingencies were reversed. Park et al. noted that “the drink has its disruptive
effect on accuracy mainly on the reversal stages of the task, when the subject
has to learn new stimulus–reinforcement associations” (Park et al., 1994, p.
585). These findings were reinforced by an investigation of a computerized
reversal learning paradigm (Rogers et al., 1999a). Rogers et al. also found that
tryptophan-depleted subjects made significantly more errors than controls when
required to learn a compound stimulus reversal.
These findings therefore confirm the hypothesis that a task such as reversal
learning, known to preferentially activate the OFC, inferior PFC and related
circuitry, is susceptible to manipulations of 5-HT (Butter, 1969; Jones &
Mishkin, 1972; Dias et al., 1996a; Rogers et al., 1999c; Rogers et al., 2000).
However, although this may suggest that serotonergic dysregulation with the
OFC is responsible for the deficits seen after tryptophan depletion, the global
nature of tryptophan depletion does not rule out the possibility that effects on
other regions may contribute. For example, striatal lesions have also been
shown to disrupt reversal learning (Divac et al., 1967) Furthermore, these
findings do not reveal the nature of the reversal learning deficit seen following
tryptophan depletion.

One of the earliest studies into reversal learning
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characterized the responses seen upon the reversal of the stimulus–reward
contingency into three phases: stage I represented responding significantly
worse than chance (perseverating to the previously-correct stimulus); stage II
represented responding at chance level; and stage III represented responding
significantly better than chance (Jones & Mishkin, 1972). Although damage to
the lateral (area 47/12) and medial orbitofrontal cortices were subsequently
shown to affect responding in the ‘perseverative’ and ‘chance’ stages
respectively (Butter, 1969; Jones & Mishkin, 1972), it is currently unknown
whether tryptophan depletion preferentially affects one or more of these stages.
As discussed in the introduction, such questions have relevance to psychiatric
diseases in which OFC and medial PFC functions are believed to be
compromised, and which are effectively treated with drugs that target the
serotonergic system. These include depression, OCD and schizophrenia.
However, the deficits shown by patients with these disorders on tasks dependent
on ventral and medial PFC function differ, suggesting that the contribution of 5HT to these disorders may also differ. In OCD, hyperactivity occurs in the
anterolateral OFC. This hyperactivity is present during periods of high symptom
intensity, or during symptom provocation, and is seen to normalize after
serotonergic treatment (Baxter et al., 1987; Baxter et al., 1988; Nordahl et al.,
1989; Swedo et al., 1989; Insel, 1992a; Breiter et al., 1996; Saxena et al., 1998;
Kwon et al., 2003). Although performance on serial reversal learning tasks has
not been tested, OCD patients do show perseverative responding on the object
alternation learning task, and this test is known to activate the anterolateral OFC
(Gold et al., 1996; Cavedini et al., 1998; Freedman et al., 1998; Zohar et al.,
1999). In this respect, OCD patients differ from depressives, who fail to show
such perseverative responding on the alternation learning task, and whose loci
of aberrant activity are more pronounced in ventromedial PFC regions and the
temporal pole, including the amygdala, than in anterolateral OFC. Damage to
the lateral OFC and the medial OFC induce two distinct types of reversal
learning deficit: lateral OFC damage causes deficits in the ‘perseverative’ stage
of a reversal, while medial OFC damage causes deficits in the ‘chance’ stage
(Butter, 1969; Jones & Mishkin, 1972). Such differences would therefore help
to identify where within the OFC tryptophan depletion has its effects. The
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findings that damage to the ventrolateral PFC area 47/12 causes perseverative
responding, and that perseverative responding is seen with anterolateral OFC
dysfunction in OCD, would suggest that 5-HT influences lateral OFC function,
and that perseveration in reversal learning tasks would be expected after PFC 5HT depletion. In contrast, the more medial locus of abnormality seen in the
PFC in depression, and the lack of perseveration seen on the alternation learning
task in this condition, would suggest that the effects of 5-HT depletion of the
medial OFC would not cause perseveration but manifest as stage II (‘chance’
stage) errors upon reversal.
The experiment reported in this chapter therefore investigated the nature of the
impairment seen after selective PFC 5-HT depletion. Marmosets with selective
5-HT depletions of the PFC were investigated in a computerized serial reversal
learning task, a paradigm known to depend on the OFC (Dias et al., 1996a; Dias
et al., 1997). This approach permits that any deficits seen upon reversals can
therefore be localized to the PFC.

After reversal, the performance of all

marmosets was then subjected to a quantitative three-phase analysis to permit
the determination of any phase-specific effects of PFC 5-HT depletion on the
reversal of a stimulus–reward discrimination.

Methods
Subjects, task, and surgery
Six common marmosets (Callithrix jacchus; 1 female, 5 males) were housed in
pairs and trained with the protocols and apparatus described in Chapter 2 until
they were making more than 30 accurate and alternating touches to stimuli
presented on the VDU within 20 mins. Once trained, the monkeys received a
series of discriminations (described below), with progression onto the next stage
depending on the attainment of a 90% performance criterion in the previous
session (see Figure 3.1). Each discrimination consisted of 30 pseudorandomized
trials separated by an ITI of 3 s. Choice of the correct stimulus resulted in the
presentation of a 5 s tone, which signalled the availability of 5 s of reward.
During this time the correct stimulus remained on the screen. Choice of the
incorrect stimulus caused both stimuli to disappear from the screen, and the
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house light to be switched off for 5 s. The series of discriminations was as
follows:
1. Acquisition of a novel discrimination (D1).
2. Acquisition of a second novel discrimination (D2).
Having reached criterial performance on the second discrimination (D2), three
monkeys received 5,7-DHT lesions of the PFC and three monkeys received the
sham control procedure (see Chapter 2). After 2 weeks’ recovery they received
the following series of discriminations, with the criterion for progression as
before:
3. A retention test of the discrimination learned immediately prior to surgery
(D2 retention).
4. Acquisition of a third novel discrimination (D3).
5. A series of four reversals, whereby for each reversal the previously-incorrect

stimulus became rewarded and the previously-rewarded stimulus became
incorrect (Reversals 1–4).
6. All animals also underwent dialysis 3–10 months after surgery, four (n = 2

lesion, 2 controls) in the OFC (see Chapter 2) and two in the striatum (data
not reported).

At the end of testing they were killed for biochemical

analysis.
Housing conditions, operative techniques and stereotaxic coordinates were
described in Chapter 2.
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Figure 3.1. The visual discrimination reversal task. Marmosets responded to stimuli
on the touchscreen to obtain banana milkshake reward. The + and – symbols
indicate which stimuli were correct and incorrect at each stage, and were not visible
to the marmosets.
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Behavioural measures
The main measure of the monkeys’ ability to learn the visual discriminations
was the total number of errors made prior to achieving the criterion for each
discrimination (excluding the day on which the criterion of ≥90% correct
performance was attained). Additional measures recorded for each trial were (i)
the latency to respond to the stimuli presented on the VDU (response latency),
(ii) the latency to collect the reward from the spout (lick latency) and (iii) the
location of the response (left or right).

Analysis of serial reversal performance
Data from valid sessions were analysed using methods based on signal detection
theory (see Macmillan & Creelman, 1991) to classify whole sessions as
perseverative (in which subjects responded to the previously-correct stimulus
significantly more often than chance), chance, or learning (responding to the
newly-correct stimulus significantly more often than chance). Signal detection
theory was used to establish subjects’ ability to discriminate correct from
incorrect stimuli independently of any side bias that might have been present.
For each session, the probability of responding to the left-hand stimulus given
that the correct stimulus was on the left, P(response L | stimulus L), was
calculated and termed the ‘hit’ probability (H). The probability P(response left |
stimulus R) was termed the ‘false alarm’ (FA) probability. Since omissions were
not possible, P(response L | stimulus L) + P(response R | stimulus L) = 1 and
P(response L | stimulus R) + P(response R | stimulus R) = 1. Probabilities were
then corrected to enable conversion to Z scores: probabilities of 0 were
corrected to 0.0001 and probabilities of 1 were corrected to 0.9999. Corrected
P(H) and P(FA) values were then converted to Z scores, Z(H) and Z(FA), using
the inverse standard normal cumulative distribution function, calculated using
the Acklam algorithm (Acklam, 2005).
The discrimination measure d′ was calculated using the two-alternative forced
choice method (d′2AFC) as
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d 2′ AFC =

Z ( H ) − Z ( FA)
2

and the bias measure c as
Z ( H ) + Z ( FA)
2

Figure 3.2. Representative data (Giggs; see Figure 3.4) depicting classification
of sessions into perseveration, chance and learning categories using signal
detection theory. Values of d′ close to zero represent no discrimination; highly
positive values of d′ represent good discrimination (and responding to the correct
stimulus); highly negative values imply that the subject discriminates the stimuli
but chooses the wrong one. Errors in sessions in which p(d′) < 0.05 are classified
as ‘perseverative’ errors, errors in sessions where p(d′) > 0.95 are classified as
‘learning’ errors, and errors in sessions in which 0.05 ≤ p(d′) ≤ 0.95 are classified
as ‘chance’ errors.

p < 0.05
0.05 ≤ p ≤ 0.95
perseverative
chance

p > 0.95
learning

c=

Both d′ and c have a standard normal distribution (a normal distribution with
mean 0 and standard deviation 1) under the null hypothesis of no discrimination
and no bias, respectively (Macmillan & Creelman, 1991).

Therefore, the

inverse standard normal cumulative distribution function (ICDF) was calculated
and compared to the criterion values of a two-tailed Z test (each tail p = 0.05) to
determine the classification of each session (perseveration, chance or learning).
Sessions where ICDF(d′2AFC) < 0.05 were classified as perseveration; sessions
where ICDF(d′2AFC) > 0.95 were classified as learning, and sessions where 0.05
≤ ICDF(d′2AFC) ≤ 0.95 were classified as chance. Sessions where ICDF(c) <
0.05 or ICDF(c) > 0.95 were considered biased, but were not excluded as d′ is
still a valid measure of discrimination (Figure 3.2).
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Days on which subjects attained the criterion were excluded from all analyses
(including those of response or lick latencies), as were days in which Z(H) or
Z(FA) were incalculable, which would occur in the rare event that a correction
procedure (see Chapter 2) resulted in all stimuli being presented on the same
side for a whole session (this occurred once, for one monkey).

For each

monkey, the number of errors in the sessions classified as perseverative, change
or learning were then totalled to give the number of errors, broken down by
error type, for each reversal.

Statistical analysis
General statistical methods were described in Chapter 2. ANOVA factors used
in the analysis included group (between subjects, two levels: control/lesion),
stage (within subjects: D1, D2, D2 retention, D3 acquisition, Reversals 1–4),
error type (within subjects: errors in ‘perseveration’/‘chance’/‘learning’ phases,
as determined by the signal-detection theory technique described above).

Post mortem assessment of the serotonergic lesion of the PFC
The specificity and extent of the 5,7-DHT lesion of the PFC was assessed using
post mortem HPLC tissue analysis of cortical and subcortical regions,
performed 4–12 months after administration of 5,7-DHT. For full analytical
details, see Chapter 2. In addition, two monkeys with pilot lesions in which 5,7DHT was injected unilaterally (using a procedure otherwise identical to that for
making bilateral lesions) but who did not take part in the behavioural study were
assessed, one at 2 weeks and one at 3 months after surgery, in order to evaluate
the longevity of the lesion (by comparing depletions at these earlier time points
with the later time points of the lesioned monkeys in the behavioural study).
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Results
Lesion assessment
i) Quantification of extracellular 5-HT and 5-HIAA levels in the OFC of
control monkeys and monkeys with 5,7-DHT lesions of the PFC using in vivo
microdialysis
5,7-DHT lesions resulted in substantial reductions in baseline and K+-evoked
extracellular 5-HT and 5-HIAA levels in the OFC, measured between 3 and 10
months postoperatively (see Figure 3.3).

Baseline 5-HT levels were

undetectable in lesioned monkeys and the K+-evoked level was severely blunted
(80.9% reduction). An equivalent pattern was seen for OFC 5-HIAA: both
baseline and K+-evoked 5-HIAA levels were reduced (by 99.1% and 97.3% of
control levels respectively). Statistical analyses were not conducted as the
group sizes (nlesion = ncontrol = 2) gave inadequate power.

Figure 3.3. Mean (±SEM) extracellular 5-HT and 5-HIAA content in
the OFC in control (open squares, n = 2) and 5,7-DHT lesioned
monkeys (filled squares, n = 2). Values given are the values of 5-HT
and 5-HIAA for each successive 20 min dialysis sample, expressed in
femtomoles. The arrow indicates the local administration of K+ (75
mM for 10 min).
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ii) Neurochemical analysis of post mortem tissue from control and 5,7-DHT
PFC-lesioned monkeys
5,7-DHT injections into the PFC produced substantial depletions of 5-HT in
several regions within the frontal lobe when measured between 4 and 12 months
after surgery (see Table 3.1). Data were square-root transformed and analysed
using independent-samples t tests. Significant reductions in 5-HT were seen in
the OFC (B10–12: 82.5% ± 8% reduction; t4 = 2.878, p = 0.045), the lateral
PFC (B9: 85.5% ± 5%; t4 = 6.25, p = 0.003), the dorsal PFC (B8: 69% ± 4.3%;
t4 = 4.83, p = 0.008) and the pregenual medial PFC (86.2% ± 7%; t4 = 4.85, p =
0.008), indicating successful 5-HT depletion of the PFC. Reductions were also
seen in a region comprising the primary motor and premotor cortex (64% ±
6.7%; t4 = 3.57, p = 0.023) and the postgenual anterior cingulate cortex (74% ±
8.9%; t4 = 2.83, p = 0.048).

However, mid-cingulate cortex was not

significantly depleted (35.3% ± 13.6%; p > 0.05) and there were no observed
alterations in motor ability either within the home cage or the test apparatus.
Effective 5-HT depletion was confirmed by significant depletions of the
metabolite 5-HIAA in the OFC (64.3% ± 4.7%; t4 = 6.84, p = 0.002), lateral
PFC (63.4% ± 3.1 %; t4 = 3.82, p = 0.019), dorsal PFC (51.4% ± 4%; t4 = 3.29,
p = 0.03), medial PFC (57.8% ± 4.3%; t4 = 6.63, p = 0.003), and anterior
cingulate cortex (48.7% ± 8.3%; t4 = 3.83, p = 0.019) but not in the motor
cortices or mid-cingulate cortex (p > 0.05). Pilot data from a unilaterallylesioned marmoset examined two weeks after surgery revealed no 5-HT or 5HIAA depletions in more distant cortical structures, such as the anterior and
posterior parietal cortex, nor in subcortical forebrain structures including the
dorsal and ventral striatum, hypothalamus, basal forebrain, temporal pole and
hippocampus (Table 3.2).
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0.6 ± 0.1

0.9 ± 0.2

0.6 ± 0.1

0.7 ± 0.1

0.5 ± 0.2

0.33 ± 0.04

LAT

MED

DORSAL

M/PM

C1

C2

42.0 ± 12.2

74 ± 8.9*

64 ± 6.7*

69 ± 4.3*

86.2 ± 7*

85.5 ± 5*

82.5 ± 8*

% depletion

17.0 ± 2.5

19.0 ± 1.8

12.0 ± 2.4

11.3 ± 1.9

19.5 ± 1.6

10.0 ± 2.0

19.8 ± 1.7

Control level

47.4 ± 11.6

48.7 ± 8.3*

39.3 ± 3.6

51.4 ± 4.0*

57.8 ± 4.3*

63.4 ± 3.1*

64.3 ± 4.7*

% depletion

5-HIAA
(pmol/mg)

1.3 ± 0.3

2.0 ± 0.6

2.7 ± 0.6

2.4 ± 0.1

1.4 ± 0.3

1.3 ± 0.2

1.8 ± 0.3

Control level

–29 ± 22.8

–10.6 ± 12

–3.3 ± 17

–11 ± 12.9

–22.7 ± 33

–5.2 ± 10.4

7.8 ± 24.9

% depletion

Dopamine
(pmol/mg)

6.65 ± 0.86

7.5 ± 2.6

7.6 ± 0.7

6.4 ± 1.1

5.1 ± 0.2

4.4 ± 0.3

3.5 ± 0.5

Control level

–41.3 ± 13

–12.2 ± 9.3

–22 ± 7.1

–5.4 ± 12

17.8 ± 6.3

–8.8 ± 21.3

–44.1 ± 19

% depletion

Noradrenaline
(pmol/mg)

Table 3.1. Mean levels of 5-HT, 5-HIAA, DA and NA (expressed as pmol/mg wet tissue weight ± SEM) in the frontal cortex of the control groups,
and the percentage depletion of 5-HT, 5-HIAA, DA and NA (± SEM) in marmosets with 5,7-DHT lesions of the frontal cortex. OFC, orbitofrontal
cortex; LAT, lateral granular PFC; MED, medial PFC; M/PM, primary motor and premotor cortex; DORSAL, dorsal granular cortex; C1, anterior
cingulate cortex; C2, mid-cingulate cortex. In all cases n = 3 except for control C2 values where n = 2 due to data loss. * Mean scores of lesioned
animals differed significantly from those of the control group (p < 0.05).

0.7 ± 0.2

OFC

Control level

Serotonin
(pmol/mg)

Administration of the DA reuptake blocker GBR-12909 was successful at
protecting the dopaminergic system in the PFC as no region showed significant
alterations in either DA (p > 0.05) or the metabolite DOPAC (p > 0.05).
Similarly, there were no regional alterations in NA (p > 0.05), indicating that
administration of the NA reuptake blocker nisoxetine successfully protected the
noradrenergic system from the effects of 5,7-DHT. However, tissue levels of
NA were slightly increased, compared to control levels, in most regions. Pilot
catecholamine data from a unilaterally-lesioned marmoset at 3 months after
surgery indicated that depletions seen in 5-HT, DA and NA were comparable to
that seen at the 4–12 month time point and that the lesion was stable for the
duration of the behavioural testing (Table 3.3).

5-HT
(% depletion)
OFC
LAT
MED
DORSAL
M/PM
C1
C2
C3
Ant Parietal
Post Parietal
Ant Caudate
Ant Putamen
NAcc
BF
Hypothalamus
Temporal pole
Hippocampus

80.1
70.7
57.4
62.3
48.5
46.1
28.2
5.5
32.1
30.1
–1.8
–1.9
21.6
–15.8
9.3
–6.8
7.0

5-HIAA
(% depletion)
62.1
58.6
45.2
61.3
36.4
33.4
20.6
–8.4
15.4
22.2
22.6
–3.6
–5.9
–12.7
16.2
6.1
22.9

Table 3.2. Levels of 5-HT and 5-HIAA expressed as % depletion in a 5,7-DHT
unilaterally lesioned marmoset at 2 weeks after surgery. OFC, orbitofrontal cortex;
LAT, lateral granular PFC; MED, medial PFC; M/PM, primary motor and premotor
cortex; DORSAL, dorsal granular cortex; C1, anterior cingulate cortex; C2, midcingulate cortex; C3, posterior cingulate cortex; Ant Parietal, anterior parietal cortex;
Post Parietal, posterior parietal cortex; Ant Caudate, anterior caudate; Ant Putamen.
anterior putamen; NAcc, nucleus accumbens; BF, basal forebrain; Temporal pole,
temporal pole including amygdala and periamygdaloid cortex.
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Serotonin
(% depletion)

Dopamine
(% depletion)

Noradrenaline
(% depletion)

OFC

80.0

27.6

26.2

LAT

87.9

34.2

36.1

MED

65.8

30.7

31.5

DORSAL

77.9

21.4

42.8

M/PM

55.9

28.2

27.6

C1

41.8

30.5

missing data

C2

31.4

–13.4

–7.2

Table 3.3. Levels of 5-HT, DA and NA (expressed as % depletion; ‘–’ denotes %
increase) in the frontal and cingulate cortex of a 5,7-DHT unilaterally lesioned
marmoset at 3 months after surgery. OFC, orbitofrontal cortex; LAT, lateral granular
PFC; MED, medial PFC; M/PM, primary motor and premotor cortex; DORSAL,
dorsal granular cortex; C1, anterior cingulate cortex; C2, mid-cingulate cortex.

Behavioural assessment
Preoperative performance
Preoperatively the two groups did not differ in the numbers of errors to reach
the performance criterion on either discrimination (D1 and D2; Fs < 1, see
Figure 3.6).

Postoperative performance
Retention and acquisition
Postoperatively, there was no significant difference between the groups on their
ability to remember a previously-learned visual discrimination (F < 1), or the
ability to acquire a new discrimination (F < 1).

Chapter 3: Orbitofrontal cortex function and 5-HT

101

A. Braxton - lesion

6

d′

4
2
0
-2

sessions

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85

-4
-6

B. Giggs - lesion

6
4
2
0
-2

1

6

11

16

21

26

31

36

41

46

51

56

61

66

71

76

81

86

91

96 101 106 111 116 121 126 131 136 141 146 151 156

-4
-6

C. Thailand - lesion

6
4
2
0
-2

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58

-4
-6

D. Elliott - sham

6
4
2
0
-2

1

6

11 16 21 26 31 36 41 46

51 56 61 66

71 76 81 86

91 96 101 106 111 116 121 126 131 136 141 146

-4
-6

E. Fowler - sham

6
4
2
0
-2

1 5

9

13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85

-4
-6

F. Lewie - sham

6
4
2
0
-2

1

7

13

19

25

31

37

-4
-6

Figure 3.4. d′ (discrimination) scores for all 6 experimental monkeys for the duration
of testing. Red vertical lines on the horizontal axis indicate the attainment of the
performance criterion for a particular discrimination, while dotted lines indicate
significance boundaries for d′ scores that indicate perseveration (d′ < –1.64), chance,
or learning (d′ > +1.64).
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Figure 3.5. c (bias) scores for all 6 experimental monkeys for the duration of testing.
Red vertical lines indicate the attainment of the performance criterion for a particular
discrimination, while dotted lines indicate the boundaries determining a significant
side bias (c < –1.64 or c > +1.64). Positive values of c indicate a side bias to the left;
negative values indicate a side bias to the right.
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Figure 3.6. Errors to criterion (mean ± SEM) for all pre-reversal
discriminations. D1 and D2: discriminations 1 and 2. Ret: D2 retention
test. Acq: acquisition of discrimination 3.

Serial reversal
Lesioned monkeys made significantly more errors than control monkeys across
the series of reversals (Figure 3.7). Whilst control monkeys showed a steady
decline in the number of errors to reach the criterion from the first to the fourth
reversal, lesioned monkeys did not. Close examination of the types of errors
made by the lesioned monkeys revealed that they made more perseverative
errors, but not more errors during the chance or learning stages, suggesting a
selective effect of PFC 5-HT depletion on perseverative responding (Figure
3.7A). This is represented in the behavioural profiles of Figures 3.4 and 3.5, in
which it is apparent that while all six monkeys occasionally showed a side bias
that was rapidly corrected, the lesioned monkeys had more reversal sessions
with highly negative d′ scores (indicating perseveration). Data were analysed
using the model group2 × (error type3 × reversal4 × S), where ‘error type’ =
perseveration, chance or learning. There were significant main effects of error
type (F2,8 = 29.466, p < 0.001) and of reversal (F3,12 = 20.765, p < 0.001), and a
three-way error type × reversal × group interaction (F6,24 = 2.813, p = 0.032).
Simple interaction analysis for each of the error types independently showed
that lesioned monkeys did not improve across successive reversals in the same
way as controls, but perseverated for longer (analysis of perseverative errors:
reversal × group interaction, F3,12 = 6.695, p = 0.007). However, there was no
such group difference (Fs < 1) in the chance and learning stages. Simple main
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effect analysis of errors in the ‘perseveration’ phase for each reversal
independently showed that lesioned subjects perseverated more during reversal
2 (F1,5 = 30.640, p < 0.001) and reversal 3 (F1,5 = 12.019, p = 0.026), but not
during reversal 1 (F < 1) or reversal 4 (F1,5 = 3.304, p = 0.143). Therefore,
although both control and lesioned monkeys showed similar performance on
reversal 1, controls were able to use knowledge from reversal 1 to improve
performance on the subsequent reversals far more rapidly than lesioned
monkeys.

Figure 3.7. Mean error scores (± SEM) of control and lesioned monkeys during each
phase of reversal performance: (A) perseveration, (B) chance, (C) learning, (D)
overall scores across the 4 reversals. ** p < 0.001; * p < 0.05, difference from shamoperated controls.

Response latencies and lick latencies
Control and lesioned monkeys did not differ in their latencies to make correct or
incorrect responses at any stage of the experiment before (correct — D1, D2: Fs
< 1; incorrect — D1, D2: Fs < 1) or after surgery (correct — Ret: F1,2 = 21.189,
p = 0.136; Acq: F1,5 = 1.92, p = 0.238; incorrect — Acq: F < 1; Ret: F1,2 =
3.821, p = 0.301). Similarly, control and lesioned monkeys did not differ in
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their latency to obtain reward following a correct response at any stage of the
experiment (Fs < 1).

Discussion
The key finding of this study is that selective 5-HT depletion of the marmoset
PFC impaired reversal learning. This deficit was perseverative in nature, and
occurred in the absence of significant effects on performance once control over
performance by the previous stimulus–reward association had been overridden.
This deficit also occurred in the absence of an effect on the ability to perform a
visual discrimination learned preoperatively, or to acquire a novel visual
stimulus–reward association (indeed, previous studies have shown that 5-HT
depletion can even enhance visual discrimination learning in some
circumstances; Ward et al., 1999). Nor did the lesion affect the latency to
respond to either the stimulus or the reward. Injections of 5,7-DHT into the
PFC produced substantial depletions of 5-HT and 5-HIAA in the OFC, lateral,
and medial PFC, which were greater than 80% between 4 and 12 months after
surgery. Smaller, but nevertheless significant, reductions were also seen in the
anterior cingulate and motor regions, but not in the mid-cingulate cortex. The
most likely explanation for these small depletions is toxin damage to the
serotonergic fibres which course around the genu of the corpus callosum to
project caudally to these regions. This mechanism would therefore not be
expected to cause depletions in any other forebrain regions. Indeed, at two
weeks after surgery there were no significant alterations in levels of 5-HT or 5HIAA in a range of subcortical regions including the hippocampus, basal
forebrain, hypothalamus, temporal pole, dorsal striatum or nucleus accumbens.
Furthermore, the depletions seen in frontal areas at two weeks were comparable
to those at 4–12 months after surgery, confirming that these values were stable
over time. In vivo microdialysis confirmed the reduction in 5-HT and 5-HIAA
in the OFC. Prefrontal DA, NA and DOPAC levels were unaffected.
In addition, pilot catecholamine data from a unilaterally-lesioned marmoset at
three months after surgery revealed depletions for DA and NA that were not
only low, but also comparable to the depletions seen at 4–12 months after
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surgery. These findings eliminate the possibility of transient but behaviourally
disruptive catecholamine depletion prior to the final histochemical analysis
(Table 3.3).

The three month measurement is particularly relevant to the

behavioural data, as the lesion affected perseveration on reversals 2 and 3,
which occurred, on average, 2.5 months and 4 months after surgery
respectively. These findings are therefore consistent with previous studies in
other species demonstrating that 5,7-DHT can be used to produce terminal
lesions that show highly anatomically localized and neurochemically specific
reductions in tissue 5-HT (e.g. Sommer et al., 2001). Together these findings
validate the use of this approach in the marmoset and demonstrate that PFC 5HT is critical for cognitive flexibility specifically when the subject is faced with
changing stimulus–reward contingencies.

To my knowledge, the present results represent the first demonstration of the
deleterious behavioural effects of 5,7-DHT-induced selective PFC 5-HT
depletion. The reversal learning paradigm has been extensively validated as a
test of flexibility and OFC function, and its performance is sensitive to OFC
damage in monkeys, humans and rats (Dias et al., 1996a; Freedman et al., 1998;
Chudasama & Robbins, 2003). While damage to other regions of PFC may
disrupt reversal learning, those deficits do not appear perseverative in nature
(Bussey et al., 1997; Chudasama & Robbins, 2003), and lesions of the anterior
cingulate cortex — the only other region to display 5-HT depletions in the
present study — do not disrupt visual discrimination reversal learning in rats
(Bussey et al., 1997). The present data therefore suggest an important role for 5HT in OFC function during performance of this task. Although previous studies
in humans have suggested that OFC function might depend heavily on 5-HT,
these studies manipulated 5-HT globally. Acute tryptophan depletion reduces
central 5-HT and reproduces some of the deficits in decision-making produced
by OFC lesions (Rogers et al., 1999b), altering the processing of reward cues
and reducing subjects’ ability to discriminate between rewards of different
magnitudes, without altering ability to discriminate losses of different
magnitudes or different probabilities of gain or loss (Rogers et al., 2003).
Similarly, amphetamine abusers also show decision-making deficits (Rogers et
al., 1999b), and may have reduced OFC 5-HT (Wilson et al., 1996). The present
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study provides the first direct demonstration that depletion of PFC (rather than
whole-brain or striatal) 5-HT impairs reward-related processing.

5-HT versus other neuromodulators in reversal learning
These findings contrast with the results from previous studies investigating the
contribution of other PFC neuromodulator systems to reversal learning. 6OHDA-induced DA and NA depletion of the marmoset PFC and caudate
nucleus does not affect the ability to reverse stimulus–reward associations
(Roberts et al., 1994; Crofts et al., 2001). Furthermore, this lack of effect on
reversal learning occurred with depletions of orbitofrontal DA and NA that were
far in excess of those seen here (56% and 58% depletion respectively in Roberts
et al., 1994; 52.1% and 75.9% respectively in Crofts et al., 2001) confirming
that any catecholamine loss is most unlikely to have contributed to the deficits
observed in the present study. Consequently, although 5-HT receptors may
themselves modulate PFC DA (Pehek et al., 2001), these results indicate that 5HT but not DA or NA is required in the PFC for cognitive flexibility in
responding to changes in reward contingencies. Whilst catecholamines in the
PFC may not contribute to reversal learning, their role outside the PFC is less
certain. Systemic administration of methylphenidate (an indirect catecholamine
agonist — a catecholamine releaser and reuptake inhibitor) enhances serial
reversal learning in the rat (Handley & Calhoun, 1978) but is without effect in
humans (Elliott et al., 1997). Amphetamine, another indirect catecholamine
agonist, also impairs reversal learning in marmosets when given systemically
(Ridley et al., 1981a).
In contrast to the catecholamines, but like 5-HT, forebrain ACh depletion in
marmosets does impair reversal learning (Roberts et al., 1992), in part due to an
increase in perseveration. Direct comparison with the present results is difficult
as the ACh depletion by Roberts et al. was not restricted to the PFC but affected
other structures as well. Notwithstanding, it is worth noting that the PFC has
reciprocal connections with the cholinergic basal forebrain (Zaborszky et al.,
1997), suggesting modulation of the OFC by cholinergic activity that might in
principle also be 5-HT dependent. Whilst it cannot be ruled out that non-

Chapter 3: Orbitofrontal cortex function and 5-HT

108

specific effects of 5,7-DHT in the local environment of the lesion (e.g. reactive
gliosis and changes in glutamate metabolism) may have behavioural
consequences (Hardin et al., 1994), it is unlikely that such effects contributed to
the effects in the present study, given that these effects are relatively short-lived
(Brezun & Daszuta, 2000) and that similar effects produced by the
catecholamine neurotoxin 6-OHDA (Blunt et al., 1992; Sheng et al., 1993;
Cicchetti et al., 2002) have no impact on reversal learning, as discussed above.

PFC versus striatal involvement in reversal learning
Studies investigating the striatal modulation of reversal learning have not been
limited to the PFC, as the contributions of the striatum have also been assessed.
Divac et al. (1967) showed that electrolytic lesions of the ventrolateral head of
the caudate nucleus in macaques impaired object reversal learning. In contrast,
lesions to the anterodorsal head of the caudate were without effect on this task.
Furthermore, using a paradigm in which every response to the unrewarded
object was scored as an error, and each error after the first in a sequence of
errors was classed as perseverative, Divac et al. demonstrated that this deficit
was due to perseveration.

These findings are not surprising when the

anatomically organized frontal–striatal connections are taken into consideration:
the ventrolateral region of the caudate receives projections from the OFC, while
the anterodorsal region of the caudate receives input predominantly from the
dorsolateral prefrontal cortex (Nauta, 1964). Thus, the functions of the caudate
appear to be similar to the area of cortex from which it receives projections.
These findings are also consistent with the study by Rogers et al. (2000) in
which rCBF increased in the left ventral caudate during reversal learning.
However, few studies have investigated neurochemical manipulation of the
caudate and striatum. In the only such study in the monkey, Crofts et al. (2001)
showed that 6-OHDA-induced catecholamine depletions from the marmoset
caudate nucleus had no effect on a single reversal, although effects on
subsequent reversals could not be ruled out as serial reversal learning was not
assessed. However, studies investigating the neurochemical manipulation of the
dorsomedial striatum in the rat reveal some interesting comparisons to the
present study.
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Ragozzino et al. from the University of Chicago have used a rat place-reversal
paradigm in which rats have to learn to enter a particular arm of a cross maze
for reward. Following attainment of a performance criterion (10 consecutive
correct choices) the reward location is reversed and rats have to learn to enter
the opposite arm for reward (Ragozzino et al., 2002b; Ragozzino, 2003).
Numerous studies have indicated that the dorsomedial striatum of the rat has a
role in the flexible shifting of stimulus–response or stimulus–reward
associations. In particular, inactivation or lesions of the dorsomedial striatum
impairs reversal learning but not discrimination acquisition (for review see
Ragozzino, 2003; Ragozzino & Choi, 2004). In a series of studies the same
group have subsequently demonstrated that infusion of the N-methyl-Daspartate (NMDA) receptor antagonist AP-5, or the non-selective muscarinic
ACh receptor antagonist scopolamine, into the dorsomedial striatum impairs
reversal learning in the rat (Ragozzino et al., 2002a; Palencia & Ragozzino,
2004), without affecting the acquisition of the initial discrimination.

The

muscarinic M1-selective ACh receptor antagonist pirenzapine caused a similar
impairment (Tzavos et al., 2004). Although anatomical comparisons with the
marmoset are difficult, both the orbital and medial PFC project to the
dorsomedial striatum in the rat (Berendse et al., 1992; Ongur & Price, 2000).
Given that reversal learning impairments are seen after cholinergic
manipulations in both the marmoset forebrain (Roberts et al., 1992) and the rat
striatum (Ragozzino et al., 2002a; Tzavos et al., 2004), and given the current
reversal learning deficits seen after PFC 5-HT depletion in the marmoset, it
would be interesting to see if reversal deficits (albeit perhaps not perseverative
ones) were also seen after striatal 5-HT depletion in the marmoset.
The Chicago group also analysed the contribution of perseverative behaviour to
these deficits, which is relevant to the current study. They defined perseveration
as entering the incorrect arm three or more times in consecutive blocks of four
trials each (Palencia & Ragozzino, 2004, p. 84). When less than three errors
were made in a block, perseveration was deemed to have ceased and all future
errors were scored as ‘regressive’.

In contrast to the marmoset findings

(Roberts et al., 1992 and the present study), all the reversal learning
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impairments reported in the rat after dorsomedial striatum manipulation were
due to increased regressive errors and not due to increased perseveration. Thus,
whereas PFC 5-HT (and possibly ACh) may be important for the inhibition of a
previously relevant strategy, muscarinic ACh receptors in the striatum may be
important for the learning of the new strategy (Ragozzino, 2003). However, the
findings that lesions of the caudate nucleus in rats and monkeys appear to cause
such different deficits (non-perseverative deficits in the rat, but perseverative
deficits in the monkey), also raises the possibility that the differing methods
used to classify perseverative behaviour may not be comparable.

Classification of error types in reversal learning
These studies therefore raise important questions regarding the mode of
classification of analytical parameters such as ‘perseveration’ and the
comparability of different classification criteria across different paradigms and
different species. Perseveration reflects an inability to redirect responding after
a response has ceased to be relevant, and in the current paradigm, refers to the
inability to cease responding to a stimulus. Early human studies using the
WCST defined at least two criteria commonly used for the definition of
perseveration.

Heaton (1981) defined perseveration according to the

‘perseverated to’ principle, whereby the perseveration score can encompass
perseveration to different stimulus components (e.g. shape or colour) as long as
enough consecutive responses were made to each, whereas Milner (1963)
described a more specific definition of perseveration that is more applicable to
the current paradigm — that of an error that would have been correct before the
rule had changed. In the animal literature, there are many different methods for
defining perseveration. For example, Crofts et al. (2001) and Roberts et al.
(1992; 1994) used the common method of grouping trials into blocks, and then
using the first two consecutive non-overlapping blocks of 20 trials in which
performance was not significantly worse than chance to signal the end of
perseveration. However, Ragozzino et al. (2003) used blocks of four trials as
described above, Divac et al. (1967) used all ‘subsequent’ errors in a session
after an initial error (a classification that may well explain the differences
between his findings and those of Ragozzino), Ridley et al. (1993) used the
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number of errors up to the first two occasions on which two consecutive correct
responses were made, and Jentsch et al. (2002) used a paradigm involving 3
objects and classified perseveration as the number of times the previouslyrewarded stimulus was chosen in a 20-trial block.
Error types have also been classified by dividing the errors on each reversal into
three stages: a period of responding to the newly-reinforced stimulus
significantly below chance, a period of responding at chance level, and a period
of responding to the newly-reinforced stimulus significantly above chance (see
Chapter 1; Jones & Mishkin, 1972). Dias et al. (1996b) classified a session as
perseverative if the number of correct responses was significantly below chance,
and classed all sessions where performance was at or above chance as nonperseverative, while others have analysed all three stages independently
(Aggleton & Passingham, 1981; Izquierdo & Murray, 2004). The betweenstudy comparability of these different classification criteria is unknown.
Furthermore, when using a single data set to compare directly the two methods
of determining perseveration in the WCST mentioned above, Freedman et al.
(1998) showed that they identified very different levels of perseveration within
the given data. The classification system of Heaton (1981) was associated with
increased perseveration as a consequence of OFC and medial damage whereas
the system of Milner (1963) showed perseveration to be associated with more
dorsolateral damage (Freedman et al., 1998).

Thus, different classification

systems may actually provide a method of dissociating different aspects of
perseveration (for example, dimensional- or stimulus-driven perseveration) and,
putatively, the different brain regions with which they are associated. Such a
systematic comparison has not yet been performed within the animal literature
and would require the full original data sets. One final problem with the current
methods of defining perseveration, specifically when a correction procedure is
adopted, is that they do not control for biases in stimulus choice that are not a
function of stimulus discriminability (e.g. a bias to responding to the left or the
right regardless of the stimulus which is in that location). Thus if an animal
responds entirely to the left, the correction procedure comes on and moves the
correct stimulus to the right, so the spatially-biased animal would consequently
make an error on most trials. Current classifications would have a tendency to
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classify those trials as perseverative rather than as an artefact of left-biased
responding. To redress this potential for erroneous classification, we used a
signal detection analysis (Macmillan & Creelman, 1991) to measure the degree
of discrimination within a session (d′) and establish the ability of subjects to
discriminate correct from incorrect stimuli independently of any side bias that
might be present. A positive d′ indicates successful discrimination while a
negative d′ is representative of poor discrimination. A response bias measure (c)
can also be calculated. Subsequent analysis of both indices therefore provide a
detailed three-stage breakdown of error types without the confound of a side
bias.

Psychological perspectives of reversal learning
There are several psychological processes that might contribute to responding in
subjects performing serial reversal tasks in which the PFC (including the OFC)
may play a role.

Subjects might be aware of the contingency between

responding to the (correct) stimulus and reward and, valuing the reward highly,
choose accordingly — true goal-directed action (Dickinson & Balleine, 1994).
Alternatively, delivery of reward might strengthen a direct association between
the preceding stimulus (seeing a particular stimulus) and the response that
followed (touching the stimulus) — reinforcement of a stimulus–response habit
(Adams, 1982). Both of these associations are instrumental in nature. Regular
and differential association of one stimulus with reward (such as when the
correct stimulus remains on the screen during delivery of reward) might lead to
Pavlovian conditioning (e.g. associations between the correct stimulus and
reward, or simply between the correct stimulus and high affective value). Since
animals tend to approach and contact appetitive conditioned stimuli as a
Pavlovian conditioned response (autoshaping; Brown & Jenkins, 1968),
responding to the correct stimulus could in principle be Pavlovian in nature.
Finally, once a stimulus has acquired high affective value through Pavlovian
conditioning, it might also serve directly as a goal of instrumental behaviour —
conditioned reinforcement (see Mackintosh, 1974). In the present task, it is
highly unlikely that the monkeys are working for the visual stimuli themselves
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(since responding actually causes the stimulus to vanish), but the tone that
accompanies the presentation of primary reward (banana milkshake) may serve
as a conditioned reinforcer.

Of course, responding for conditioned

reinforcement may depend on similar mechanisms to primary reinforcement —
that is, goal directed responding for the tone and reward, or habitual responding
reinforced directly by tone and reward (see Cardinal, 2001).
Which of these associations are the main contributors to reversal learning and
which are sensitive to 5-HT depletion may be distinguished by further
experimentation. Thus, the role of Pavlovian responding could be determined
by training subjects on a version of the task in which the correct stimulus no
longer remained on the screen upon delivery of reward. There would then be no
differential association between either of the stimuli and reward, so if subjects
continued to perform the task, responding would not be Pavlovian in nature.
Alternatively, the Pavlovian contingency could be directly opposed to the
instrumental contingency. For example, pressing the correct stimulus could lead
to its disappearance, with reward being delivered while the incorrect stimulus
remained on the screen. Again, successful task performance could then not be
Pavlovian in nature.

To establish whether instrumental responding on the

correct stimulus was goal-directed or habitual, two groups of subjects could be
trained. For one, the reward (or tone–reward complex) could be devalued (e.g.
by inducing specific satiety for, or a conditioned taste aversion to, the
milkshake), while the other group would not undergo the devaluation procedure.
The groups could then be trained on the task in extinction (with no further
delivery of reward).

If the devalued group responded less than the non-

devalued group, responding would have been shown to be goal-directed, while
no difference between the groups would indicate habitual responding.

To

establish if the instrumental responding were to some extent directed towards
the tone (acting as a conditioned reinforcer) rather than the reward (the primary
reinforcer), the animals’ propensity to work for the tone itself, in the absence of
the primary reinforcer, would need to be assessed using an acquisition-of-anew-response procedure (Mackintosh, 1974).

Nevertheless, forebrain 5-HT

depletion does not appear to impair Pavlovian conditioning to discrete cues (e.g.
Wilkinson et al., 1995).
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Role of the OFC in Pavlovian and instrumental conditioning
It has already been shown that the PFC and OFC contribute to several of these
psychological processes. The prelimbic cortex in the rat is important for the
detection of action–outcome contingencies (Balleine & Dickinson, 1998; Corbit
& Balleine, 2003; Killcross & Coutureau, 2003), as is its putative homologue,
the dorsolateral PFC, in humans (Frith et al., 1991). The infralimbic/medial
PFC is involved in the regulation of habitual responding (Coutureau &
Killcross, 2003; Killcross & Coutureau, 2003). The OFC responds to appetitive
Pavlovian conditioned stimuli (CSs), is necessary for normal autoshaping
performance, and makes an important contribution to conditioned reinforcement
(Chudasama & Robbins, 2003).
Studies of how stimuli acquire conditioned reinforcing (perhaps affective)
properties by virtue of their association with reward have often used secondorder schedules of reinforcement (where animals will work for a stimulus such a
tone, and when a certain number of tones has been acquired, or a certain time
elapsed, the final tone is earned paired with reward). It is often argued that
responding occurs because the CS has become a conditioned reinforcer, and
thus provides a measure of affective value. Marmosets with excitotoxic lesions
of the OFC, but not the medial PFC, are insensitive to the removal of the CS
during such a second-order schedule (Pears et al., 2003). These marmosets
were also impaired at learning a new instrumental discrimination in which
responding led to the same CS, but in the absence of primary reward, something
conditioned reinforcement would normally support by virtue of the previous
association between CS and reward (Mackintosh, 1974). Thus the OFC may
indeed provide information concerning the affective value of conditioned
stimuli to influence goal-directed actions. However, there are other reasons
why animals respond on second-order schedules: they may be working for the
primary reward itself, with the stimulus merely ‘marking’ responses or progress,
or ‘bridging’ the delay to eventual reward; therefore such schedules are not the
best assay of conditioned reinforcement (Mackintosh, 1974).

Nevertheless,

OFC lesions also impair the ability of macaques to select objects based on the
affective value of expected rewards, suggesting that the OFC is important for
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specific object–affect associations (Izquierdo et al., 2004). The finding that
crossed unilateral (‘disconnection’) lesions of the amygdala and OFC disrupts
the ability of conditioned reinforcers to guide behaviour suggests that this
process is dependent upon an OFC–amygdala interaction, and provides an
explanation for why both amygdala and OFC lesions impair this ability (Baxter
et al., 2000).
Finally, it is important to note that the affective properties of the stimulus are
not the only features of a stimulus that may be used to aid goal selection. The
discriminative (sensory) features of a stimulus also play a necessary role —
stimuli without them are not stimuli at all — and may be particularly important
in discrimination tasks in which the stimulus is not in the same location as the
reward, or where the reward is seen prior to being tasted. Therefore, Pavlovian
associations between the discriminative properties of a stimulus and the
perceptual properties of the reward are vital (e.g. associations between a
stimulus and reward features such as small, pink and squishy = marshmallow,
which is known to be nice; Gaffan & Harrison, 1987).

Such associations

between the discriminative properties of a stimulus and the perceptual properties
of the reward depend on the perirhinal cortex, an area that projects to the OFC
(Murray & Richmond, 2001). The perirhinal cortex may therefore be important
in providing the OFC with knowledge regarding associations between objects
and the expectancy of food, or in detecting changes in stimulus–reward
contingencies, upon discrimination reversal (Izquierdo et al., 2004). However,
in the current paradigm, the reward was never visible to the monkey, as
milkshake delivery at the licker was contingent upon the monkey licking for it.
Consequently, such mechanisms are unlikely to be involved in responding in the
current task.
Thus the OFC receives or contains information about both the affective and
discriminative properties of stimuli, and can use this information to guide goaldirected behaviour. However, it is not clear if the OFC receives the alreadyassociated information from somewhere else (e.g. the amygdala) or learns the
association itself. To investigate the role of the OFC in the learning of such
stimulus–value associations, Pickens et al. (2003) used a reinforcer devaluation
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procedure in which rats were trained to associate a light (CS) with food outcome
before the food was devalued by pairing it with illness. Responding to the CS
was then retested in a single probe session. Whereas rats with lesions to either
the basolateral amygdala or the OFC made before training failed to decrease
their responding in the probe trial in the way that controls did, lesions made
after training (but before the devaluation procedure) had different effects: only
the rats with OFC lesions failed to decrease their responding. Therefore, while
the amygdala is important for attaching motivational significance to cue–
outcome representations (see Cardinal et al., 2002 for review), the OFC seems
to be important in using them to guide behaviour and/or updating them (Pickens
et al., 2005). It appears that the OFC uses information from the amygdala to
guide goal directed behaviour and to generate expectancies based on the
incentive value of the predicted rewards. These findings are supported by both
electrophysiological and behavioural evidence.

OFC neurons in rats and

monkeys code for and process the relative value of an expected outcome based
on past experience (Schoenbaum et al., 1998; Tremblay & Schultz, 1999;
Roesch & Olson, 2004).

Furthermore, while the amygdala codes for the

affective representation of a given outcome prior to any apparent guiding of the
animal’s behaviour by the information, it is the coding of the same information
within the OFC that is coincident with the appropriate behavioural alterations
(Schoenbaum et al., 1999). These findings provide an explanation as to why
excitotoxic OFC but not amygdala lesions impair discrimination reversal
learning (Izquierdo et al., 2003) and suggest that it is the OFC, and not the
amygdala, that considers and updates the reward expectancies of available cues
and selects an action based on the desired goal. Moreover, the inability to
predict successfully the highest incentives and relevant actions may explain why
humans with OFC damage exhibit deficits in reversal learning and decisionmaking attributable to an inability to plan for future reinforcing consequences
and to learn from feedback (Bechara et al., 1999; 2000).
The role of the OFC in decision-making was recently tested in a behavioural
neuroimaging paradigm in which decisions about outcomes of different
incentive (predicted to be OFC-based) were dissociated from the assessment of
incentive in the absence of a decision (predicted to be amygdala-based). Arana
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et al. (2003) showed subjects individually-designed restaurant menus that varied
in incentive — some were high-incentive, some low-incentive and some a
mixture — and asked subjects to make a selection in half of the trials. As
predicted, amygdala activation correlated to subjects’ menu incentive ratings,
and differed between high- and low-incentive menus regardless of whether a
choice was required. The medial OFC (an area with extensive links to the
amygdala) showed greater activation to high versus low incentive menus, but it
was also differentially activated in the decision (versus no decision) condition,
and its activation correlated with subjects’ ratings of decision difficulty. In
contrast, the lateral OFC was activated only when subjects were required to
make the decisions that they rated as most difficult. The finding that the OFC
responds maximally when comparing similar reinforcers and deciding between
them is consistent with electrophysiological evidence that the OFC encodes the
relative, not absolute, value of rewards (Tremblay & Schultz, 1999; Elliott et
al., 2000b; Breiter et al., 2001; Elliott et al., 2003). Furthermore, whereas the
medial PFC appeared to be acting as an interface between the amygdala and the
lateral OFC, the lateral OFC appeared to be specifically involved in the decision
process.
This study adds to a growing body of literature suggesting that anatomically
dissociable functions are apparent within the OFC (Butter, 1969; Iversen &
Mishkin, 1970). In their review of OFC neuroimaging studies, Elliott et al.
(2000a) concluded that in general, the OFC is concerned with the monitoring
and updating of stimulus–reward values. However, while the medial OFC
appears to monitor constantly the correct reward value of stimuli, the lateral
OFC (particularly the anterior lateral OFC) appears to be required for the
inhibition of previously-rewarded responses. It is possible that the lateral OFC
activation in the Arana et al. (2003) study, seen only during the difficult
decision condition, may represent the inhibition of the other high-incentive
options. The OFC has been shown to respond to both reward and punishment in
humans within a reversal learning paradigm (O'Doherty et al., 2001): fictional
financial reward and punishment preferentially activated the medial and lateral
OFC respectively, in a double dissociation.

The magnitude of activation

corresponded to the relative magnitude of the outcome. Thus the inhibition of

Chapter 3: Orbitofrontal cortex function and 5-HT

118

responses, particularly those predicted to earn punishment, may be localized to
the lateral OFC, and may contribute to the deficits seen in reversal learning
tasks after lateral OFC damage (Butter, 1969; Iversen & Mishkin, 1970). In the
current study, the relative contributions of the lateral and medial OFC to the
perseverative deficit seen are uncertain. Perseveration is consistent with an
inability to inhibit the previously-rewarded response and thus might suggest a
role for lateral OFC 5-HT in this ability. Medial PFC lesions have previously
been shown to impair performance at the ‘chance’ stage of a reversal learning
task (Jones & Mishkin, 1972). However, the lack of effect of PFC 5-HT
depletion in the ‘chance’ stages of the present task — once successful inhibition
of the previous response tendency had been achieved — could suggest either
that medial OFC 5-HT is not crucial to performance of this task, or that medial
OFC 5-HT depletion was inadequate. Further studies are therefore required to
investigate the neurochemical modulation of these findings by generating
anatomically specific excitotoxic lesions or neurochemically selective lesions of
the lateral and medial OFC in the marmoset.

Implications for neuropsychiatry
OCD
The present results are relevant to the pathophysiology of neuropsychiatric
disorders in which OFC dysfunction is implicated — especially OCD and
depression, which are associated with damage to the lateral and medial PFC
respectively.

Extensive evidence now implicates overactivity of the OFC

(particularly the anterolateral OFC) and related circuitry in the pathophysiology
of OCD (Baxter et al., 1987; Nordahl et al., 1989; Benkelfat et al., 1990;
Saxena et al., 1999; reviewed by Hermesh et al., 2003). The anterolateral OFC
hyperactivity is reversed by successful treatment with SSRIs (Swedo et al.,
1989; Benkelfat et al., 1990; Brody et al., 1998; Saxena et al., 1999), and OCD
patients who respond clinically to SSRIs perform better on the IGT than patients
who do not; the deficits exhibited by OCD patients on this task are similar to
those seen in patients with ventromedial PFC damage (Cavedini et al., 2002a).
These results are of clear relevance to the role of 5-HT in the OFC. That these
IGT impairments may be due to underlying deficits in reversal learning suggests
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that similar mechanisms may underlie the perseverative responding in the
alternation test that distinguishes OCD patients from depressives (Cavedini et
al., 2002a; Fellows & Farah, 2005).

The perseverative (stage I) deficits,

observed in the present study after 5-HT depletion on a task known to be
mediated by the OFC, suggest that 5-HT depletion from the OFC may produce a
dysregulation within the lateral OFC that mimics the pathophysiology of OCD.
Therefore, although the current deficit is unlikely to reproduce the aetiology of
OCD, it may represent a model of the compulsive responding so characteristic
of OCD.

Depression
In contrast, there is little evidence for lateral OFC dysfunction in depression.
Although depression may involve both 5-HT and OFC dysfunction, and the
abnormal responses to negative feedback seen in depression suggests that
aberrant stimulus–reward processing may occur, current evidence suggests that
depression is unlikely to involve lateral OFC dysfunction (Elliott et al., 1998).
Indeed, a recent study of the serotonergic modulation of responding to negative
feedback during a probabilistic reversal task implicates the dorsomedial PFC
(Evers et al., 2005).

Consistent with the finding that depressive relapse

following tryptophan depletion (Smith et al., 1999b) is associated with altered
cerebral blood flow in the OFC, middle frontal gyrus, anterior cingulate cortex,
and caudate nucleus (Bremner et al., 1997), it is the anterior cingulate and
ventromedial PFC that show overactivity in depression that is rectified by
successful SSRI therapy (Mayberg et al., 1997). Thus 5-HT dysregulation of
the medial OFC is more relevant to depression. The medial OFC has extensive
links to the amygdala and medial PFC and, unlike the lateral OFC, is involved
in the tracking of the correct reward value of stimuli, not in processes related to
inhibition or punishment (Butter, 1969; Iversen & Mishkin, 1970; Elliott et al.,
2000a; O'Doherty et al., 2001).

It is therefore possible that medial OFC

dysfunction induced by 5-HT dysregulation may contribute to the bias seen
towards negative stimuli in depression (see Evers et al., 2005).

Indeed, a

polymorphism of the 5-HTT influences the likelihood of developing depression
in response to stressful events, although the regional localization of the 5-HTT
within the OFC remains unknown (Caspi et al., 2003).
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Schizophrenia
Schizophrenics are also impaired at reversal learning as consequence of
perseveration (Elliott et al., 1995; Pantelis et al., 1999) — a deficit associated
with negative symptomatology (Yogev et al., 2003; Brazo et al., 2005). An
increase in negative symptom severity is associated with decreased OFC grey
matter volume (Baaré et al., 1999) and it has therefore been suggested that OFC
dysfunction has a role in causing the negative symptoms in schizophrenia. The
present results indicate that PFC 5-HT dysfunction (most likely lateral OFC 5HT dysfunction) may contribute specifically to such perseverative phenomena.
Alteration of 5-HT function might ameliorate schizophrenia via effects on the
OFC: atypical antipsychotics such as clozapine relieve negative symptoms
better than typical antipsychotics (Lee et al., 1994) and have greater affinity for
5-HT2A and 5-HT1A receptors (Ichikawa et al., 2001).

Receptor specificity of the present effects
Within the OFC, the particular 5-HT receptor subtypes that underlie the effects
of 5-HT depletion on reversal learning are unknown. The PFC contains high
densities of 5-HT1 and 5-HT2 receptors but, to date, they have not been
selectively targeted in the study of reversal learning. Although the 5-HT3
antagonist ondansetron appears to facilitate acquisition of visual discriminations
and serial reversal learning in monkeys (Domeney et al., 1991), 5-HT3
receptors are primarily located in the hippocampal formation, an area not
targeted in the present experiments, where they mediate GABA release from
hippocampal interneurons (Barnes & Sharp, 1999; Turner et al., 2004).

Summary
In summary, this study has demonstrated that selective PFC 5-HT depletion in
the monkey impairs the ability to alter responding when faced with changing
stimulus–reward contingencies.

The lesion induced perseveration to the

previously-correct stimulus that may reflect disinhibition of previouslyrewarded responding. These results suggest an important role for 5-HT in OFC
function, and implicate OFC 5-HT in the cognitive and behavioural
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manifestations of dysfunctional response inhibition. This has important
implications for psychiatric disorders including OCD, depression and
schizophrenia, in which 5-HT may play a crucial role in either aetiology and/or
treatment.
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Chapter 4: Prefrontal 5-HT Depletion Affects
Reversal Learning But Not Attentional SetShifting
Abstract
In the previous chapter, 5-HT depletion from the PFC of the marmoset monkey
was shown to impair performance on a serial discrimination reversal (SDR)
task, resulting in perseverative responding to the previously-correct stimulus
(Clarke et al., 2004). This pattern of impairment is just one example of
inflexible responding seen after damage to the PFC, performance on the SDR
task being known to depend upon the integrity of the OFC (Butter, 1969; Dias
et al., 1996b; Dias et al., 1996a). However, the contribution of PFC 5-HT to
other forms of flexible responding — such as attentional set-shifting, an ability
dependent upon lateral PFC (Dias et al., 1996b; Dias et al., 1996a) — is
unknown. The present study addressed this issue by examining the effects of
PFC 5-HT depletions, induced by 5,7-DHT, on the ability to shift attention
between two perceptual dimensions of a compound visual stimulus (an
extradimensional shift).
Monkeys with selective PFC 5-HT lesions were unimpaired in their ability to
make an extradimensional shift when compared to sham-operated controls,
despite being impaired in their ability to reverse a stimulus–reward
association. These findings suggest that 5-HT is critical for flexible
responding at the level of changing stimulus–reward contingencies but is not
essential for the higher-order shifting of attentional set. Thus psychological
functions dependent upon different loci within the PFC are differentially
sensitive to serotonergic modulation. This finding is of relevance to our
understanding of cognitive inflexibility apparent in disorders such as OCD and
schizophrenia.

Introduction

I

n the previous chapter, selective 5,7-DHT-induced PFC 5-HT depletion in
the marmoset monkey was shown to impair performance on a serial
discrimination reversal (SDR) task, in which monkeys were required to

shift their responding repeatedly between one of two stimuli. Upon reversal,
lesioned monkeys displayed perseverative responding to the previously-

Chapter 4: Lateral PFC function and 5-HT

123

rewarded stimulus (Clarke et al., 2004). Performance of such reversal learning
tasks preferentially activates the OFC in humans (Kringelbach & Rolls, 2003;
O'Doherty et al., 2003); performance of reversal tasks is impaired in
schizophrenia (Pantelis et al., 1999) and disrupted by OFC lesions in human and
non-human primates (Jones & Mishkin, 1972; Rolls et al., 1994; Dias et al.,
1996b; Dias et al., 1996a; Fellows & Farah, 2003).

However, inflexible

responding on a discrimination reversal task is just one example of response
rigidity seen following frontal lobe damage. Other forms of rigidity, such as
difficulties in shifting between higher-order attentional sets, are also seen
following selective damage to the PFC. In this chapter, the contribution of PFC
5-HT to attentional set shifting will be assessed.
The attentional set-shifting task used in this chapter was developed from
shifting tasks designed to investigate the way in which discrimination tasks are
solved. These tasks classically require the discrimination of stimuli that vary
along more than one perceptual dimension, e.g. shape and colour, and use two
main forms of shift: intradimensional shifts (ID; shifting within a dimension)
and extradimensional shifts (ED; shifting between dimensions). One theoretical
approach to discrimination learning would posit that such discriminations can be
solved by specific associations between reward and the configural properties of
individual stimuli (Pearce, 1987). These theories would predict that ID and ED
shift performance is similar. Another interpretation is provided by two-stage
theories of discrimination learning, in which specific stimulus–reward
relationships are learned subsequent to an initial attentional response to the
stimulus type or dimension (e.g. Sutherland & Mackintosh, 1971; Mackintosh,
1975). The most enduring of these two-stage theories is the theory of selective
attention put forward by Mackintosh (1975) in which he proposes that “changes
in the associative strength of a stimulus… also depend on the nature of the
stimulus” (Mackintosh, 1975, p. 286). Thus, in a task in which one dimension
is always correct, the associative strength of that dimension will increase, and
that of the irrelevant dimension decrease. Discrimination tasks that involve
‘between-dimension’ contingency changes such as ED shifts should therefore be
harder than ID shifts, in which the contingency changes within a dimension.
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Although previous studies had tried to address these issues in humans, the
practice of changing some stimuli but not others during a shift (a ‘partial
change’ design) led to the difference between ID and ED shifts being partially
confounded with stimulus novelty effects and partial reinforcement of
previously-correct exemplars (House & Zeaman, 1962; Rothblat & Wilson,
1968). The ‘total change’ design, in which all stimuli are changed between each
discrimination, eliminates these confounds and is now considered to be the most
appropriate measure of attentional set shifting (Slamecka, 1968; Roberts et al.,
1988). The use of total change designs in humans showed ID shifts to be easier
than ED shifts (Harrow, 1964; Eimas, 1966; Whitney & White, 1993). Studies
in primates, pigeons, and rats frequently showed superior ID to ED performance
but methodological issues again meant that these effects were open to
interpretation (see Roberts et al., 1988 for review).

Roberts et al. (1988)

subsequently achieved an unambiguous demonstration using a two-dimensional
total change design, showing that humans and marmosets perform better on ID
rather than ED shifts, and do indeed utilize the dimensional attributes of a
stimulus to learn visual discriminations.
One of the first studies to address the neural localization of set shifting showed
that frontal lobe damage in monkeys impaired dimensional shifting
(Passingham, 1972). However this paradigm used a partial change design, and
as before, interpretation of the deficit was difficult. However, support for the
involvement of the frontal cortex comes from the WCST.

Although

performance on the WCST is impaired after damage to frontal, temporal,
parietal, occipital or subcortical regions of the brain, the task does contain an
ED shift component, which is sensitive to dorsolateral frontal lobe damage
(Milner, 1963; Anderson et al., 1991). Indeed, subsequent studies have shown
that difficulties in attentional set shifting follow damage to the dorsolateral and
ventrolateral regions of the PFC (lateral PFC) in humans (Milner, 1963; Rogers
et al., 2000; Smith et al., 2004) and lateral PFC in monkeys (Dias et al., 1996a),
and are also seen in schizophrenia and depression (Berman et al., 1986;
Merriam et al., 1999).

However, besides differing in their cortical

neuroanatomical loci within the PFC (the OFC being required for reversal
learning and the lateral PFC for higher-order set-shifting), these two types of
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shift have also been shown to differ in their modulation by the ascending
catecholamine systems innervating the PFC. Thus, catecholaminergic depletion
is known to affect attentional set-shifting performance but has no apparent
effect on serial reversal learning (Roberts et al., 1994). In contrast, excitotoxic
lesions of the nucleus basalis, which result in prefrontal cholinergic depletion,
disrupts reversal learning but not attentional set-shifting (Roberts et al., 1992).
Whilst 5-HT lesions of the PFC have been shown to disrupt reversal learning
(Clarke et al., 2004; Chapter 3), the contribution of PFC 5-HT to set-shifting is
unknown.

Given the efficacy of serotonergic drugs in ameliorating the

symptoms of disorders in which set-shifting is impaired, e.g. schizophrenia and
depression, it is possible that the PFC serotonergic system may contribute to the
shifting of an attentional set.

However, both two- and three-dimensional

attentional set-shifting paradigms were unaffected by tryptophan depletion in
humans (Park et al., 1994; Rogers et al., 1999a). Tryptophan depletion also had
no effect on the Tower of London test of planning, or on a spatial working
memory test (Park et al., 1994; Riedel et al., 1999; Schmitt et al., 2000) — tasks
that imaging studies have also shown to activate the dorsolateral regions of the
PFC (Baker et al., 1996; Owen et al., 1996a; Owen et al., 1996b; Dagher et al.,
1999; Curtis et al., 2000).

Although subtle alterations in attentional

performance have been reported following tryptophan depletion or loading, they
are almost certainly indirect effects, due to the impulsive responding induced by
tryptophan depletion (Coull et al., 1995b; Rogers et al., 1999a; Schmitt et al.,
2000; Luciana et al., 2001; Gallagher et al., 2003; Hughes et al., 2003). Thus,
unlike orbitofrontal and ventromedial PFC function, lateral PFC function
appears to be unaffected by global serotonergic depletion.
In the previous chapter it was demonstrated that the impairments seen after
selective PFC 5-HT depletion were similar to the reversal learning impairments
seen after tryptophan depletion.

If tryptophan depletion also predicts the

susceptibility of attentional set-shifting to serotonergic manipulation, selective
PFC 5-HT depletion should not affect set-shifting. Such a dissociation would
provide valuable insight into the psychopathology of disorders such as
schizophrenia and depression, as well as the parcellation of neurotransmitter
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function within the PFC. This chapter therefore investigated the effects of
selective PFC 5-HT depletion in the marmoset on performance of an attentional
set-shifting task. A two-dimensional, total change paradigm was used, adapted
from shifting tasks previously used in marmosets (Roberts et al., 1988; Roberts
et al., 1994; Crofts et al., 2001), in which the monkeys are initially required to
learn two unidimensional two-choice discriminations.

After a compound

discrimination, in which the irrelevant dimension is introduced, monkeys learn a
series of five compound ID shifts, undergo a probe test designed to assess the
degree to which monkeys are attending to the relevant dimension, and
experience an ED shift. For comparison to Chapter 3, performance was also
examined on a subsequent test of discrimination reversal learning.

Methods
Subjects, task, and surgery
Sixteen common marmosets (Callithrix jacchus; 7 female, 9 males) were
housed in pairs and trained with the protocols and apparatus described in
Chapter 2 until they were making more than 40 accurate and alternating touches
to stimuli presented on the VDU within 20 min. Once trained, the monkeys
received a series of discriminations in which the stimuli consisted of blue shapes
(32 mm wide × 32 mm high) and white lines (32 mm × 38 mm), with
progression onto the next stage dependent on the attainment of a 90%
performance criterion in the previous session. Each session consisted of 40
pseudorandomized trials separated by an ITI of 3 s. Choice of the correct
stimulus resulted in the presentation of a 5 s tone, which signalled the
availability of 5 s of reward. During this time the correct compound stimulus
remained on the screen. Choice of the incorrect stimulus caused both stimuli to
disappear from the screen, and the house light to be turned off for 5 s.
The test stages were as follows (see Figure 4.1):
1. Two consecutive simple discriminations (SD1, SD2): in which monkeys
were presented with a pair of exemplars (either two blue shapes or two white
lines). For each of the discriminations, one of the exemplars was paired with
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reward and one was not. Half the monkeys were initially presented with
lines and half with shapes (Figure 4.1A,B).
2. A compound discrimination (CD): in which exemplars from the
previously-unseen dimension were introduced, so that the stimuli now
consisted of white lines superimposed on blue shapes. On any one trial, one
of the blue shapes (or white lines) was paired with one or other of the white
lines (or blue shapes) such that within a session, each blue shape (or white
line) was paired equally often with each of the two lines (or shapes). For
each monkey, the exemplars from the relevant dimension remained the same
as in the previous simple discrimination (SD2), with the same exemplar
associated with reward.

Thus, the newly introduced dimension was

irrelevant (Figure 4.1C). For example, if a response to the blue triangle in
SD2 was rewarded, a response to the blue triangle was still rewarded in CD,
regardless of which of the two alternating white lines was now superimposed
on it.
3. Two further compound discriminations involving intradimensional
shifts (ID1, ID2), each using two novel exemplars from both the relevant
and irrelevant dimensions (Figure 4.1D,E). For each monkey, whichever
perceptual dimension had been relevant remained relevant, and they had to
continue to respond to one of its exemplars.
4. Surgery (8 lesion, 8 controls) followed by re-presentation of ID2 (retention
test).
5. Three further novel compound discriminations (ID3–ID5) involving
intradimensional shifts, as above (Figure 4.1F–H).
6. Distractor probe test: in which the exemplars from the relevant dimension
and the specific exemplar–reward association remained unaltered, but the
exemplars from the irrelevant dimension were replaced with novel exemplars
(see Figure 4.1I for example).
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7. ID5 repeated until the 90% performance criterion was reattained.
8. Extradimensional shift (EDS): in which another novel compound
discrimination was presented, except that for the first time, an exemplar from
the previously-irrelevant dimension was paired with reward, and the
previously-relevant dimension became irrelevant (Figure 4.1J). The stimuli
presented in D5 and the EDS were counterbalanced across animals.
9. Extradimensional reversal (EDR): in which all the exemplars (and the
relevant dimensions) remained the same as in the EDS but the stimulus–
reward pairing was reversed within the newly-relevant dimension, such that
the previously-unrewarded exemplar was now rewarded (Figure 4.1K).

Behavioural measures
The main measure of the monkeys’ ability to learn the visual discriminations
was the total number of errors made prior to achieving the performance criterion
of 90% correct responding in a session (excluding the session on which they
met the criterion itself) for each discrimination. On the distractor probe test,
two error scores were taken: (i) the number of errors on the first day of the
probe test, and (ii) the number of errors required to regain the criterion on the
probe test. Additional measures recorded for each trial were (i) the latency to
respond to the stimuli presented on the VDU (response latency), (ii) the latency
to collect the reward from the spout (lick latency), and (iii) the left/right location
of the response.
Housing conditions, operative techniques and stereotaxic coordinates were
described in Chapter 2.
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Figure 4.1. Stimulus exemplars from each stage of visual discrimination learning.
On any one trial, exemplars from the relevant dimension were paired randomly
with exemplars from the irrelevant dimension, on either the left or the right of the
screen. The rewarded exemplar is indicated with a ‘+’ and the symbol colour of
the ‘+’ indicates whether the relevant dimension is shapes (blue) or lines (white).
In the example shown here, the relevant dimension, up to the EDS stage, is shape.
For clarity, the background is depicted as grey, although all stimuli were presented
to the marmosets on a black background.
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Statistical analysis
General statistical methods were described in Chapter 2. ANOVA factors used
in

the

analysis

included

group

(between

subjects:

control/lesion),

counterbalancing dimension order (between subjects: shapes first/lines first),
stage (within subjects: SD1, SD2, compound discrimination, ID1, ID2, ID2
retention, ID3–ID5, probe, ID5 retention, EDS and reversal), error type (within
subjects: errors made in the ‘perseveration’/‘chance’/‘learning’ phases, as
determined by the signal-detection theory technique described in Chapter 3).

Results
Neurochemical analysis of post mortem tissue from control and
5,7-DHT PFC-lesioned monkeys
5,7-DHT injections into the PFC produced substantial depletions of 5-HT in all
PFC regions examined when measured between 4 and 11 months
postoperatively as described in Chapter 2 (Table 4.1).

Analysis of log-

transformed data using independent-samples t tests with the Šidák correction for
multiple comparisons revealed significant reductions in 5-HT relative to shamoperated controls in the OFC (t12 = 5.802, pcorrected < 0.0109), B9 (t12 = 7.224,
pcorrected < 0.0109) and B8 (t12 = 3.855, pcorrected = 0.0218) as defined by
Brodmann’s architectonic map of the marmoset (Brodmann, 1909; Roberts et
al., 1994), as well as in the pregenual medial PFC (t12 = 7.079, pcorrected <
0.0109).

No significant depletions of 5-HT were seen in other frontal or

cingulate areas including the primary motor and premotor cortex, the postgenual
cingulate cortices and the striatum. Depletions in these other areas were very
variable across individuals and therefore as a group were not significant.
Administration of GBR-12909 and nisoxetine was successful at protecting the
prefrontal dopaminergic and noradrenergic systems respectively, as no region
showed significant alterations in either DA (maximum F1,12 = 4.634, pcorrected =
0.998) or NA content (maximum F1,12 = 3.229, pcorrected ≈ 1).
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Behavioural assessment

Preoperative discrimination learning

Preoperatively, marmosets destined to receive either selective 5-HT depletions

of the PFC or control surgery did not differ in their ability to learn a series of

visual discriminations (group and group × discrimination: Fs < 1; Table 4.2).

Stage

Controls (± SEM)
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63.1 ± 9.27
47.0 ± 10.2
51.8 ± 10.9

0.84 ± 0.26
1.57 ± 0.44
1.30 ± 0.44

C2
NAcc
DLCaud

18.5 ± 2.57

22.2 ± 3.49

22.7 ± 3.88

17.7 ± 2.70

0.23 ± 0.03

0.35 ± 0.07

0.41 ± 0.05

0.40 ± 0.04

0.24 ± 0.03

0.21 ± 0.02

0.25 ± 0.02

Control level

18.5 ± 10.4

20.5 ± 13.4

27.8 ± 6.35

28.0 ± 17.7

–0.1 ± 12.3

21.2 ± 6.49

15.4 ± 7.84

19.6 ± 12.7

20.5 ± 14.1

23.8 ± 10.7

19.5 ± 9.22

% depletion

Dopamine
(pmol/mg)

0.54 ± 0.17

0.58 ± 0.15

0.20 ± 0.08

3.30 ± 1.18

18.2 ± 10.4

1.57 ± 0.35

1.49 ± 0.27

1.24 ± 0.19

1.01 ± 0.15

0.83 ± 0.12

0.85 ± 0.16

Control level

19.7 ± 22.0

46.3 ± 13.2

21.5 ± 15.0

40.1 ± 20.6

5.49 ± 18.9

1.34 ± 0.32

–4.6 ± 16.1

10.9 ± 14.6

22.3 ± 12.2

21.7 ± 14.1

7.90 ± 14.3

% depletion

Noradrenaline (pmol/mg)

Table 4.1. Mean levels of 5-HT, DA and NA (expressed as pmol/mg wet tissue weight ± SEM) in the frontal and cingulate
cortices of the control group and their percentage depletions (± SEM) in marmosets with 5,7-DHT lesions of the frontal
cortex. OFC, orbitofrontal cortex; B9, lateral granular PFC; MED, pregenual medial PFC; B8, dorsal granular PFC; M/PM,
primary motor and premotor cortex; C1, anterior cingulate cortex; C2, mid-cingulate cortex; NAcc, nucleus accumbens;
DLCaud, dorsolateral caudate nucleus; VMCaud, ventromedial caudate nucleus; Put, putamen. In all cases n = 7, except for
lesion C2 and Put where lesion n = 6 due to data loss. * p < 0.05 compared to controls.

55.5 ± 10.0

67.6 ± 6.02

0.91 ± 0.32

C1

2.03 ± 0.51

53.8 ± 4.86

0.86 ± 0.21

M/PM

Put

64.8 ± 3.62*

0.71 ± 0.22

Dorsal/B 8

48.0 ± 7.96

78.0 ± 2.09*

0.96 ± 0.23

MED

1.06 ± 0.42

80.2 ± 2.98*

0.70 ± 0.17

Lateral/B9

VMCaud

73.8 ± 2.21*

% depletion

0.73 ± 0.16

Control level

OFC

Region

Serotonin
(pmol/mg)

CD
ID (1+2)

SURGERY

BEFORE

SD (1+2)

246.75

± 46.50

217.50

± 42.28

84.88

± 21.97

75.00

± 19.39

345.13

± 78.41

379.13

± 52.69

S U R G E R Y
16.63

± 3.53

31.50

± 16.00

ID3

108.75

± 26.98

87.63

± 34.70

143.50

± 47.29

227.63

± 25.05

92.00

± 23.38

123.38

± 31.86

6.13

± 1.33

7.25

± 0.77

Entire distractor
probe test

9.13

± 2.13

19.63 *

± 2.50

ID5 ret

6.00

± 3.29

2.50

± 1.73

AFTER

ID4
ID5
Day 1 of distractor
probe test

SURGERY

ID2 ret

Table 4.2. Mean total error scores (± SEM) for each discrimination, up to but not
including the EDS and subsequent reversal, for control (n = 8) and lesioned monkeys
(n = 8). SD, simple discrimination; CD, compound discrimination; ID,
intradimensional shift; ret, retention; * p < 0.05, comparison to control group.

Postoperative discrimination learning requiring ID shifts
Postoperatively, there was no significant difference between the groups on their
ability to remember a previously-learned visual discrimination (analysis of error
rates for ID2 retention; effect of group: F < 1). Importantly, there was also no
significant difference between the groups on their ability to perform three
postoperative intradimensional shifts (ID3, ID4 and ID5; all terms involving
group: maximum F2,24 = 1.809, p = 0.185) indicating that the lesion did not
impair the ability to attend selectively to one dimension. A significant main
effect of discrimination (F2,24 = 5.93, p = 0.008) indicates that some
discriminations were learned quicker than others (ID3 being the easiest) but the
lack of a discrimination × group interaction (F2,24 = 1.809, p = 0.185) indicates
that the relative ease of different discriminations was matched across groups,
with ‘shape-relevant’ discriminations easier to learn than ‘line-relevant’
discriminations (discrimination × counterbalancing dimension order: F2,24 =
4.567, p = 0.021).
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Postoperative performance on the distractor test
On the first day of the distractor test, having reached the performance criterion
on ID5, both groups showed minimal disruption to their ability to respond to the
correct stimulus in the presence of novel irrelevant stimuli (group: F < 1).
However, the ability to reattain the performance criterion was significantly
impaired in the 5-HT lesioned group (errors made before reattaining criterion
performance; group: F1,15 = 5.671, p = 0.032).

There was no significant

difference between groups in regaining criterion on the original ID5 (F < 1).

Postoperative discrimination learning requiring an extradimensional shift
and stimulus reversal
5,7-DHT lesions did not affect acquisition of a novel discrimination requiring an
EDS. ANOVA comparing the number of errors made before reaching criterion
on the final IDS (ID5) and the subsequent EDS revealed no significant
difference between the groups’ ability to switch their responding to the
previously irrelevant dimension (group: F < 1). All subjects made more errors
in completing the EDS compared to the preceding IDS (stage: F1,12 = 11.432, p
= 0.005; Figure 4.2A), confirming that subjects did perform an attentional shift,
but this did not differ between control and 5-HT depleted subjects (group ×
stage: F < 1).
However, there was a marked impairment on the subsequent reversal (in which
the previously unrewarded stimulus became rewarded and vice versa). Thus, a
repeated measures ANOVA of the number of errors made in the ID5, EDS and
reversal stages revealed a stage × group interaction (F2,24 = 12.092, p < 0.001).
Subsequent simple main effects analysis revealed no effects of group for ID5 or
EDS (Fs < 1), but a highly significant effect of group on the reversal stage (F1,15
= 11.485, p = 0.004; Figure 4.2B), reflecting a large increase in the number of
errors made by the lesioned monkeys before successfully reversing.

Close

examination of the types of errors made by the lesioned monkeys during the
reversal revealed that they made a higher percentage of perseverative errors than
control monkeys (arcsine-transformed data: t14 = 2.745, p = 0.024; Figure 4.2C).
As a result, there were fewer errors in the ‘chance’ (t14 = 2.690, p = 0.018)
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phase, but no difference in the ‘learning’ phase (p > 0.05), confirming the
selective enhancement of perseverative responding by PFC 5-HT depletion.

Figure 4.2. Mean number of errors to reach criterion performance (± SEM) on
discriminations requiring (A) an IDS, EDS [** significantly different from the IDS, p
≤ 0.005] and (B) a reversal, in control (open bars, n = 8) and lesioned (black bars, n =
8) groups [** p ≤ 0.005]. Whilst both lesioned and control groups made more errors to
reach the criterion on the EDS compared to the preceding IDS, their performance did
not differ from one another. In contrast, the lesioned group made significantly more
errors to reach the criterion on the subsequent reversal (B). (C) Closer examination of
the type of reversal errors made by the lesioned group revealed that the deficit was
perseverative in nature. P, errors made during the perseverative phase (performance
significantly below chance); C, errors made while subjects were at chance; L, errors
made during the learning phase (performance significantly above chance); *
significantly different from controls, p < 0.05.

Response latencies and lick latencies
Control and lesioned monkeys did not differ in their latencies to make correct or
incorrect responses at any stage of the experiment (Fs < 1). Similarly, control
and lesioned monkeys did not differ in their latency to obtain reward following
a correct response at any stage (Fs < 1).

Discussion
The striking results of this study are that 5,7-DHT-induced depletion of 5-HT
from the marmoset PFC produced deficits in visual discrimination reversal
learning but not extradimensional set shifting. 5-HT depletion did not impair
the ability either to acquire a discrimination that involved the shifting of an
attentional set to the previously irrelevant dimension (ED shift), or to acquire a
series of discriminations requiring maintenance of a dimensional set learned
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preoperatively (ID shifts). Nor was performance of a preoperatively-acquired
visual discrimination disrupted. However, as previously observed (Clarke et al.,
2004; Chapter 3), the lesion produced a severe, perseverative impairment in the
monkeys’ ability to reverse a stimulus–reward association. The lesion also
produced a small but nevertheless significant increase in the number of errors
made before regaining criterion levels of performance on a distractor test in
which novel exemplars replaced the existing irrelevant exemplars.

These

behavioural deficits were accompanied by 5-HT depletion within the orbital
(73.8% ± 2.21% depletion), lateral (B9; 80.2 ± 2.98%), dorsal (B8; 64.8 ±
3.62%) and medial (78.0 ± 2.09%) regions of the PFC, as measured 4–11
months postoperatively.

Prefrontal cortical levels of DA and NA were

unaffected, as were monoamine levels in adjacent frontal and cingulate areas. It
has been shown previously that other forebrain areas including the striatum,
hippocampus, basal forebrain, hypothalamus and temporal pole are unaffected
by the lesion (Clarke et al., 2004; Chapter 3). Together, these data demonstrate
that PFC 5-HT is not important for higher-order shifting of attention, despite
being critical for behavioural flexibility at the level of responding to altered
stimulus–reward contingencies, highlighting the differential sensitivity of
distinct prefrontal cognitive functions to serotonergic modulation.
In these tasks, the ability of animals to form and shift between attentional sets
can be measured in several ways. Firstly, the formation of a cognitive ‘set’,
such as ‘attend to the white lines’, may improve the subsequent acquisition of
further discriminations in which the same dimension remains valid. In practice,
however, this effect may be confounded by variation in the difficulty of specific
discriminations.

Secondly, formation of such a ‘set’ should also hinder

performance when animals must respond to another dimension (as in an ED
shift). Thus, the consistently worse performance seen in the ED shift stage, as
compared to the final ID shift stage (which is similar in all other aspects), is
evidence for an attentional set having existed prior to the ED shift. In the
present experiments, this effect was seen in both control and 5-HT-lesioned
animals (Figure 4.2A). Finally, evidence for the presence of an attentional set
may be inferred from performance on the distractor probe test. In this test, the
relevant dimension and exemplars of that dimension persist from a previous

Chapter 4: Lateral PFC function and 5-HT

136

discrimination (in this case from ID5), but the exemplars from the irrelevant
dimension are changed to novel exemplars (see Figure 4.1I).

A subject

attending only to the relevant dimension should not be hampered by this change.
Indeed, a subject without an attentional set, but who has learnt to respond to an
individual stimulus, might not be hampered either, because the new (distractor)
exemplars are no more informative than the previous irrelevant exemplars.
However, the novelty of the distractors might distract subjects who do not have
a good attentional set. That is, a subject with a poor attentional set might be
more distracted by the change in irrelevant stimuli; one might say that such a
distraction caused a decrease in the salience of the correct stimulus (Oades,
1997). Novel distractors might also impair those subjects who have learnt to
respond to two out of the four compound stimuli, rather than the one relevant
exemplar. The most likely time for this impairment to occur is early in the
distractor test, when the distractors are most novel. In the present experiment,
5-HT-lesioned monkeys were somewhat impaired on the distractor test score, as
measured by their total number of errors. However, this is unlikely to represent
a failure to acquire a cognitive set, as performance on day one of the test,
presumably the more sensitive measure, was unaffected (Table 4.2), and the 5HT-lesioned monkeys showed a increase in errors on performance of the EDS
similar to that of controls.
Lesioned monkeys, though normal on the ED shift task, were substantially
impaired at the ED reversal stage, the first reversal they had ever experienced.
These data extend the previous findings on discrimination reversal learning, in
which the deficit was not apparent until the second reversal (Clarke et al., 2004;
Chapter 3), and show that this lesion can cause a deficit on the first reversal.
This apparent minor discrepancy between the two studies may be due to
differences in the relative discrimination experience of the two cohorts of
monkeys. Upon reaching the reversal stage, the monkeys in the current study
had far more experience at visual discrimination learning than the monkeys
described in Chapter 3. Thus, the failure to observe a deficit on the first reversal
in Chapter 3 most likely reflects the overall poorer performance of the control
monkeys on the first reversal, acting to mask any deficit in the lesioned group.
These findings also have implications for the interpretation of the results from
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Chapter 3. In Chapter 3, the deficit did not materialize until reversal 2, the point
at which both stimuli had been associated with reward and lack of reward. One
explanation for such deficits might therefore have been the accumulation of
such conflicting information from the previous discriminations — proactive
interference. This question will be examined explicitly in Chapter 5. However,
the present results suggest that the accumulation of proactive interference over
reversals is unlikely to account for the deficits observed in Chapter 3, since such
an explanation cannot account for a deficit on the first reversal, as seen in the
present study.

Differential effects of serotonergic modulation on tasks
dependent upon the PFC
Since attentional set-shifting and discrimination reversal learning are sensitive
to lateral PFC and OFC damage, respectively, in both humans and monkeys
(Dias et al., 1996a; Rogers et al., 2000; Fellows & Farah, 2003), the
insensitivity of set-shifting to PFC 5-HT depletion (present study), coupled with
the sensitivity of reversal learning to the same manipulation (Clarke et al., 2004;
Chapter 3), supports the hypothesis that 5-HT is especially important in the
regulation of OFC rather than lateral PFC function. Indeed, this hypothesis is
supported by both behavioural and anatomical evidence.
Behaviourally, human studies have produced little evidence to suggest a role for
5-HT in processes mediated by the lateral PFC.

Central 5-HT reductions

induced by tryptophan depletion have little affect on lateral PFC executive
functions, as measured by the Tower of London, attentional set-shifting, or
spatial working memory tasks (Park et al., 1994; Hughes et al., 2003).
Although iontophoretic application of 5HT2A-receptor-selective agents altered
the activity of rhesus macaque dorsolateral PFC neurons during a working
memory task (antagonists attenuated activity during the delay while agonists
enhanced activity; Williams et al., 2002), corroborative behavioural evidence is
lacking. Indeed, 5-HT depletion from the principal sulcus of a single rhesus
macaque, induced by 5,6-DHT, produced no effect on working memory as
measured by spatial delayed alternation performance (Brozoski et al., 1979).
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However, Williams et al. speculated that 5-HT2A receptor activation facilitates
inputs into the PFC, which might explain the increase in dorsolateral PFC
activation seen with increasing task demands (Manoach et al., 1997), the
hallucinatory actions of some 5-HT2A receptor agonists, and the antipsychotic
action of 5-HT2A receptor blockade (Meltzer, 1999; Meltzer et al., 2003), in
terms of overstimulation of the PFC by both salient and non-salient stimuli
when the 5-HT2A receptor is overactivated (Williams et al., 2002).
Anatomically, there is some evidence that 5-HT and 5-HTT levels are higher in
the ventral PFC regions than in the lateral PFC. In an early investigation into
regional 5-HT concentrations, Costa & Aprison (1958) quantified cortical 5-HT
levels (by measuring the ability of tissue extracts to induce contraction of the rat
uterus) and concluded that while the human isocortex contained low levels of 5HT, within the allocortex the limbic systems and area 12 on the orbital surface
contained the highest concentrations of 5-HT. Spectrofluorometric analysis
similarly revealed that the OFC and cingulate gyrus contained the highest levels
of 5-HT within the PFC — approximately 166% of the levels seen in the lateral
PFC (Mackay et al., 1978; but see Brown et al., 1979). HPLC measurements
have also indicated that the human and rhesus orbitofrontal and anterior
cingulate cortices show the highest cortical 5-HT concentrations (Pifl et al.,
1991; Arranz et al., 1997), although histochemical and autoradiographic
techniques have produced less consistent data. In their studies of DA, NA and
ACh localization within the macaque cortex, Lewis et al. (1988; 1989; 1991)
frequently state that “serotoninergic projections show few regional differences
in density” (Lewis & Morrison, 1989, p. 327). However, these findings are at
odds with the higher cingulate and orbitofrontal cortex 5-HT concentrations
mentioned above.

Autoradiography using tritiated cyanoimipramine and

citalopram to probe the regional distribution of the 5-HTT have also revealed
increased concentrations in the cingulate and ventral regions of the PFC in
control subjects (Gurevich & Joyce, 1996; Arango et al., 2002; Mantere et al.,
2002).

A recent, very thorough investigation of the regional 5-HTT

concentrations within the PFC of the vervet monkey concluded that “the orbital
and medial prefrontal networks had similar densities[, which] were greater than
the density in the dorsolateral prefrontal network” (Way, 2003, p. xvii) and also
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that differences in concentration were defined according to the cortical type,
with the highest densities to be found in the agranular areas and the lowest in
the granular areas (Way, 2003).
However, in the current study such regional differences between the lateral and
orbitofrontal PFC concentrations of 5-HT were not found in the marmoset
(lateral PFC 0.7 ± 0.17 pmol/mg wet weight, OFC 0.73 ± 0.16). Although 5HTT concentrations were not assessed, and differences in 5-HT and 5-HTT
concentrations in the granular and agranular regions within the OFC cannot be
excluded, these findings do not support the premise that regional 5-HT
concentrations provide an explanation for the current dissociation between
lateral and orbitofrontal PFC susceptibility to 5-HT depletion. Consequently, it
is important to address whether these effects really are the result of differential
modulation of distinct PFC regions that have independent functions, or whether
the different monoaminergic neurotransmitters promote distinct forms of
processing within a single prefrontal cortical region.

Neurochemical regulation of attentional set-shifting and reversal
learning
The finding that serotonergic depletion has no effect on attentional set-shifting
yet impairs reversal learning contrasts with previous studies examining central
manipulation of catecholamine neurotransmitters. 6-OHDA-induced combined
DA and NA depletion of the marmoset PFC had no effect on either serial
reversals, or a single reversal, but enhanced extradimensional set-shifting
(Roberts et al., 1994). This effect was probably due to impaired formation of a
cognitive set, since acquisition of an attentional set (as measured by improved
performance across a series of IDSs) was disrupted (Crofts et al., 2001).
Consistent with a role for DA in set-shifting, peripheral administration of the
DA D2/3 receptor antagonist sulpiride to human volunteers impaired
extradimensional set-shifting (Mehta et al., 1999). An increase in dopaminergic
activity induced by the catechol-O-methyl-transferase inhibitor tolcapone has
been reported to enhance rat EDS performance (Tunbridge et al., 2004).
However, although the drug treated rats did perform better than controls on the
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EDS stage, their performance was not worse than their IDS performance,
suggesting that tolcapone may also have impaired the acquisition of an
attentional set.

Systemic administration of the DA D2 receptor agonist

bromocriptine in humans and the constitutive ‘knockout’ of murine D2 receptors
both impair reversal learning (Mehta et al., 2001; Kruzich & Grandy, 2004), as
do the D2/3 receptor agonist 7-OH-DPAT in the rat, the indirect catecholamine
agonist (release/reuptake blocker) amphetamine in the marmoset, and the 5-HT,
NA and DA reuptake blocker cocaine in the vervet monkey (Ridley et al.,
1981b; Smith et al., 1999a; Jentsch et al., 2002). However, due to the global
nature of these manipulations, these effects may depend upon dopaminergic
actions in the striatum rather than in the PFC.

Taken together, these data

suggest that while 5-HT may modulate PFC DA (Pehek et al., 2001), PFC DA
(rather than 5-HT) is important in the higher-order control of attention,
including the acquisition and shifting of an attentional set, whereas PFC 5-HT is
involved in the mechanism by which changes in the motivational significance of
specific stimuli in the environment influence behaviour.
Intact attentional set-shifting but deficits on discrimination reversals have also
been reported in marmosets with excitotoxic lesions of the cholinergic basal
forebrain that resulted in PFC ACh depletion (Roberts et al., 1992). In contrast,
systemic administration of the muscarinic ACh receptor antagonist scopolamine
has been reported to impair both set-shifting and reversals although, again, not
all of these effects may be mediated by effects on the PFC (Chen et al., 2004).
For example, the muscarinic receptor antagonists scopolamine and pirenzapine
have been shown to impair place reversal learning through effects on the
dorsomedial striatum in the rat (Ragozzino et al., 2002a; Tzavos et al., 2004).
Thus ACh activity may affect reversal learning in both the PFC and the
striatum. Finally, the role of NA in PFC function is unclear, as investigations
have been limited. Central and systemic drug treatments have implicated the α1
and α2 adrenoceptors in attention and working memory processes (Coull et al.,
1995a; Steere & Arnsten, 1997; Mao et al., 1999; Middleton et al., 1999).
Thus, the chemically-defined arousal systems appear to have differential roles in
set-shifting and reversal learning and, putatively, in OFC and lateral PFC
function.
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Implications for the psychopathology of disease states
The absence of attentional set-shifting deficits after PFC 5-HT depletion has
important implications for neuropsychiatric disorders in which EDS
performance is impaired. Schizophrenia is characterized by deficits in setshifting (Weinberger et al., 1986; Pantelis et al., 1999), attention (Grillon et al.,
1990), and working memory (Morice & Delahunty, 1996) and, consistent with
the suggestion that lateral PFC dysfunction causes these executive problems,
schizophrenics typically show hypoactivation of the dorsolateral PFC (Berman
et al., 1986; Weinberger et al., 1986; Elliott et al., 1995).
The next generation of antipsychotic drugs (the ‘atypical antipsychotics’), such
as clozapine and ziprasidone, are more effective at treating the cognitive and
negative symptoms of schizophrenia than the older, ‘typical’ antipsychotics.
This ability is thought to be due to their strong affinity for 5-HT2A receptors
(see Weinberger & Gallhofer, 1997; Ichikawa & Meltzer, 1999; Meltzer et al.,
2003).

Furthermore, evidence that treatment with SSRIs can ameliorate

negative symptoms in combination with a typical antipsychotic, also suggests
that 5-HT has a role in schizophrenia (see Silver, 2004 for review).
Nevertheless, the intact set-shifting ability of the monkeys with 5-HT depletions
of the PFC in the current study would suggest that serotonergic dysfunction
within the lateral PFC is not responsible for the set-shifting deficits seen in
schizophrenics, and may explain why treatment with atypical antipsychotics
such as clozapine has inconsistent effects on set-shifting and other attentional
deficits (Goldberg et al., 1993; Hagger et al., 1993; Lee et al., 1994).
As mentioned in the previous chapter, schizophrenics can also show
perseveration on reversal tasks — a deficit associated with prominent negative
symptoms (Elliott et al., 1995; Baaré et al., 1999; Pantelis et al., 1999; Ichikawa
et al., 2001; Yogev et al., 2003). Given the current findings that PFC 5-HT
depletion causes reversal impairments, it is possible that the serotonergic effects
of drugs such as clozapine act on the OFC to ameliorate the negative symptoms
and deficits such as reversal learning, despite their inconsistent effects on setshifting. Support for this proposal can be found with the phencyclidine (PCP)
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model of schizophrenia.

PCP administration in humans and other species

produces a range of behavioural and cognitive disruptions very similar to those
seen in schizophrenia (see Javitt & Zukin, 1991; Idris et al., 2005). Indeed, PCP
administration causes reversal and EDS deficits in rats and mice (Jentsch &
Taylor, 2001; Abdul-Monim et al., 2003; Egerton et al., 2005; Idris et al.,
2005).

Although the effects of atypical antipsychotics on these EDS

impairments are currently unknown, the atypical antipsychotic ziprasidone
completely alleviated the PCP-induced reversal deficits acutely in this animal
model (Abdul-Monim et al., 2003; but see Idris et al., 2005). That the nonserotonergic, typical antipsychotic haloperidol did not do so also supports the
general hypothesis that 5-HT contributes both to reversal learning and OFC
function (Abdul-Monim et al., 2003). It would therefore be interesting to see if
ziprasidone can ameliorate the reversal impairments seen in the present
experiment and in Chapter 3 (Clarke et al., 2004; Clarke et al., 2005).
Another serious and relatively poorly understood psychiatric disorder related to
PFC dysfunction is OCD. Recent neuropsychological analyses suggest that a
prominent component of the cognitive impairments present in OCD is a deficit
in response inhibition — a cognitive ability extensively linked to the PFC (e.g.
Hollander & Rosen, 2000; Aron et al., 2003; Aron et al., 2004b). Indeed,
patients with OCD are often impaired on laboratory tests of frontal lobe function
involving response shifting and inhibitory processing, with subjects failing to
inhibit inappropriate responses at the behavioural and cognitive levels
(Rosenberg et al., 1997; Freedman et al., 1998; Bannon et al., 2002; but see
Krikorian et al., 2004). There is evidence of overactivity in the lateral OFC
(and associated circuitry) of patients with OCD (Baxter et al., 1987; Swedo et
al., 1989; Insel, 1992b; Saxena et al., 1999; Stein, 2000; see Chapter 1), but
unlike in schizophrenia, set-shifting and working memory deficits are
inconsistent, suggesting that lateral PFC function is relatively intact (see
Abbruzzese et al., 1997; Cavedini et al., 1998; Evans et al., 2004 for review).
Thus, one hypothesis is that the compulsive behaviours and obsessive
rumination characteristic of OCD are partly due to the inability of the PFC —
particularly the lateral OFC, but not the lateral PFC — to inhibit the
compulsions. These findings of OFC dysfunction in a disorder in which there
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are deficits in response inhibition are therefore consistent with previous
literature identifying the lateral OFC as a key mediator in the ability to inhibit a
prepotent response (Butter, 1969; Iversen & Mishkin, 1970; Elliott et al.,
2000a).
One of the main treatments for OCD is drugs that boost brain 5-HT levels — the
SSRIs (Dolberg et al., 1996; Zohar et al., 2000). This is of particular relevance
to the current findings. The efficacy of SSRIs such as paroxetine at alleviating
the symptoms of OCD suggest that 5-HTT inhibition is important in OCD
treatment — particularly in the lateral OFC and caudate, where SSRI
administration reverses the hyperactivity associated with OCD symptoms
(Benkelfat et al., 1990; Insel & Winslow, 1992; Zohar & Judge, 1996; Saxena et
al., 1999).

Recent reports have also identified functional 5-HTT

polymorphisms associated with OCD (Hemmings et al., 2003; Torres & Caron,
2003), although not all studies agree — possibly due to the heterogeneous
nature of the neurochemical processes underlying OCD (Billett et al., 1997;
Kinnear et al., 2000; Camarena et al., 2001; Cavallini et al., 2002). However,
5-HTT polymorphisms do appear to be linked to the efficacy of OCD treatment
(see Di Bella et al., 2002b). Additional support for a therapeutic role of OFC 5HT in OCD was provided by El Mansari et al. (1995), who investigated the
increased delay in therapeutic effect seen after commencing treatment with
SSRIs in OCD, compared to depression. They showed that enhancement of 5HT release in the guinea-pig OFC did not occur until 8 weeks after the
commencement of treatment with paroxetine, when the terminal autoreceptors
in the OFC (5-HT1D type) were desensitized. This is similar to the time delay
for treatment efficacy in OCD. In contrast, the enhancement of 5-HT release
was seen after only 3 weeks in the dorsal frontal cortex — a time point
incongruent with the timecourse of the therapeutic response to SSRIs in OCD,
but more consistent with that in depression — and not at all in the head of the
caudate nucleus (see El Mansari et al., 1995). Thus, SSRIs have differential
effects in the OFC, dorsal PFC, and caudate, with enhanced blockade of the 5HTT and autoreceptor desensitization in the OFC thought to be necessary for
effective OCD treatment (El Mansari et al., 1995). El Mansari et al. did not
investigate the behavioural correlates of these findings, but given that an
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increase in 5-HT levels appears to ameliorate the deficits in response inhibition
apparent in OCD patients, it is possible that 5-HT depletion within the OFC may
mimic some of the pathophysiology of OCD. Thus, the reversal deficits in
marmosets with PFC 5-HT depletion may provide a model of compulsive
responding. Whether paroxetine will alleviate such deficits is currently
unknown, but further characterisation of the 5-HT systems involved in this
deficit may prove valuable in revealing potential targets for drugs that may be
effective for OCD and certain symptoms of schizophrenia.
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Chapter 5: Further Characterization Of The
Reversal Learning Deficit Seen After 5-HT
Depletion At The Anatomical, Neurochemical
And Behavioural Levels
Abstract
In Chapters 3 and 4 the contribution of 5-HT to the regulation of behavioural
flexibility by the PFC was investigated. While 5-HT depletion from the whole
PFC had no effect on an attentional set-shifting paradigm known to be
mediated by the lateral PFC, performance on an SDR paradigm known to be
mediated by the OFC was impaired, apparently due to perseveration at the
previously-correct stimulus (Chapters 3 & 4; Clarke et al., 2004; Clarke et al.,
2005). Nevertheless, the psychological mechanisms underlying this deficit and
the contribution of OFC 5-HT remain unknown. In addition, these findings are
in contrast to previous investigations of combined PFC DA and NA depletion,
in which the opposite pattern of results was seen (Roberts et al., 1994; Crofts
et al., 2001). The present studies sought to address these issues by (1)
comparing the effects of 5,7-DHT-induced OFC 5-HT depletions and 6OHDA-induced selective OFC DA depletions on the ability to perform an SDR
paradigm, and (2) probing the underlying mechanisms of the 5-HT-depletioninduced impairment using a modified SDR paradigm that distinguishes
perseveration at a previously-correct stimulus from persistent avoidance of a
previously-incorrect stimulus (Owen et al., 1993).
As before, monkeys with selective 5-HT depletions of the OFC and lateral PFC
showed a perseverative impairment when reversing a stimulus–reward
association, compared to controls. However, monkeys with selective OFC DA
depletion were unimpaired, confirming a neurochemical dissociation in the
regulation of stimulus-driven behaviour at the level of the OFC. Furthermore,
the deficit induced by 5-HT depletion was found to be due to perseveration at
the previously-correct stimulus, and not persistent avoidance of a previouslyincorrect stimulus, alterations in preference for novelty, or proactive
interference mechanisms mimicking perseveration.
These findings are
discussed with regard to the distinct patterns of neurochemical and
behavioural
dysregulation
apparent
in
neuropsychiatric
and
neurodegenerative disorders involving the PFC.
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Introduction

T

he findings reported in Chapters 3 and 4 indicate that 5-HT is
important for the regulation of stimulus-driven responding during a
reversal task previously shown to depend on the OFC in humans and

non-human primates (Butter, 1969; Iversen & Mishkin, 1970; Jones & Mishkin,
1972; Rolls et al., 1994; Dias et al., 1996b; Dias et al., 1996a; Hornak et al.,
2004). They also suggest that 5-HT is not important for the higher-order ability
to shift attention that is required for successful extradimensional shift
performance, an ability previously shown to depend on lateral PFC circuitry
(Dias et al., 1996b; Dias et al., 1996a; Rogers et al., 2000). However, despite
such a dissociation, several important questions about the anatomical,
neurochemical and psychological bases of these findings remain unanswered.

1) Anatomical selectivity
Although previous lesion studies in both humans and non-human primates
suggest that it is the orbitofrontal component of the PFC that is crucial for the
ability to learn to reverse stimulus–reward contingencies (Butter, 1969; Iversen
& Mishkin, 1970; Jones & Mishkin, 1972; Rolls et al., 1994; Dias et al., 1996b;
Dias et al., 1996a; Hornak et al., 2004), the studies described in Chapters 3 and
4 do not provide unequivocal evidence that OFC 5-HT contributes to this
ability.

In these studies, 5-HT was profoundly depleted throughout the

orbitofrontal, lateral, and medial PFC regions, rendering specific cortical
localization of the behavioural effects of 5-HT depletion impossible.
Furthermore, the lack of effect of PFC 5-HT depletion on the attentional setshifting task (known to be mediated by the lateral PFC) does not rule out the
possibility that 5-HT in the lateral PFC may somehow contribute to other
processes such as those involved in reversal learning. To confirm a specific role
of OFC 5-HT in reversal learning would therefore require the selective
neurochemical depletion of 5-HT from the OFC only.

Consequently,

Experiment 1 of the present chapter investigated the effects of selective OFC 5HT depletion on serial reversal learning.
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2) Neurochemical selectivity
The finding that PFC 5-HT depletions disrupt reversal learning whilst PFC DA
depletions do not (Roberts et al., 1994; Crofts et al., 2001), raises the possibility
that the effects of 5-HT depletion on reversal learning are neurochemically
selective. However, in these previous studies of reversal learning: (i) NA was
depleted alongside DA in the PFC (Roberts et al., 1994; Crofts et al., 2001), (ii)
the DA depletion was greater in the lateral PFC than the OFC (Roberts et al.,
1994; Crofts et al., 2001), and (iii) DA has been implicated in reversal learning
(Swainson et al., 2000; Cools et al., 2001). Thus these studies do not fully
dissociate the effects of DA or NA from those of 5-HT on reversal learning.
With respect to (i), previous studies aiming to selectively destroy dopaminergic
neurons have used the catecholaminergic neurotoxin 6-OHDA (Roberts et al.,
1994; Crofts et al., 2001).

6-OHDA acts on both the dopaminergic and

noradrenergic systems, due to the close structural similarity between the two
neurotransmitters. Consequently, in both these investigations into PFC DA
(Roberts et al., 1994; Crofts et al., 2001), the NA uptake blocker talsupram was
administered with the toxin to try to protect the noradrenergic innervation of the
PFC (and the serotonergic reuptake blocker citalopram was also administered to
protect PFC 5-HT). Unfortunately, in each case, the NA protection was not
successful and so significant depletions of both DA and NA were produced
(Roberts et al., 1994; Crofts et al., 2001).
With respect to (ii), the results of Roberts et al. (1994) are of particular
relevance as they found serial reversal learning to be unaffected after combined
DA and NA PFC depletions. In this particular study, although both DA and NA
were significantly depleted in both the lateral and orbitofrontal PFC, the lateral
PFC depletions were substantially larger than those seen in the OFC (DA:
lateral PFC 77% depletion, OFC 56%; NA: lateral PFC 67%, OFC 58%).
Indeed, OFC DA depletions of 56% are minor compared to the lateral DA/NA
depletions that have been shown to affect attentional set-shifting performance
(Roberts et al., 1994; Crofts et al., 2001), and also compared to the 5-HT OFC
depletions seen to impair reversal learning in Chapters 3 and 4. Thus, the
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failure of such lesions to impair serial reversal learning may be due to
inadequate depletions of DA and NA from the OFC.
Finally, as stated in (iii), DA has been implicated in reversal learning. Thus,
patients with Parkinson’s disease (PD) on dopaminergic medication (e.g. Ldopa) perform worse than non-medicated PD patients on a probabilistic reversal
learning paradigm, indicating that DA plays some role in reversal learning
(Swainson et al., 2000).

However, as the medicated patients were more

severely affected by the disorder than the unmedicated patients were, disease
severity may have contributed to their worse performance.

Subsequently

however, Cools et al. (2001) demonstrated that withdrawal of dopaminergic
medication from one of two groups of PD sufferers that were matched for
illness severity also impaired probabilistic reversal learning. To clarify these
conflicting results from the human and monkey literature, Experiment 1 of the
present chapter directly compared the effects of selective OFC 5-HT depletions
to those of selective OFC DA depletions on serial reversal learning.

3) Psychological selectivity
Although the reversal learning impairment seen after PFC 5-HT depletion in
Chapters 3 and 4 appeared to be perseverative, there are in fact several possible
behavioural explanations.

The prolonged responding to the previously-

rewarded stimulus may reflect: (i) the inability to learn to stop responding to the
that stimulus (‘true perseveration’), (ii) no intrinsic problem in ceasing to
respond to the that stimulus, but an inability in learning to start responding to
the previously-incorrect stimulus (‘enhanced learned avoidance’), or (iii) the
phenomenon of ‘proactive interference’. Proactive interference refers to the
context whereby the learning of previous discriminations impedes the learning
of subsequent discriminations (see Connor & Meyer, 1971; Mackintosh, 1974,
p. 609). This possibility is suggested by the observation in Chapter 3 that 5-HT
PFC depletion did not cause an impairment until reversal 2 — the first point at
which the two visual stimuli had been both correct and incorrect (following
acquisition, A+ B–, and reversal 1, A– B+). However, although proactive
interference may explain the failure of the 5-HT-lesioned monkeys to improve
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performance (compared to controls) due to confusion over which stimulus is
correct, it does not easily explain the tendency to persist in responding to the
incorrect stimulus (‘perseverative’ rather than ‘chance’ responding) observed in
these animals (Clarke et al., 2004; Chapter 3). Furthermore, 5-HT depletion has
been suggested to reduce, rather than enhance, proactive interference (Ward et
al., 1999) and in Chapter 4 (Clarke et al., 2005), 5-HT-lesioned monkeys
showed a profound reversal deficit on the first and only reversal, a finding not
easily explained by an accumulation of proactive interference across reversals.
Similar cognitive phenomena have already been investigated in an attentional
set-shifting paradigm (Owen et al., 1993).

Thus, the failure to shift an

attentional set may be due to the inability to shift responding from the
previously-correct dimension, or an inability to learn that a dimension,
previously learned to be irrelevant, is now relevant — a concept referred to as
‘learned irrelevance’ in the associative animal learning literature (Mackintosh,
1983; Owen et al., 1993). Consequently, Owen et al. (1993), designed a variant
of the WCST that enabled the dissociation of these two potential mechanisms
and their relative contribution to attentional set-shifting impairments.

For

example, at the ED shift stage, the substitution of a novel dimension for the
previously-irrelevant dimension makes it impossible that failure to shift is due
to prior learning about the previously-irrelevant dimension. Therefore, any
observed failure must be a consequence of perseveration to the previouslyrelevant dimension.

Conversely, substitution of a novel dimension for the

previously-relevant dimension renders perseveration to the previously-relevant
dimension impossible; failure seen in this case must therefore be due to the
learned irrelevance of the previously-irrelevant but now-relevant dimension.
Such an approach has revealed distinct patterns of set-shifting deficits in PD,
schizophrenia, unipolar depression and control subjects (Owen et al., 1993;
Elliott et al., 1995; Elliott et al., 1996; Elliott et al., 1997; Gauntlett-Gilbert et
al., 1999; Maes et al., 2004).
Such an approach is clearly useful in dissecting out the specific psychological
deficits that underlie such shifting deficits, and so in Experiment 2 of the present
chapter a similar approach was applied to the reversal learning paradigm used in
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Chapter 3. In this task, subjects may learn that one stimulus is incorrect, rather
than irrelevant (unlike the attentional set-shifting task, which has correct stimuli,
incorrect stimuli, and irrelevant stimuli); therefore, the corresponding effect will
be termed ‘learned avoidance’ rather than ‘learned irrelevance’ in the reversal
paradigm.

Thus, the contributions of perseveration, learned avoidance and

proactive interference to the deficits seen in reversing stimulus–reward
contingencies after PFC 5-HT depletion were assessed by substituting novel
stimuli for the previously-correct or previously-incorrect stimuli at reversal 2
(the reversal where the greatest deficit was seen in Chapter 3).
In summary, Experiment 1 investigated the anatomical and neurochemical
specificity of the impairment induced by PFC 5-HT depletion, while
Experiment 2 investigated the behavioural specificity. Both studies were based
on the reversal paradigm used in Chapter 3 (Clarke et al., 2004).

Experiment 1: Effects of selective 5-HT or DA depletion of
the OFC on serial reversal learning
Methods
Twelve common marmosets (Callithrix jacchus; 5 females, 7 males) were
housed in pairs and trained with the protocols and apparatus described in
Chapter 2 until they were making more than 30 accurate touches to stimuli
presented on either the right or left of the VDU within 20 min. Once trained,
the monkeys were tested on a series of discriminations identical to those
described in Chapter 3.

Progression onto the next stage depended on the

attainment of a 90% performance criterion in the previous session (see Figure
3.1). As before, the stages were:
1. Acquisition of a novel discrimination (D1).
2. Acquisition of a second novel discrimination (D2).
Having reached criterion on the second discrimination (D2), four monkeys
received 5,7-DHT lesions of the OFC, four monkeys received 6-OHDA lesions
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of the OFC, and four monkeys received sham control procedures (two controls
in the style of the 6-OHDA lesion and two controls in the style of the 5,7-DHT
lesion).

After 2 weeks’ recovery they received the following series of

discriminations, with discrimination criteria as before:
3. A retention test of the discrimination learned immediately prior to surgery
(D2 retention).
4. Acquisition of a third novel discrimination (D3). From this point, all stimuli
were fully counterbalanced across the three groups to prevent differences in
reversal performance being an artifact of any innate stimulus preference.
5. A series of four reversals, whereby for each reversal the previously-incorrect

stimulus became rewarded and the previously-rewarded stimulus became
incorrect (Reversals 1–4).
Housing conditions, operative techniques, and stereotaxic co-ordinates were
described in Chapter 2.

Results
Neurochemical analysis of tissue post mortem from monkeys with control,
5,7-DHT, and 6-OHDA lesions of the OFC
5-HT-lesioned monkeys: 5,7-DHT injections into the OFC produced substantial
depletions of 5HT in both the orbital and lateral PFC regions (the latter being
unintentional), measured 4–11 months postoperatively as described in Chapter 2
(see Table 5.2). No significant depletions of 5-HT were seen in any other frontal
or striatal areas, including the primary motor and premotor cortex, the pre- and
postgenual cingulate cortices or the caudate nucleus. Moreover, DA and NA
levels in these animals were unaffacted. DA-lesioned monkeys: At the same
timepoint, 6-OHDA lesions of the OFC produced substantial depletions of DA
in the OFC only. 5-HT and NA levels were unaffacted.
For the purpose of statistical analysis, levels of 5-HT, DA, NA and 5-HIAA
were first square-root transformed and then compared across groups (5-HT
lesion, DA lesion and sham-operated control) for 18 anatomical areas. For each
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neurotransmitter (5-HT, DA, NA, 5-HIAA), and for each anatomical area
separately, a one-way ANOVA was conducted using the factor group (5-HT
lesion, DA lesion, control). Since 18 separate ANOVAs were performed, the
results of each analysis were corrected for 18 contrasts using the Šidák
correction (p values corrected for n comparisons such that pcorrected = 1 – [1 –
puncorrected]n). This revealed group differences in 5-HT in the OFC (F2,9 = 51.224,
pcorrected < 0.0178), 5-HT in area B9 (F2,9 = 27.461, pcorrected < 0.0178), and DA
in the OFC (F2,9 = 14.211, pcorrected = 0.0354). No other areas showed significant
group differences for any neurotransmitter measured.
These group differences were investigated further using Fisher’s protected LSD
(performing three uncorrected pairwise tests following a significant one-way
ANOVA with three groups), the most powerful test in this context (Howell,
1997). In the OFC, 5-HT levels were lower in 5-HT-lesioned monkeys than in
controls (63.2% depletion; t6 = 7.287, p = 0.002) or DA-lesioned monkeys (t6 =
11.085, p < 0.001), but did not differ between controls or DA-lesioned monkeys
(t6 = 1.295, p = 0.252). Similarly, in area B9, 5-HT levels were lower in 5-HTlesioned monkeys than in controls (51.6% depletion; t6 = 5.32, p = 0.002) or
DA-lesioned monkeys (t6 = 7.330, p < 0.001), but did not differ between
controls and DA-lesioned monkeys (t6 = 1.409, p = 0.208). Finally, DA levels
in the OFC were lower in DA-lesioned monkeys than in controls (75%
depletion; t6 = 4.172, p = 0.017) or 5-HT-lesioned monkeys (t6 = 3.435, p =
0.038), but did not differ between control and 5-HT-lesioned monkeys (t6 =
2.487, p = 0.06)
To confirm that the 5-HT and DA depletions in the OFC were selective for both
group and area, a planned analysis was conducted of the 7 PFC regions of
interest, using the model group3 × (area7 × S). For both 5-HT and DA, this
revealed a significant group × area interaction (5-HT: F12,54 = 7.949, p < 0.001;
DA: F12,54 = 2.913, p = 0.004), confirming that the depletions were
neurochemically and regionally specific. There were no such differences in NA
levels (group × area: F < 1; group: F2,9 = 2.260, p = 0.16) or 5-HIAA levels
(group × area: F3.619,16.284 = 1.05,

ε~

= 0.302, p = 0.407; group: F < 1). A full

regional analysis [using the model group3 × (area18 × S)] was not conducted, as
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the inclusion of many non-depleted areas merely reduces the power to detect
differences in regions of a priori interest (Cardinal & Aitken, 2005 in press).

Behavioural assessment
Preoperative performance
Preoperatively, the two groups did not differ in the numbers of errors to reach
the performance criterion on either discrimination (D1 and D2: Fs < 1; see
Table 5.1).

Postoperative performance
Retention and acquisition

Postoperatively, there was no significant difference between the groups on their
ability to remember the previously-learned visual discrimination (F < 1), or the
ability to acquire a new discrimination (F < 1; see Table 5.1).

Errors
(± SEM)

Controls
5-HT lesions
DA lesions

D1

D2

48.25
(± 13.8)
45.75
(± 8.53)
44.3
(± 12.6)

57.25
(± 5.59)
52.75
(± 9.0)
48.75
(± 17.2)

S
U
R
G
E
R
Y

D2
retention

acquisition

7.75
(± 2.5)
4.75
(± 2.8)
8.75
(± 4.1)

36.5
(± 7.2)
48.0
(± 6.26)
33.25
(± 17.33)

D3

Table 5.1. Number of errors made before reaching the performance criterion on all
pre-reversal discriminations for monkeys with 5-HT lesions, DA lesions and control
lesions.
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0.67 ± 0.05

0.81 ± 0.07

0.61 ± 0.02

0.68 ± 0.03

0.64 ± 0.03

0.73 ± 0.04

0.86 ± 0.03

0.77 ± 0.08

1.61 ± 0.28

1.5 ± 0.18

1.73 ± 0.11

1.87 ± 0.36

1.86 ± 0.08

1.88 ± 0.05

2.65 ± 0.69

3.09 ± 0.27

LAT/B9

MED

DORSAL/B8

M/PM

C1

C2

Ant Par

Post Par

CAUD1

CAUD2

CAUD3

PUT1

PUT2

PUT3

NACC

HYP

–21.7 ±8.8

17.4 ±7.9

12.2 ±7.7

6.8 ±5.4

21.9 ± 2.1

21.3 ± 7

1.8 ± 11

–14 ± 10.3

14 ± 3.2

28.9 ± 2.5

6.9 ± 3.7

15 ± 4.8

15.3 ± 6.5

24.4 ± 8.8

34 ± 5.5

51.6 ±5.7*

63.2 ± 3.8*

%
depletion

1.08 ± 0.1

39.1 ± 1.46

89.6 ± 2.46

76.04 ± 10.1

82.08 ± 5.02

81.19 ± 0.55

91.95 ± 2.1

82.56 ± 5.3

0.18 ± 0.01

0.39 ± 0.07

0.43 ± 0.11

0.46 ± 0.02

0.47 ± 0.04

0.44 ± 0.03

0.26 ± 0.01

0.26 ± 0.02

0.29 ± 0.02

Control level

–31.1 ± 50

–11.8 ± 22.5

29.7 ± 3.15

5.97 ± 2.45

41.6 ± 3.23

20.2 ± 9.6

15.1 ± 4.16

10.4 ± 5.57

32 ± 15.83

9.84 ± 8.7

38.4 ± 8.8

8.34 ± 17.8

–0.27 ± 16

9.34 ± 10.5

13.6 ± 10.26

13.33 ± 5.92

21.4 ± 3.78

%
depletion

Dopamine
(pmol/mg)

9.94 ± 0.78

2.02 ± 0.55

1.26 ± 0.53

1.02 ± 0.44

0.92 ± 0.24

0.89 ± 0.3

0.86 ± 0.19

1.39 ± 0.39

0.82 ± 0.14

1.02 ± 0.21

0.82 ± 0.2

0.84 ± 0.2

1.09 ± 0.15

0.76 ± 0.08

0.59 ± 0.1

0.5 ± 0.07

0.45 ± 0.09

–33.21 ± 9.35

19.09 ± 23.02

15.16 ± 24.44

–1.50 ± 38.6

–30.33 ± 40.2

–63.6 ± 43.6

–34.5 ± 41.4

14.24 ± 32.9

–7.94 ± 16.7

10.34 ± 13.06

–8.83 ± 12.95

3.47 ± 19.16

14.59 ± 18.36

22.02 ± 6.42

35.02 ± 15.8

34.2 ± 19.3

32.49 ± 15.9

%
depletion

Noradrenaline
(pmol/mg)
Control level

5-HT-lesioned monkeys

3.09 ± 0.27

2.65 ± 0.69

1.88 ± 0.05

1.86 ± 0.08

1.87 ± 0.36

1.73 ± 0.11

1.5 ± 0.18

1.61 ± 0.28

0.77 ± 0.08

0.86 ± 0.03

0.73 ± 0.04

0.64 ± 0.03

0.68 ± 0.03

0.61 ± 0.02

0.81 ± 0.07

0.67 ± 0.05

0.73 ± 0.06

Control level

–18.15 ± 10.64

–23.56 ± 14.4

27.49 ±12.01

–9.11 ± 10.82

15.75 ± 9.56

43.77 ± 8.04

1 1.25 ± 17.39

16.29 ± 5.47

–20.5 ± 7.17

1.08 ± 0.1

39.1 ± 1.46

89.6 ± 2.46

76.04 ± 10

82.1 ± 5.02

81.2 ± 0.55

91.95 ± 2.1

82.56 ± 5.3

0.18 ± 0.01

0.39 ± 0.07

0.43 ± 0.11

0.46 ± 0.02

0.47 ± 0.04

0.44 ± 0.03

0.26 ± 0.01

0.26 ± 0.02

0.29 ± 0.02

Control level

27 ± 12.6

18 ± 25.8

29 ± 12.3

–1.4 ± 10.7

28.5 ± 8.9

23 ± 4.5

0.6 ± 5.3

13.3 ± 6.4

–10 ± 14.1

21.8 ± 10

41.1 ± 7.7

20.8 ± 4.6

2.5 ± 5.9

13.8 ±6.9

54.9 ±15.9

30.3 ± 8.1

75 ± 11.7*

%
depletion

Dopamine
(pmol/mg)

DA-lesioned monkeys

–53.45 ± 38.73

–17.47 ± 8.57

–20.64 ± 6.04

–9.28 ± 4.43

8.71 ± 6.33

–10.05 ± 8.57

–15.53 ± 7.33

–13.22 ± 5.62

%
depletion

Serotonin
(pmol/mg)

9.94 ± 0.78

2.02 ± 0.55

1.26 ± 0.53

1.02 ± 0.44

0.92 ± 0.24

0.89 ± 0.3

0.86 ± 0.19

1.39 ± 0.39

0.82 ± 0.14

1.02 ± 0.21

0.82 ± 0.2

0.84 ± 0.2

1.09 ± 0.15

0.76 ± 0.08

0.59 ± 0.1

0.5 ± 0.07

0.45 ± 0.09

Control level

10.2 ± 5.9

–20 ± 32.5

–18 ± 60.4

–16 ± 54.8

–9 ± 27.2

–60 ± 68.3

–16.2 ± 45

37.4 ± 22

9.5 ± 24.8

–0.02 ± 21

13 ± 21.3

35.6 ± 21

24.5 ± 13

46 ± 11.5

62.6 ± 7.6

51.5 ± 16

56 ± 14.8

%
depletion

Noradrenaline
(pmol/mg)

Table 5.2. Mean levels of 5-HT, DA and NA (expressed as pmol/mg wet tissue weight ± SEM) in the frontal and parietal cortex and striatum of the control group and their percentage depletions (± SEM) in
marmosets with 5,7-DHT and 6-OHDA lesions of the OFC. OFC, orbitofrontal cortex; B9, lateral granular PFC; MED, pregenual medial PFC; B8, dorsal granular PFC; M/PM, primary motor and premotor
cortex; C1, anterior cingulate cortex; C2, mid-cingulate cortex; Ant Par, anterior parietal cortex; Post Par, posterior parietal cortex; CAUD1, anterior caudate; CAUD2, mid-caudate; CAUD3, posterior
caudate; PUT1, anterior putamen; PUT2, mid-putamen; PUT3, posterior putamen; NACC, nucleus accumbens; HYP, hypothalamus. 5-HIAA levels were also analysed but as no regions showed significant
differences from controls, the data were not included in the table. * p < 0.05 (corrected), comparison of neurotransmitter levels in a given area between lesioned and control monkeys.

0.73 ± 0.06

Control level

OFC

Region

Serotonin
(pmol/mg)

Serial reversal

5-HT-lesioned monkeys made more errors than control monkeys across the
series of reversals (Figure 5.1A). Whilst control and DA-lesioned monkeys
showed a steady decline in the number of errors to reach the performance
criterion from the first to the fourth reversal, 5-HT-lesioned monkeys did not.
Close examination of the types of errors made by the 5-HT-lesioned monkeys
revealed that they made more ‘perseverative’ errors, but not more errors during
the ‘chance’ or ‘learning’ stages, suggesting a selective effect of OFC/lateral
PFC 5-HT depletion on perseverative responding (Figure 5.1B). Reversal data
were analysed using the square-root transformed number of errors to criterion
and the ANOVA model group3 × (error type3 × reversal4 × S), where ‘error
type’ = perseveration, chance, or learning phases as determined by the signaldetection theory method described in Chapter 3. There were significant main
effects of error type (F2,18 = 119.765, p < 0.001) and of reversal (F3,27 = 11.913,
p < 0.001) and an error type × group interaction (F4,18 = 7.272, p < 0.001), but
no reversal × group interaction (F6,27 = 2.189, p = 0.075).
In the absence of a reversal × group interaction, simple main effects of group for
each error type were analysed, collapsed across the four reversals.

This

revealed a significant difference between groups at the ‘perseverative’ stage
(F2,9 = 31.103, p < 0.001) but no such group difference at the ‘chance’ and
‘learning’ stages (Fs < 1). Post hoc analysis by independent-samples t tests
revealed that the 5-HT-lesioned monkeys perseverated for longer than both
control (t6 = 5.684, p = 0.001) and DA-lesioned monkeys (t6 = 5.897, p =
0.001), and that there was no difference in perseveration between control and
DA-lesioned monkeys (t6 = 0.18, p = 0.986). Thus, the impairments seen in
reversal learning were specific to 5-HT lesions of the OFC/lateral regions of the
PFC, and as shown previously in Chapters 3 and 4, were perseverative in nature
(Figure 5.1B).

Response latencies and lick latencies
Control and lesioned monkeys did not differ in their latencies to make correct or
incorrect responses at any stage of the experiment, either preoperatively

Chapter 5: Further characterization of the reversal deficit

156

[analysed using the model group3 × (response type2 × stage2 × S), where
response type refers to correct or incorrect responding; stage × group: F2,9 =
1.134, p = 0.364; response type × group: F < 1; stage × group × response type:
F2,9 = 2.369, p = 0.149] or postoperatively [group3 × (response type2 × stage6 ×
S); all terms involving group: Fs < 1]. Similarly, control and lesioned monkeys
did not differ in their latency to obtain reward following a correct response,
either preoperatively [group3 × (stage2 × S); stage × group interaction: F < 1;
group: F2,9 = 1.030, p = 0.395] or postoperatively [group3 × (stage6 × S); stage
× group interaction: F10,25 = 1.858, p = 0.101; group: F < 1).

Figure 5.1. Mean square-root-transformed number of error to criterion (± SEM) of
control (green bars), 5-HT-lesioned (red bars) and DA-lesioned monkeys (blue bars).
A: Total errors to criterion across all four reversals. B: Error type data collapsed
across reversals (see text for statistical details). P, perseveration stage; C, chance
stage; L, learning stage. * p < 0.001, difference from other groups.
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Experiment 2: Characterization of the psychological
processes underlying the deficit seen in reversal learning
after PFC 5-HT depletion
Methods
Sixteen common marmosets (Callithrix jacchus; 6 females, 10 males) were
trained as described in the methods for Experiment 1.

Once trained, the

monkeys received the following series of discriminations, with progression onto
the next stage dependent on the attainment of a 90% performance criterion in
the previous session (see Figure 5.2):
1. Acquisition of a novel discrimination (D1).
2. Acquisition of a second novel discrimination (D2).
Having reached criterion on the second discrimination (D2), 8 monkeys
received 5,7-DHT lesions of the OFC and 8 monkeys received sham control
procedures. After 2 weeks’ recovery they received the following series of
discriminations with performance criteria as before:
3. A retention test of the discrimination learned immediately prior to surgery
(D2 retention).
4. Acquisition of a third novel discrimination (D3). As in Experiment 1, all
stimuli were fully counterbalanced across the four groups from this
acquisition stage onwards.
5. First reversal of the third discrimination.
6. On the second reversal of the third discrimination, the monkeys were split
into two groups, termed the ‘perseverative’ and ‘learned avoidance’ groups
(each group consisting of 4 lesioned subjects and 4 sham-operated controls).
To test for perseveration, the ‘perseverative’ group were given a
discrimination in which the previously-correct stimulus was now incorrect,
and the previously-incorrect stimulus was replaced with a novel stimulus
that was rewarded. Thus, perseveration to the previously-correct stimulus
was possible, but enhanced learned avoidance of the previously-incorrect
stimulus was not. To test for learned avoidance, the ‘learned avoidance’
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group were given a discrimination in which the previously-incorrect
stimulus was now correct and the previously-correct stimulus was replaced
with a novel stimulus. Thus, enhanced learned avoidance of the previouslyincorrect stimulus was possible, but perseveration to the previously-correct
stimulus was not (see Figure 5.2).

Figure 5.2. Example of the divergent visual discrimination reversal task. Marmosets
responded to stimuli on the touchscreen to obtain banana milkshake reward. The ‘+’
and ‘–’ indicate which stimulus was correct and incorrect at each stage, and were not
visible to the marmosets. At reversal 2, half each of the lesioned and control groups
performed the ‘perseverative’ and ‘learned avoidance’ tests.
Stimuli were
counterbalanced from D3 acquisition onwards.
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Using this behavioural design, the specific pattern of behavioural performance
across the perseverative and learned avoidance conditions in control and
lesioned monkeys can provide insight into the psychological processes that are
impaired following 5-HT OFC depletion. The predictions are illustrated in
Figure 5.3. Thus, if the deficit in reversal learning induced by 5-HT PFC
depletion is due to true perseveration to the previously-correct stimulus, then at
reversal 2, one would expect the lesioned monkeys to perform badly on B– C+
as the previously correct stimulus, B, is still present (lesion errors > control
errors).

However, they will perform as well as controls on A+ C–, as

perseveration to B is not possible (lesion errors = control errors). The complete
opposite pattern of deficits would be predicted if the deficit is due to enhanced
learned avoidance. Thus, lesioned monkeys would perform as well as controls
on B– C+, but would perform worse than controls on A+ C–, since they would
have difficulty approaching the previously-incorrect stimulus, A. Alternatively,
if the deficit induced by 5-HT depletion is due to proactive interference, the
experience of previous discriminations would be expected to impair
performance on the second reversal regardless of the particular stimuli
presented. Consequently, lesioned monkeys should make more errors than
controls in both the perseverative and learned avoidance conditions. Finally, the
inclusion of novel stimuli introduces the possibility that enhanced attraction to
novelty, or enhanced avoidance of novelty, might contribute to the effects of 5HT depletions on this task. If lesioned monkeys are attracted to novel stimuli
more than controls, then predicted performance would be better than that of
controls on B– C+ (when the novel stimulus is the ‘correct’ stimulus) but worse
than controls on A+ C– (when the novel stimulus is ‘incorrect’). Conversely, if
lesioned monkeys are more averse to novel stimuli, the opposite pattern of
performance would be seen. Lesion performance on B– C+ will be worse than
that of controls, whilst lesion performance on A+ C– will be better than that of
controls.
Such an approach therefore suggests that 5-HT-lesioned and control monkeys
would show distinct patterns of performance on the two tasks for each of these
psychological explanations; thus, dissociation of these explanations should be
possible.
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Figure 5.3. Symbolic representation of stimuli presented at each discrimination, and
predictions as to the relative number of errors made by lesioned and control subjects.
As before, ‘+’ signifies a correct stimulus and ‘–’ symbolizes an incorrect stimulus; C
represents a novel stimulus. ‘Perseveration’ means perseveration at the previouslycorrect stimulus; ‘enhanced learned avoidance’ means persistent avoidance of the
previously-incorrect stimulus. The ‘A+ C–’ test is termed the Learned Avoidance
test; the ‘B– C+’ test is termed the Perseveration test. Grey rectangles indicate where
5-HT-lesioned monkeys would be expected to perform worse than controls.

Results
Neurochemical assessment
No neurochemical assessment was available for this experiment as the monkeys
are part of an ongoing study. However, the 5,7-DHT lesion technique and the
sham-operated control procedure were identical to those used in Experiment 1,
and so monoamine levels are anticipated to be similar to those reported in Table
5.2.
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Behavioural assessment
Preoperative performance
Preoperative data were analysed by ANOVA using the model lesion2 × task2 ×
(discrimination2 × S) where ‘lesion’ and ‘task’ represent between-subjects
factors with two levels (lesion: intended to become 5-HT-lesioned monkeys and
control monkeys; task: intended to proceed to perseveration or learned
avoidance tests), and ‘discrimination’ represents a within-subjects factor with
two levels (D1 and D2). Preoperatively, there were no differences between the
groups (terms involving lesion and/or task, Fs < 1; see Table 5.3).

A. Subjects due to undergo the Perseveration test

Controls
(± SEM)

Lesions
(± SEM)

D1

D2

41.8
(± 10)

51
(± 14.7)

41
(± 11.3)

62
(± 16.6)

S
U
R
G
E
R
Y

D2 Ret

D3 Acq

9.8
(± 4.8)

33
(± 6.5)

8.8
(± 5.4)

21.8
(± 5.1)

D2 Ret

D3 Acq

4.8
(± 4.8)

23
(± 11.3)

10.5
(± 4.1)

47.3
(± 28)

B. Subjects due to undergo the Learned Avoidance test

Controls
(± SEM)

Lesions
(± SEM)

D1

D2

35.8
(± 10.1)

41.3
(± 8.3)

32.8
(± 8.6)

48.8
(± 6.7)

S
U
R
G
E
R
Y

Table 5.3. Total number of errors incurred at the pre-reversal stages for both control
and lesioned monkeys on the A+ C– and B– C+ tests. There were no significant
differences between groups.

Postoperative performance
Retention and acquisition

Postoperatively, there was no significant difference between the groups on their
ability to remember a previously-acquired discrimination, or their ability to
acquire a new discrimination (using the same model as before, all terms
involving lesion: Fs < 1), although both control and lesioned groups found
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remembering the previously acquired discrimination easier than acquiring the
new one (main effect of discrimination: F1,12 = 8.288, p = 0.014; see Table 5.3).
Serial reversals

5-HT-lesioned monkeys differed from control monkeys across this series of
reversals in a task-dependent manner. Control monkeys showed a decline in the
number of errors to reach criterion from reversal 1 to reversal 2 in both the
perseverative and learned avoidance tasks. However, although 5-HT-lesioned
monkeys performing the learned avoidance task showed a similar decline in
errors from reversal 1 to reversal 2, the 5-HT-lesioned monkeys performing the
perseverative task did not, and performed significantly worse than the control
monkeys (Figure 5.4). Thus, the performance of both groups on the learned
avoidance task was similar, while the performance on the perseverative task
differed, with the lesioned monkeys performing significantly worse — the
profile predicted if a truly perseverative impairment underlies the deficit in
reversal learning induced by PFC 5-HT depletion (see Figure 5.3).
Data were analysed by ANOVA using the model lesion2 × task2 × (reversal2 ×
S), where ‘reversal’ = reversal 1 and reversal 2. There was a significant main
effect of reversal (F1,12 = 38.83, p < 0.001), a near-significant reversal × task
interaction (F1,12 = 4.718, p = 0.051), and a three-way reversal × task × lesion
interaction (F1,12 = 8.965, p = 0.011), justifying further analysis. Subsequent
analysis of the simple interactions (using the model lesion2 × task2 for each
reversal independently) revealed that a difference between control and lesioned
subjects was not present on reversal 1 (all terms involving lesion: Fs < 1), but
emerged on reversal 2 (lesion: F1,12 = 6.709, p = 0.024; lesion × task: F1,12 =
6.819, p = 0.023). Simple main effects revealed that in reversal 2, lesioned
subjects did not differ from controls in the ‘learned avoidance’ task (F < 1), but
were worse than controls in the ‘perseveration’ task (F1,6 = 15.687, p = 0.007).
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Figure 5.4. Number of errors made before attaining the performance criterion for
monkeys performing reversal 1 and (A) perseverative and (B) learned avoidance tests
in reversal 2 of Experiment 2. ** p < 0.01, difference from controls.

Response latencies and lick latencies
ANOVA of response latencies [using the model lesion2 × task2 × (response type2
× discrimination2 × S), where ‘response type’ = correct or incorrect] revealed no
significant preoperative differences between monkeys intended for 5-HT lesion
or control surgery on correct or incorrect response latencies (discrimination ×
lesion: F1,12 = 3.374, p = 0.091; response type × lesion: F1,12 = 3.742, p = 0.108;
discrimination × lesion × response type: F < 1).

Similarly, analysis of

postoperative response latencies using the model lesion2 × task2 × (response
type2 × discrimination4 × S) revealed no differences in correct and incorrect
response latencies (discrimination × lesion: F3,12 = 3.266, p = 0.59; response
type × lesion: F < 1; discrimination × lesion × response type: F < 1).
ANOVA of lick latencies for the two reversal stages using the model lesion2 ×
task2 × (discrimination2 × S) showed a task × discrimination interaction (F1,12 =
6.594, p = 0.025), and a lesion × discrimination interaction (F1,12 = 6.225, p =
0.028), but the lesion effect did not depend on the task type (terms involving
lesion × task: Fs ≤ 1.14). The task × discrimination interaction was investigated
further by analysing the simple effects of reversal stage for each task. Animals
performing the ‘perseverative’ task did not differ in their lick latencies between
reversals 1 and 2 (F < 1), but animals performing the ‘learned avoidance’ task
were slower on reversal 2 compared to reversal 1 (F1,7 = 9.099, p = 0.019). The
lesion × discrimination interaction was investigated further by analysing the
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simple effects of lesion for each reversal. Sham-operated and lesioned animals
did not differ at reversal 1 (F < 1) but lesioned animals licked faster than
controls at reversal 2 (F1,14 = 6.661, p = 0.022). Similarly, the simple effects of
reversal stage were investigated for each operative group: controls licked slower
on reversal 2 than on reversal 1 (F1,7 = 16.727, p = 0.005) but lesioned animals
licked at the same speed on both reversals (F < 1).

Discussion
The primary results of these studies are that 5,7-DHT-induced depletion of 5HT from the marmoset lateral and orbitofrontal PFC (of which the lateral
depletion was unintended) produced deficits in visual discrimination reversal
learning, while selective OFC DA depletion was without effect. As previously
observed, the deficit induced by 5-HT depletion was due to a marked
impairment in the lesioned monkeys’ ability to reverse a stimulus–reward
association (Chapters 3 & 4; Clarke et al., 2004; Clarke et al., 2005). Further
investigation

of

the

psychological

processes

behind

this

apparently

perseverative impairment revealed that the 5-HT-lesioned monkeys’ failure to
cease responding to the previously-correct stimulus was due to an inability to
disengage from that stimulus (perseveration), and not other mechanisms that
might give similar findings, such as a failure to re-engage with the stimulus
previously learned to be incorrect (learned avoidance), or proactive interference.
Control monkeys performing the ‘learned avoidance’ task collected reward
more slowly on reversal 2 than on reversal 1 while lesioned monkeys did not.
No other differences in correct or incorrect response latencies or lick latencies
were found in either experiment.
In the 5-HT-lesioned monkeys in Experiment 1, these behavioural deficits were
accompanied by selective 5-HT depletions within the orbitofrontal and lateral
regions of the PFC (OFC: depletion by 63.2% ± 3.8%; lateral: 51.6% ± 5.7%),
four to eleven months postoperatively. These regions showed no DA or NA
depletions and, as before (Clarke et al., 2004), other prefrontal, striatal and
subcortical areas measured were unaffected by the serotonergic lesion. In the
DA-lesioned monkeys, selective DA depletion was restricted to the OFC
(depletion by 75% ± 11.7%). No other monoaminergic depletions were seen,
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confirming the neurochemical and neuroanatomical selectivity of the
dopaminergic lesion.
The impairments in reversal learning after orbital/lateral PFC 5-HT depletion
confirms previous findings in both reversal learning and attentional set-shifting
paradigms (Park et al., 1994; Rogers et al., 1999a; Chapters 3 and 4; Clarke et
al., 2004; Clarke et al., 2005). Furthermore, the finding that the largest deficit
in reversal performance in Experiment 1 of this chapter was seen on the second
reversal, just as in Chapter 3, supports the choice of the second reversal for the
behavioural probe used in Experiment 2. However, the fact that the 5-HT lesion
depleted lateral PFC (B9) as well as the intended target (the OFC) is
unfortunate: as a consequence, the reversal deficit seen after 5-HT PFC
depletion can still not be localized specifically to the OFC. That the lateral PFC
showed significant 5-HT depletion, despite localized injections into the OFC
(albeit much less so than in earlier studies including those of Chapters 3 and 4),
is probably due to damage of those serotonergic fibres passing deep to the OFC
on their way to the lateral PFC. If so, it may be difficult to obtain selective OFC
5-HT depletions using a 5-HT neurotoxin, like 5,7-DHT, that is taken up by
terminals and axons. Nevertheless, the extensive evidence supporting a role for
the OFC, rather than the lateral PFC, in reversal learning paradigms, combined
with the greater susceptibility to serotonergic manipulation of tasks known to be
mediated by the orbitofrontal (rather than lateral) PFC, would suggest that the
current deficits are most likely due to OFC 5-HT depletion (Butter, 1969;
McEnaney & Butter, 1969; Iversen & Mishkin, 1970; Jones & Mishkin, 1972;
Park et al., 1994; Dias et al., 1996b; Dias et al., 1996a; Rolls, 1996; Rogers et
al., 1999a; Rogers et al., 1999b; Rubinsztein et al., 2001b; Clarke et al., 2004;
Hornak et al., 2004; Clarke et al., 2005).
The lack of effect of selective OFC DA depletion on the serial reversal
paradigm is also consistent with the findings of previous PFC catecholaminergic
depletion studies (Roberts et al., 1994; Crofts et al., 2001).

However, as

described in the introduction to this chapter, these previous results were open to
alternative explanations.

The current findings clarify these results by

demonstrating that substantial OFC DA depletions (of approximately 75%) are
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without effect on serial reversal learning, in a situation in which OFC NA was
not significantly (approximately 56%) depleted.

Implications for the role of DA in reversal learning and the OFC
The lack of effect of DA depletion of the OFC on reversal learning has
additional implications with regard to PD.

PD is caused by dopaminergic

degeneration within the substantia nigra pars compacta, and the primary
treatment is to replace this DA with the dopaminergic precursor L-dopa.
However, administration of L-dopa to PD patients is found to impair
probabilistic reversal learning (Swainson et al., 2000; Cools et al., 2001).
Furthermore, Mehta et al. (2001) found that low doses of the D2 DA receptor
agonist bromocriptine impaired probabilistic reversal learning in normal people
in a non-perseverative manner that was very similar to the deficits seen in PD
patients medicated with L-dopa (Swainson et al., 2000). In contrast, L-dopa
treatment in PD patients does improve their impairments in the acquisition and
maintenance of cognitive set (Lange et al., 1992).

Thus, a behavioural

dissociation is apparent after L-dopa treatment in PD, with reversal learning
impaired but set maintenance and shifting improved — a finding for which an
intriguing explanation has been proposed (Swainson et al., 2000; Cools et al.,
2001). In PD, the initial dopaminergic depletion is primarily restricted to the
dorsal striatum, and only progresses to more ventral striatal regions with
increasing disease severity (Kish et al., 1988; Agid et al., 1993). Thus, doses of
L-dopa sufficient to ameliorate dorsal striatal motor symptoms, and alleviate
set-shifting impairments, may ‘overdose’ the unaffected ventral striatum, and
deleteriously affect the OFC and its associated striatal loop (Alexander et al.,
1986; Gotham et al., 1988; Swainson et al., 2000; Cools et al., 2001). If this is
the case, the current findings (showing that selective DA depletion of the OFC
does not affect reversal learning) would suggest that the impaired reversal
learning seen in PD patients following L-dopa treatment is due to disruption at
the level of the striatum and not at the level of the OFC. The current findings
therefore indirectly support a role for striatal, not orbitofrontal, DA in the
reversal learning deficits apparent after L-dopa treatment in PD.
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However, it is important to note that despite the failure of OFC DA depletion to
disrupt reversal learning, DA is implicated in OFC-mediated reward processing.
OFC DA depletion modulates impulsive choice behaviour in a qualitatively
similar manner to excitotoxic lesions of the OFC (influencing rats’ sensitivity to
both the ratio of the magnitudes of two reinforcers and the delay to the
reinforcers), suggesting that DA has an important influence on the contribution
of the OFC to the evaluation of both reinforcer magnitude and delay discounting
(Kheramin et al., 2002; Kheramin et al., 2004). Electrophysiological studies
have previously demonstrated a role for OFC DA in reward processing (Schultz,
2002), and intra-OFC administration of D1 and D2 receptor antagonists disrupt
performance on a progressive ratio schedule by reducing the ability of the
incentive value of reward to activate the appropriate instrumental behaviour
(Cetin et al., 2004). Thus, further experiments are required to characterize the
roles of OFC DA and to determine why OFC DA depletion does not affect
reversal learning. Given the extensive literature concerning the roles of 5-HT in
inhibitory processes (and particularly in impulsive action; see Chapter 1), it may
be speculated that OFC- and reward-related tasks that do not require the
inhibition of action may be susceptible to OFC DA depletion.

NA and reversal learning
The one monoamine not investigated in this thesis is NA. However, previous
studies of the noradrenergic modulation of reversal learning have yielded
somewhat inconsistent results. Current evidence suggests that high doses of
guanfacine (an α2A adrenoceptor agonist) enhance object discrimination
reversal performance in aged rhesus monkeys (Steere & Arnsten, 1997), while
methylphenidate (an indirect DA/NA agonist) causes a dose-dependent
enhancement of serial reversal learning in the rat (Handley & Calhoun, 1978).
However, methylphenidate and clonidine (an α1/α2 adrenoceptor agonist) have
no effect on non-probabilistic reversal learning in humans (Elliott et al., 1997;
Rogers et al., 1999a). It is possible that this task was too simple to detect any
drug effects; however, other, non-noradrenergic manipulations were seen to
produce impairments, making this explanation less likely (Rogers et al., 1999a).
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Selective NA depletion from the marmoset OFC in the current reversal task
would therefore help to clarify the role of OFC NA in reversal learning.

Psychological processes underlying the perseverative reversal
deficit seen after 5-HT depletion
As perseveration can clearly result from both dorsolateral PFC dysfunction (i.e.
perseveration to a previously-relevant dimension, causing impaired set-shifting
performance; Milner, 1963; Mishkin, 1964; Dias et al., 1996a) and OFC
dysfunction (i.e. perseveration to a previously-rewarded stimulus, giving
impaired reversal and alternation performance; Butter, 1969; Jones & Mishkin,
1972; Dias et al., 1996a) it is relevant to consider the differences between the
types of perseveration and their relationship to 5-HT. It has been proposed that
there are three main categories of perseveration (Sandson & Albert, 1984):
continuous perseveration (“abnormal prolongation of a current activity” — the
inappropriate repetition of a current behaviour without interruption), recurrent
perseveration (“repetition of a previous response to a subsequent stimulus” —
the inappropriate and unintentional repetition of a previous behaviour during an
altered,

current

task),

and

stuck-in-set

perseveration

(“inappropriate

maintenance of a category of activity” — the inflexible maintenance of an
inappropriate cognitive–behavioural set despite changing task requirements).
For example, consider a carpenter asked to sand a table. If he suffers from
continuous perseveration, he might sand all the way through the table in error.
With recurrent perseveration, he might return to sanding the table when asked to
varnish the table. With stuck-in-set perseveration, he might sand his kitchen
worktop when asked to make a cup of tea.

While attentional set-shifting

assesses stuck-in-set perseveration, and appears not to be sensitive to PFC 5-HT
depletion, perseverative impairments on stimulus–response suppression tasks
such as reversal learning and alternation learning may be described as recurrent
perseveration; thus, the repetition of a previous behaviour (responding to the
previously-correct stimulus) in an altered task (the newly-reversed contingency)
is susceptible to PFC 5-HT depletion. Perseveration in the present series of
experiments is clearly not continuous perseveration: this is ruled out by the fact
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that animals have to make distinct motor responses across trials (i.e. responding
to the left or right of the touchscreen).
However, numerous mechanisms could be contributing to the current inability
to cease responding to the previously-correct stimulus. This impairment could
represent (i) failure to detect an error or punishment, (ii) failure to inhibit the
previously-rewarded response, or (iii) failure to inhibit a previously-relevant
stimulus–reward association. Error detection is classically associated with the
medial PFC, and particularly the cingulate cortex (see Cardinal et al., 2002 for
review). 5-HT depletion has been shown to modulate activity in this region
during receipt of negative feedback, suggesting a role for PFC 5-HT in the
processing of aversive signals (Evers et al., 2005).

However, the medial

prefrontal and cingulate cortices did not show 5-HT depletion in the current
study, suggesting that it is unlikely that the effects in the present study were due
to direct modulation of these regions. Nevertheless, the possibility remains that
the OFC and lateral PFC also process error/punishment signals, or that 5-HT
depletion from the lateral PFC, and particularly the OFC, results in altered
information flow in medial prefrontal and/or cingulate cortex, which may
contribute to the suboptimal processing of aversive or error information. The
lateral OFC has been shown to respond to aversive rather than rewarding
situations, and has been implicated in the ability to withhold a previouslycorrect response (Butter, 1969; Iversen & Mishkin, 1970; Elliott et al., 2000a;
O'Doherty et al., 2001; Small et al., 2001). 5-HT is also implicated in the
ability to withhold a previously-correct response. For example, difficulty in
inhibiting responding in the stop-signal reaction time task correlates with
decreased platelet 5-HTT affinity for paroxetine in children with ADHD (Oades
et al., 2002).

Furthermore, increases in impulsive action are seen after

tryptophan depletion in humans (LeMarquand et al., 1998; LeMarquand et al.,
1999; Crean et al., 2002). However, the location of these effects is uncertain.
Nevertheless, serotonergic drugs have been shown to decrease the hyperactivity
of the lateral OFC that is seen in OCD. It may be that an altered sense of
punishment or aversiveness contributes to OCD, and to impairments in tasks
such as reversal and alternation learning, in which failure to inhibit a prepotent
response leads to errors. Finally, the ability to withhold a previously-relevant
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stimulus–reward association may lead to this perseverative deficit. Tryptophan
depletion has been shown to alter the ability to discriminate between rewards of
different magnitudes (Rogers et al., 2003), suggesting that 5-HT is also involved
in the processing of reward-related information.

While the lateral OFC

responds to aversive signals, the medial OFC has been shown to respond to
rewarding situations, and is believed to monitor the current reward values of
stimuli (Butter, 1969; Iversen & Mishkin, 1970; Rolls, 1996; Elliott et al.,
2000a; O'Doherty et al., 2001; Small et al., 2001). Serotonergic dysregulation
could therefore contribute to the failure to update the changed stimulus–reward
associations and lead to behaviour being guided by the old association, resulting
in perseveration. However, it is unknown which of these mechanisms 5-HT
may be modulating to cause the deficits apparent in the current task.
In conclusion, the results of these studies suggest that the deficits seen in the
reversal task after PFC 5-HT depletion (Chapter 3) are truly perseverative.
These findings contrast with previous findings investigating the effects of 5-HT
in set shifting (and therefore ‘stuck-in-set’ perseveration), where 5-HT depletion
is without effect (Chapter 4). This dissociation is the opposite to that seen after
DA manipulation of the PFC, as combined DA and NA depletion profoundly
affects set-shifting performance (Roberts et al., 1994; Crofts et al., 2001),
whereas selective DA depletion of the OFC has no effect on reversal learning
(current experiments; Roberts et al., 1994; Crofts et al., 2001). This completes
a double dissociation: PFC 5-HT depletion impairs reversal learning but not
attentional set shifting, whereas PFC DA depletion impairs attentional set
shifting but not reversal learning.

These findings suggest that disorders

involving deficits in stimulus-driven behaviour may involve PFC (particularly
OFC) serotonergic pathology, while deficits in set-shifting are more associated
with PFC (particularly lateral PFC) dopaminergic dysfunction. The apparent
occurrence of both such deficits in schizophrenia suggests that the two are not
mutually exclusive. A greater understanding of how 5-HT depletion mimics the
pathological molecular mechanisms within the PFC that cause these
psychological deficits is therefore fundamental to understanding and tailoring
treatment for disorders such as schizophrenia and OCD.
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Chapter 6: General Discussion

T

he experiments described in this thesis addressed the role of 5-HT
within the PFC on two classic shifting tasks used to probe PFC
function, namely reversal learning and attentional set shifting.

Furthermore, these findings may have important implications for the
understanding of how serotonergic dysfunction within the PFC contributes to
the cognitive deficits seen in many psychiatric disorders. In addition, they
further validate and demonstrate the utility of the marmoset in the study of
serotonergic function.
In this chapter, these results will be briefly summarized and then discussed
within the context of the existing literature concerning PFC function and the
role of 5-HT within the PFC and within psychiatric illness. Where applicable,
suggestions for future research will be made.

Summary of results
The ability to reverse a stimulus–reward contingency is known to depend on the
OFC (Dias et al., 1996a; Dias et al., 1997; Kringelbach & Rolls, 2003; Hornak
et al., 2004).

Furthermore, evidence from tryptophan-depletion studies in

humans suggests that OFC function is sensitive to 5-HT manipulation (Park et
al., 1994; Rogers et al., 1999a; Rogers et al., 1999b). Chapter 3 therefore
assessed the effect of selective PFC 5-HT depletion on the ability of marmosets
to perform a serial discrimination reversal paradigm. Lesioned marmosets were
impaired at the ability to reverse a stimulus–reward contingency, due to a
perseverative deficit that was apparent on reversals 2 and 3, supporting the
hypothesis that OFC function is sensitive to 5-HT modulation (Clarke et al.,
2004).
In contrast to the deleterious effects of tryptophan depletion on tasks thought to
depend on the OFC, tasks known to depend on the lateral PFC appear to be
unaffected by tryptophan depletion (Park et al., 1994; Baker et al., 1996; Dias et
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al., 1996a; Dias et al., 1997; Rogers et al., 1999a; Rogers et al., 2000). Chapter
4 therefore investigated the ability of marmosets with selective PFC 5-HT
depletions to perform a task dependent on the lateral PFC, namely attentional
set shifting. Lesioned marmosets were unimpaired in their ability to perform
both intra- and extradimensional attentional shifts but, as in Chapter 3, were
impaired at the ability to reverse a stimulus–reward contingency.

Thus,

Chapters 3 and 4 together reveal a dissociation in the neurochemical modulation
of inhibitory control mechanisms between tasks known to depend on the lateral
and orbital PFC (Clarke et al., 2005).
Finally, in Chapter 5, two experiments were undertaken to determine the
neurochemical and behavioural specificity of the findings reported in Chapters 3
and 4. Experiment 1 was designed to test for neurochemical specificity, and
compared the effects of selective OFC 5-HT depletion to those of selective OFC
DA depletion on the ability to reverse a stimulus–reward contingency.

In

contrast to marmosets with selective OFC DA depletion, marmosets with
selective OFC (and some unintended lateral PFC) 5-HT depletion were impaired
at the ability to reverse a visual discrimination serially. Experiment 2 was
designed to probe the underlying psychological mechanisms of the apparently
perseverative deficit seen after 5-HT depletion. The results of this experiment
showed that the deficit induced by OFC 5-HT depletion was indeed due to
perseveration at the previously-correct stimulus, and not to enhanced learned
avoidance or proactive interference mechanisms.

Implications for disease states
Overall, these findings extend previous work that has demonstrated the
dominance of dopaminergic, relative to serotonergic, modulation of the lateral
PFC (Roberts et al., 1994; Crofts et al., 2001). The present results provide
direct evidence, anatomically specific to the PFC, to support the hypothesis
originating from tryptophan depletion studies in humans that 5-HT has a greater
modulatory effect on performance of tasks mediated by the OFC than by the
lateral PFC. Furthermore, these findings are consistent with current theories of
OFC function in suggesting that the OFC is important in the guiding of
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behaviour when faced with alterations in stimulus–reward contingencies (Dias
et al., 1996a; Gallagher et al., 1999; Rolls, 2000), and provide a neurochemical
substrate for specific aspects of OFC function. These results are of direct
relevance to neuropsychiatric disorders such as depression, OCD, and
schizophrenia in which both 5-HT and PFC dysfunction are implicated
(Mayberg, 1997; Saxena et al., 1998; Baaré et al., 1999; Blier & Ward, 2003;
Meltzer et al., 2003; Celada et al., 2004; Choi et al., 2004a). However, the
finding that the reversal deficits seen after PFC 5-HT depletion are due to
perseveration at the previously-correct stimulus suggests that these findings are
particularly relevant to disorders in which perseveration is seen during
performance of tasks that depend on OFC function — specifically, OCD and
schizophrenia. Direct evidence for underlying 5-HT dysfunction in OCD and
schizophrenia is limited (see Baumgarten & Grozdanovic, 1998; Kaneda et al.,
2001; Simpson et al., 2003). However, the efficacy of serotonergic drugs at
relieving the symptoms of both disorders (in particular, that of the SSRIs in
OCD, and of the atypical serotonergic antipsychotic drugs in schizophrenia)
suggests either (i) the involvement of 5-HT in these disorders, or (ii) the
contribution of 5-HT to the modulation of the disrupted neural circuits in these
disorders.

OCD
The OFC interacts with the basal ganglia in its corticostriatal ‘loop’ (DeLong &
Georgopoulos, 1981; Alexander et al., 1986).

This loop is made up of a

behaviourally disinhibiting ‘direct’ pathway with a net excitatory effect (the
OFC excites neurons in the ventromedial caudate, which inhibit the internal
segment of the globus pallidus and the substantia nigra pars reticulata, two areas
which inhibit the MD, thus disinhibiting the MD, which excites the OFC — for
a total of 2 inhibitory synapses and a net excitatory effect), and a behaviourally
inhibiting ‘indirect’ pathway with net inhibitory effect (the OFC excites the
ventromedial caudate, which inhibits the external segment of the globus
pallidus, which inhibits the subthalamic nucleus, which excites the internal
segment of the globus pallidus and substantia nigra pars reticulata, which inhibit
MD, and MD excites the OFC — for a total of 3 inhibitory synapses and a net
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inhibitory effect) (see Alexander & Crutcher, 1990; Alexander et al., 1990).
Current neurobiological models of OCD suggest that balance of the two is
altered in favour of the direct loop. This would not only increase thalamocortical excitability to produce the orbitofrontal/striatal hyperactivity seen in
OCD, but disinhibition of the direct pathway may release behavioural patterns
mediated by the direct pathway, leading to overexpression of prepotent
responding and thus promoting perseverative responding (see Saxena et al.,
1998 for review). A common example is the washing of hands: handwashing is
a routine behavioural ‘package’ in response to feelings of hand dirtiness.
Normally, the direct pathway may mediate such a response, and, once hands are
washed and the need to wash hands has passed, the action is inhibited in favour
of something else — perhaps by the indirect pathway. However, abnormally
decreased activity in the indirect pathway would result in OFC and striatal
hyperactivity, and an inability to switch to other behaviours.

Continued

attention to hand cleanliness would consequently result in ‘perseverative’ hand
washing. SSRI treatment, acting at the level of the OFC and the ventromedial
caudate, is proposed to rebalance these paths in favour of the indirect pathway,
and causes a decrease in overall circuit activity (Insel, 1992b; Saxena et al.,
1998).
Extrapolation from animal models to clinical states is inherently speculative.
However, it is possible that the perseverative deficits seen after PFC 5-HT
depletion reported here are related to the compulsive responding seen in OCD.
Although the source of such a circuit dysfunction in OCD is unknown, one of
the tenets of the fronto-striatal loop hypothesis is that dysfunction in one part of
the loop can trigger deficits similar to those following dysfunction in another
part. Thus, it seems possible that the OFC 5-HT depletion produced here
partially mimics the consequences of the underlying pathology in the
orbitofrontal–striatal loops that are responsible for OCD.
The proposal that OFC damage can cause behavioural symptoms in some
animal models similar to that seen in OCD is supported by a recent rodent
paradigm (Joel et al., 2004; Joel et al., 2005). Rats were trained to respond to a
CS–food compound, which was subsequently extinguished.
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excitotoxic lesions of the OFC showed ‘excessive’ lever pressing for the CS.
This increase in lever-pressing in OFC-lesioned rats was not accompanied by
increased visits to the food magazine.

This responding, suggested by the

authors to be inappropriate and excessive, was prevented by the SSRI
paroxetine, but not by anxiolytic or tricyclic antidepressant drugs (diazepam and
desipramine, respectively) — the same therapeutic profile seen in OCD patients
(Joel et al., 2004; Joel et al., 2005). These findings, and the evidence for the
involvement of serotonergic mechanisms in the treatment of OCD (Swedo et al.,
1989; Benkelfat et al., 1990; McGuire et al., 1994; Saxena et al., 1999), led the
authors to propose this increased lever-pressing as a model of compulsive
responding in OCD (Joel & Avisar, 2001; Joel et al., 2004; Joel et al., 2005).
Thus, it appears that the increase in synaptic 5-HT mediated by the
administration of paroxetine somehow ameliorated the orbitofronto-striatal
circuit malfunction triggered by excitotoxic lesions of the OFC. Indeed, one
potential locus for such an effect has been identified, as Joel et al. (2005) have
recently demonstrated that the increased lever-pressing seen in rats with
excitotoxic lesions of the OFC was accompanied by an increase in 5-HTT
binding in the striatum. Interestingly, it has previously been shown that the
regions of the striatum that normally show the highest densities of 5-HTT are
those regions that receive projections from the OFC and anterior cingulate
cortex (Insel, 1992b). In combination with the current findings, this provides
further evidence for the involvement of the 5-HT system in modulating the
response rigidity induced by OCD, which manifests as compulsivity and
perseveration via a circuit involving the OFC and striatum. As discussed above,
it may be that OFC malfunction induces overactivation of the direct OFC–
striatal pathway, which facilitates continued expression of prepotent responding.
This over-expression of prepotent responding may be due to a decrease in the
recognition of changed reward contingencies, with a decrease in the ability of
the OFC to inhibit the direct pathway to enable inhibition or alteration of the
current response.
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Schizophrenia
However, the relevance of such putative orbitofronto-striatal malfunction to the
cognitive deficits shown in schizophrenia remains uncertain.

Although

schizophrenic patients are impaired on many tasks known to tax OFC function,
including the IGT, the Cambridge Gamble Task, and reversal learning (Klingner
et al., 1972; Elliott et al., 1995; Pantelis et al., 1999; Rogers et al., 1999b;
Cavedini et al., 2002a; Hutton et al., 2002; Shurman et al., 2005), there are
differences between schizophrenic and OCD patients in performance of OFCmediated tasks. During performance of the IGT, OCD patients choose primarily
from the disadvantageous decks of cards (decks A and B) — a deficit similar to
that shown by patients with OFC damage (Bechara et al., 1994; Cavedini et al.,
2002a). Schizophrenics also responded to the disadvantageous decks more
often than controls (with total money earned being inversely correlated with the
negative symptoms experienced by the patients). However, schizophrenics also
selected the two card decks that were associated with low-frequency and highmagnitude punishments (B and D) more than the two decks associated with
high-frequency and low-magnitude punishments (A and C). Thus, unlike OCD
sufferers, performance of schizophrenics seemed to be determined by the
relative frequency of rewards and punishments irrespective of their magnitude
(Wilder et al., 1998; Shurman et al., 2005). Furthermore, while OCD patients
consistently show deficits on the alternation learning task, the majority of
studies investigating schizophrenia have failed to find such a deficit
(Abbruzzese et al., 1995; Abbruzzese et al., 1997; Zohar et al., 1999; Hermesh
et al., 2003) (but see Seidman et al., 1995). Thus, there are likely to be
differences in either the nature of the OFC dysfunction, or the expression of
OFC dysfunction (perhaps due to dysfunction elsewhere), present in these two
disorders.
Earlier, it was noted that excessive responding in one putative rodent model of
OCD, caused by excitotoxic lesions of the OFC, could be ameliorated by
serotonergic medication (SSRIs; Joel et al., 2004; Joel et al., 2005). Likewise,
acute administration of the glutamate NMDA receptor antagonist PCP causes
deficits in reversal learning (Abdul-Monim et al., 2003). This PCP model is
sometimes suggested to be a model of schizophrenia (Javitt & Zukin, 1991;
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Jentsch & Roth, 1999), and the reversal learning deficit in this model is
ameliorated by the serotonergic atypical antipsychotic ziprasidone, but not by
the nonserotonergic typical antipsychotic haloperidol (Abdul-Monim et al.,
2003). That both excitotoxic OFC lesions and systemic glutamatergic NMDA
receptor blockade can be ameliorated by (albeit different) serotonergic
manipulations suggests that a common downstream mechanism — perhaps
related to orbitofrontal circuit dysfunction — may be involved in both deficits.
The different performance of schizophrenics and OCD patients on these OFCdependent tasks and, of course, the marked differences between the two
disorders themselves, makes it very unlikely that the dysfunction underlying
these deficits has the same origin. However, due to the interconnectedness of
the orbitofronto-striatal circuits, it appears probable that at some point the
psychopathologies at least partially overlap in a circuit involving the OFC.
Further characterization of the dissociations apparent in OFC function between
these two disorders may help to clarify these differences. In particular, the
observation that alternation learning performance is normal in schizophrenia but
not in OCD suggests that anterolateral OFC function may be intact in
schizophrenia but impaired in OCD (Abbruzzese et al., 1995; Gold et al., 1996;
Abbruzzese et al., 1997; Saxena et al., 1999; Choi et al., 2004a).

Implications for frontal lobe function
The findings that 5-HT depletion profoundly impairs performance on a task
known to depend on OFC function, yet leaves performance on a task dependent
on lateral PFC function intact, has important implications for the understanding
of the neurochemical regulation of frontal lobe function.

One possible

explanation for the functional specialization of 5-HT across PFC areas is the
difference between the endogenous levels of 5-HT in lateral and orbitofrontal
regions of the PFC. However, in contrast to previous anatomical reports (see
Chapter 4), the present studies provide no evidence for regional differences in 5HT levels between orbitofrontal and lateral PFC regions in the marmoset.
Indeed, the 5-HT levels in control subjects for each study were remarkably
consistent (Chapter 3: lateral 0.6 ± 0.1 pmol/mg, orbital 0.7 ± 0.2; Chapter 4:
lateral 0.7 ± 0.17, orbital 0.73 ± 0.16; Chapter 5: lateral 0.67 ± 0.05, orbital 0.73
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± 0.06).

Therefore these findings suggest that differences in 5-HT

concentrations across PFC areas are unlikely to contribute to the 5-HT
sensitivity of the OFC, and do not provide an explanation for the failure of 5-HT
PFC depletion to impair attentional set shifting.
However, it is important to note that these findings do not preclude the
possibility that differences in 5-HT concentrations may be found within distinct
subregions of the OFC, which were not individually assessed. Indeed, there is
evidence to dissociate distinct OFC subregions.

Behaviourally, medial and

lateral OFC function have been dissociated during reversal learning, with lateral
OFC damage causing perseverative deficits, and medial OFC damage causing
‘chance’-stage deficits (Butter, 1969; Iversen & Mishkin, 1970). In addition,
neuroimaging has shown that the medial OFC and lateral OFC respond to
reward and punishment, respectively, in a probabilistic visual reversal task, with
the magnitude of the activation corresponding to the magnitude of the gain or
loss (O'Doherty et al., 2001).

Thus, the reversal deficits seen after 5-HT

depletion in the current tasks could be interpreted as decreased salience of
punishment (leading to a lack of punishment for the incorrect stimulus and lack
of response suppression), or an impairment in knowing when to expect reward
(leading to a lack of reward expectation and decreased salience of the failure to
obtain reward after responding to the negative stimulus; Schoenbaum et al.,
1998; Gallagher et al., 1999; Izquierdo et al., 2004). Such processes may
contribute to the deficiencies in response feedback and the signalling of changed
reward contingencies that have been proposed to underlie OCD symptoms (Joel
et al., 2005). As lesions of the lateral, but not medial, OFC have previously
been shown to cause perseverative responding upon reversal (Butter, 1969;
Iversen & Mishkin, 1970; Jones & Mishkin, 1972), the perseverative nature of
the current deficits suggests that 5-HT dysregulation within the lateral OFC may
be more important than within the medial OFC in this task. However, more
selective 5-HT lesions distinguishing the medial and lateral OFC are needed to
shed light on this question.
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5-HT and the processing of punishment
Given that 5-HT may be important for the function of the lateral OFC, which
responds to information about punishment, it is interesting that 5-HT has been
suggested to be involved in the processing of punishment and aversiveness.
Computational theories of 5-HT have suggested that while tonic 5-HT signals
the long-term average reward rate, a putative phasic 5-HT signal may provide a
prediction (more specifically, a prediction error) of punishment in the short term
(Daw et al., 2002). DA has been suggested to have the complementary role,
with tonic DA levels signalling long-term average punishment rates, and phasic
DA providing a prediction error for reward in the short term (Daw et al., 2002).
Although it is not clear if serotonergic neurons do indeed exhibit phasic
signalling (Jacobs & Azmitia, 1992; Morilak & Frazer, 2004), a role for 5-HT in
the signalling of punishment is certainly consistent with previous proposals that
5-HT — particularly from the dorsal raphé — is concerned with adapting
responses to aversive events (Deakin & Graeff, 1991). Thus, 5-HT is proposed
to act as an opponent to DA, with phasic DA signalling appetitive events and
behavioural release, and phasic 5-HT signalling aversive events and behavioural
inhibition intended to avoid punishment (Deakin & Graeff, 1991; Daw et al.,
2002).
These predicted roles for 5-HT may go some way to explaining the
neurochemical dissociation apparent in the present findings — the impaired
reversal learning, but intact attentional set-shifting, seen after PFC 5-HT
depletion. During reversal learning, one stimulus is initially learned not to be
associated with reward and therefore aversive, whereas during ED shifting, the
other dimension has been learned to be irrelevant, rather than aversive. Thus it
may be speculated that during reversal learning, 5-HT depletion prevents the
inhibition of behaviour by phasic 5-HT and thus releases the behaviour that
would normally be inhibited to avoid punishment and error (that is, responding
to the previously-correct stimulus), and apparently perseverative responding is
the result (Soubrié, 1986; Evenden, 1999c). During dimensional shifting, it is
possible that ‘irrelevance’ fails to trigger the 5-HT system in the same way as
‘aversiveness’, and 5-HT depletion is therefore without effect.
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Compulsivity and reversal learning
Although highly speculative, such a proposal has important implications
concerning the relationship between the present results and the mechanisms
underlying OCD. Disinhibited responding due to a drive to avoid harm has
been referred to as ‘compulsive’ responding (Hollander & Rosen, 2000). In
OCD, the repetitive behaviour (such as excessive hand washing) can clearly be
viewed as intending to avoid the harmful consequence (such as dirty hands), and
is considered compulsive by definition.

However, although repetitive, the

current findings of perseveration to the previously-correct stimulus cannot be
considered ‘harm-avoiding’ and therefore do not necessarily represent a model
of compulsive responding directly analogous to that of OCD within that
definition of compulsivity (although this does depend on how compulsivity is
defined, as the same underlying neural mechanisms may nevertheless be
involved and this definition of compulsivity may be inadequate). Even so, 5-HT
is clearly implicated in both processes, and it remains probable that these two
different repetitive processes — perseveration and compulsion — represent
different manifestations of OFC dysfunction (putatively lateral OFC
dysfunction) influencing sensitivity to punishment or errors. In the case of
OCD, dysfunction leads to lateral OFC hyperactivity, an overexaggerated sense
of harm, and compulsive responding, which can be alleviated with SSRIs (see
Saxena et al., 1999); these boost tonic 5-HT levels acutely and perhaps inhibit
phasic 5-HT release (Morilak & Frazer, 2004). In contrast, 5-HT depletion
leads to a behavioural disinhibition of a previously-correct response and
perseveration; whether this deficit can also be alleviated with SSRIs is currently
under investigation. The abnormalities underlying the perseverative deficits
seen in reversal learning tasks in schizophrenia are unknown. Although altered
5-HT function is implicated (Abdul-Monim et al., 2003; Meltzer et al., 2003),
the marked differences in the principal direct pharmacological effects of
successful therapy (5-HT increases in the case of OCD, and 5-HT2A receptor
antagonism in the case of schizophrenia) suggest the involvement of different
serotonergic subsystems, which require investigation.
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Impulsivity and reversal learning
Another aspect of behavioural disinhibition related to PFC function is that of
impulsivity. While compulsivity is often suggested to reflect harm-avoidance
behaviour gone awry, impulsivity is sometimes thought of as abnormal
pleasure-seeking behaviour (see Hollander & Rosen, 2000), although this is
certainly not a distinction maintained in everyday language (OED, 1997).
Impulsivity is a broad term encompassing dissociable tendencies (see Chapter
1); these include acting before collecting sufficient information (preparation or
reflection impulsivity), an inability to suppress inappropriate motor acts (motor
or execution impulsivity), and an inability to choose the best long-term plans
(choice

or

outcome

impulsivity)

(Evenden,

1999a).

Systemic

psychopharmacological studies have suggested a role for 5-HT in all of these
(see Evenden, 1999c), while PFC 5-HT dysfunction may play a role in motor
impulsivity (Winstanley et al., 2003a; Rubia et al., 2005). However, the current
experiments were not designed to measure impulsivity and although response
latencies were measured (and no differences found at any stage of the tasks
used) it is unlikely that these findings provide any evidence for, or against, the
role of OFC 5-HT in impulsivity. Additional paradigms would be required to
assess fully the effects of these lesions on measures of impulsivity.

Potential molecular basis of the deficit in reversal
learning caused by PFC 5-HT depletion
In addition to the effects of 5-HT manipulation on information processing and
responding discussed above, it is possible that changes in 5-HT signalling
mechanisms may contribute to the deficits seen in reversal learning after PFC 5HT depletion.

In particular, up- or downregulation of the myriad 5-HT

receptors and/or the 5-HTT may be involved in these behavioural results.
Relatively few studies have investigated the effects of 5-HT depletion on
alterations in receptors and receptor binding, and most have studied whole-brain
5-HT depletion. The binding potential of 5-HT1A receptors appears to be
unaltered after tryptophan depletion in humans, as assessed by radioligand
binding in vivo (De Haes et al., 2002; Praschak-Rieder et al., 2004). However,
the relatively short timescale of the tryptophan depletion treatment makes it
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unlikely that this study is comparable to the present work, which used long-term
5-HT depletions. Furthermore, acute changes in 5-HT1A binding potential, as
measured in human PET studies, reflect changes in extracellular 5-HT, rather
than changes in 5-HT1A receptor number or binding affinity (see PraschakRieder et al., 2004), so these studies simply suggest that tryptophan depletion
does not have qualitatively very large effects on extracellular 5-HT (though CSF
sampling studies suggest more substantial changes; see Carpenter et al., 1998;
Williams et al., 1999).

Direct measurements of receptor binding levels

following chronic 5-HT depletion are therefore more revealing.
No changes in cortical 5-HT1A or 5-HT1B/1D receptors were seen 3 weeks
after 5,7-DHT administration into the raphé nuclei of the rat, despite small
decreases in cortical 5-HT2A/2C binding (Compan et al., 1998a), although such
depletions did increase 5-HT1B/1D/2A and 5-HT2C receptor binding in the
basal ganglia (Compan et al., 1998b). 5-HT depletion induced by i.c.v.
administration of 5,7-DHT has also been shown to upregulate 5-HT2 receptors
in mouse frontal cortex (as measured by [3H]ketanserin binding), and to increase
simple behavioural responses to stimulation of these receptors (Heal et al.,
1985).

However, others have suggested that this hypersensitivity to

serotonergic stimulation, seen after 5,7-DHT-induced 5-HT depletion in rats, is
not due to or accompanied by changes in 5-HT2 receptor number or binding
affinity in the frontal cortex, again as measured by [3H]ketanserin binding
(Butler et al., 1990). These different results are probably due to differences in
the extent of the 5-HT depletion, the doses of neurotoxin used, and the time of
assessment postoperatively. Consequently, the changes that occur in PFC 5HT2 receptors after 5-HT depletion remain unknown. In addition, no changes
in the expression of G proteins involved in 5-HT signalling were reported 3
weeks after administration of 5,7-DHT (Li et al., 1995). Perhaps of most
interest is the finding that long-term depletion of 5-HT using the 5-HT synthesis
inhibitor pCPA causes increases in the density of GluR2/3 and GluR2, and
decreases in GluR1, subtypes of the AMPA glutamate receptor (Shutoh et al.,
2000), without obvious changes in the binding affinity of these receptors. Thus,
5-HT appears to modulate the density of distinct cortical AMPA receptor
subtypes (see Shutoh et al., 2000).

Clearly, this might influence synaptic

Chapter 6: General Discussion

183

plasticity and PFC activation. Drugs acting on 5-HT2A receptors (and, indeed,
5-HT2C and 5-HT1A receptors) are used in the treatment of OCD and
schizophrenia (Delgado & Moreno, 1998a; Ichikawa et al., 2001; Meltzer et al.,
2003). Although the effects of agents selective to these receptors on reversal
learning are currently unknown, it is possible that alterations in 5-HT2A, 5HT2C and/or 5-HT1A receptors in the PFC and striatum may partly contribute
to the behavioural changes seen in the present studies.
In addition to alterations in receptor levels, alterations in 5-HTT expression
induced by 5-HT depletion could also contribute to the deficits seen in reversal
learning in the present experiments. Furthermore, regional differences in 5HTT levels could also contribute to the differences in the levels of synaptic 5HT by differentially regulating the ambient 5-HT concentration (via reuptake).
Regional variations in 5-HTT concentration between the ventral and lateral PFC
have already been found in the vervet monkey (Way, 2003). However, the
functional significance of these differences is unclear, and homology between
the vervet and marmoset serotonergic systems remains to be demonstrated. In
addition, 5-HTT gene expression (as measured by levels of mRNA) is decreased
after 5-HT depletion by pCPA in the rat (Linnet et al., 1995; Yu et al., 1995),
although it is unknown if the functions of regions with higher 5-HTT
concentrations, such as the OFC, are affected more than those areas with lower
concentrations.
In summary, whole-brain 5-HT depletion is known to alter levels of 5-HT
receptor subtypes and the 5-HTT. Furthermore, endogenous levels of these
molecules vary across the PFC. However, the molecular effects of selective
PFC 5-HT depletion are unknown, as are the underlying differences in the areal
specialization of the PFC that are responsible for the different manifestations of
response disinhibition demonstrated here.

5-HT genetics and psychiatric disease
When considering how a prefrontal cortical 5-HT decrease may mimic some of
the cognitive deficits apparent in psychiatric disorders, it is important to
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consider how such effects may be mediated — particularly in disorders in which
there is little evidence for endogenous decreases in 5-HT. Again, obvious
candidates for investigation are the components of the 5-HT synthetic and
metabolic pathways, and the effectors of the 5-HT system, including the 5-HTT
and the individual receptors. Of particular relevance, given the high 5-HTT
concentrations found in the caudal regions of the orbital and medial PFC (Way,
2003), is the discovery of a polymorphic variable repeat region (known as the 5HTT-gene-linked polymorphic region; 5-HTTLPR) within the promoter of the
5-HTT gene (“solute carrier family 6, member 4”; SLC6A4; Lesch et al., 1996;
Way, 2003). In humans, a 44-base-pair insertion/deletion results in two allelic
variants with low and high transcriptional activity — the short (s) and long (l)
alleles, respectively — which alter both the transcription of the SLC6A4 coding
regions and the level of 5-HTT function (Heils et al., 1996; Lesch et al., 1996).
Evidence from cultured human lymphoblast cells, single photon emission
computed tomography (SPECT) imaging, and post mortem ligand binding in
individuals homozygous or heterozygous for the s and l genotypes, suggest that
l/l homozygosity is associated with 5-HT binding and reuptake by 5-HTTs that
are almost double that of either the s/l or s/s genotypes. This may lead to
decreased 5-HTT function and increased synaptic 5-HT in s/l or s/s individuals
(Lesch et al., 1996; Heinz et al., 2000; Hariri et al., 2002).

5-HTT and affective disorders
Numerous disorders have now been associated with variations in these alleles,
including alcoholism, anxiety, OCD, schizophrenia, depression, and other
affective disorders (Ohara et al., 1998a; Caspi et al., 2003; Hauser et al., 2003;
Meira-Lima et al., 2004; Dubertret et al., 2005) (but see also Ohara et al.,
1998b; Hemmings et al., 2003; Strickland et al., 2003). In addition, carriers of
the s allele (homozygote or heterozygote) show an elevated tendency to acquire
amygdala-mediated conditioned fear responses (Garpenstrand et al., 2001),
increased rates of depression and anxiety-related affective illness, and increased
levels of anxiety (Ohara et al., 1998a; Hauser et al., 2003) (but see Ohara et al.,
1998b; Strickland et al., 2003). Furthermore, subjects with at least one s allele
show an increase in depressive symptoms, depression and suicidality in
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response to stressful life events compared to l/l subjects (Caspi et al., 2003).
These findings suggest that the 5-HTT moderates the psychopathological
response to stress and fear, and are consistent with previous findings in mice
and rhesus macaques of responses to stressful experiences specific to the 5-HTT
genotype (Murphy et al., 2001; Bennett et al., 2002).

In addition, fMRI

imaging of individuals with one or more s alleles show increased amygdala
activation to fearful stimuli (Hariri et al., 2002).
The amygdala is well known to attach affective significance to stimuli,
including fearful and sad stimuli, and consistently shows increased metabolism
and rCBF in depression that is reversed by successful antidepressant treatment
(see Drevets, 2003 for review). The basolateral amygdala has dense reciprocal
glutamatergic connections with the OFC and medial PFC — regions that also
show hypermetabolism in depression — and which may provide a source of the
amygdaloid excitation (Drevets, 2003; Heinz et al., 2005). Furthermore, there is
evidence that in the rat basolateral amygdala, glutamatergic inputs from the PFC
are subject to serotonergic modulation (Rainnie, 1999; Pinto & Sesack, 2003),
while stress and anxiety are known to increase 5-HT release in the amygdala
and PFC (Kawahara et al., 1993; Rainnie, 1999). Consequently Heinz et al.
(2005) used fMRI to investigate whether the coupling between the amygdala
and the ventromedial PFC was modulated in a genotype-specific manner. As
before, they found that s carriers showed increased amygdala activation to
aversive pictures. However, this increased activation was also associated with
an increased functional coupling between the amygdala and the ventromedial
PFC, suggested to be enabling the transmission of this enhanced aversive
response to the PFC. Heinz et al. suggest that this provides a mechanism for the
increase in negative moods and salience of aversive events so characteristic of
depression and anxiety (Heinz et al., 2005). This proposal is reminiscent of an
earlier one by Drevets (2003) in which he suggested that major depression is
caused by the pathological activation of the amygdala/PFC-based stress
response due to dysfunction in the ventral regions of the PFC. It is therefore
possible that the combination of an s allele (with its effect to reduce 5-HTT
function) and environmental factors may mediate such an activation.

One

interesting correlate of such a proposal is the finding that 5-HTTLPR genotype
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influences the electrophysiological response of the medial PFC in response to an
error — the error related negativity (ERN). The ERN is known to come from
the anterior cingulate cortex (Gemba et al., 1986; Dehaene et al., 1994; see
Cardinal et al., 2002). Fallgatter et al. (2004) showed that increased ERN
amplitudes were associated with s alleles of the 5-HTTLPR — an enhanced
responsiveness of the PFC that may also contribute to the enhanced amygdala–
PFC coupling associated with s alleles (Heinz et al., 2005).

5-HTT and OCD
Unlike depression, OCD may be more associated with the l allele than the s
allele of the 5-HTTLPR (as may schizophrenia; Dubertret et al., 2005). In
1999, Bengel et al. showed that OCD patients were more likely to carry two
copies of the l allele than controls (Bengel et al., 1999), a finding that supported
an earlier, smaller study which showed an increased incidence of the l allele in
OCD (McDougle et al., 1998). Meira-Lima et al. (2004) also found a trend
towards a higher frequency of l/s heterozygotes and a lower frequency of s/s
homozygotes in OCD patients, despite no differences in homozygosity for l.
Although numerous studies have also found no link between OCD and 5HTTLPR genotype (Billett et al., 1997; Kinnear et al., 2000; Camarena et al.,
2001; Cavallini et al., 2002), such an association is of interest as the l alleles are
associated with better response to the SSRIs, and these drugs are remarkably
effective at alleviating the symptoms of OCD (Smeraldi et al., 1998; Benedetti
et al., 1999; Pollock et al., 2000; Rausch et al., 2002; Yu et al., 2002). Indeed,
preliminary evidence suggests that within a subset of OCD patients, allelic
variation in the 5-HTTLPR may be associated with variation in response to the
SSRI fluvoxamine as measured by a change in compulsions on the Yale–Brown
Obsessive Compulsive Scale (Di Bella et al., 2002b).
This may be due to differences in tonic serotonergic function: the l allele is
associated with increased binding and reuptake of 5-HT by the 5-HTT, and may
therefore minimize the influence of 5-HT, compared to the s allele. SSRIs may
therefore have a bigger effect on 5-HT processing in people with l alleles.
Interestingly, the ERN is also increased in OCD and anxiety-spectrum disorders
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(Hajcak & Simons, 2002; Hajcak et al., 2003). This is somewhat incongruous
at first glance: the ERN is larger in people with more s alleles (Fallgatter et al.,
2004), and larger in people with OCD than in controls (Hajcak & Simons, 2002;
Hajcak et al., 2003), yet if there is a link between OCD and 5-HTTLPR
genotypes, it seems that people with OCD are more likely to have more l alleles
(McDougle et al., 1998; Bengel et al., 1999; Meira-Lima et al., 2004). So the
PFC hyper-responsiveness that is thought to cause the enhanced ERN is not
specific for a given disorder (being seen in both OCD and other anxiety
disorders), and the links between OCD, 5-HTTLPR genotype, and the ERN are
complex.

However, it is plausible to suggest that the modulation of error

detection

mechanisms

by

5-HTT

polymorphisms

may

contribute

to

psychopathological states (perhaps via dysfunction in the ventromedial or lateral
OFC and/or the striatum), and deficits in tasks such as reversal learning. Thus
enhanced error signalling in combination with enhanced sensitivity of the
ventromedial PFC/amygdala to aversive stimuli may contribute to the prominent
negative affect seen in depression, while enhanced error signalling, lateral OFC
dysfunction, and deficits in response inhibition may contribute to OCD (see
Maltby et al., 2005).
Other 5-HT-related polymorphisms may also be of relevance. For example, a
polymorphism in the tryptophan hydroxylase enzyme (TPH2) that results in a
loss of function mutation and consequent disruption in 5-HT synthesis has
recently been found to be correlated with major depression (Zhang et al., 2005),
and although reports are inconsistent, other receptor polymorphisms —
particularly in the 5-HT2A and 5-HT1Dβ genes — have been found to be
correlated with psychiatric illnesses including OCD (Mundo et al., 2000; Enoch
et al., 2001; Walitza et al., 2002; Camarena et al., 2004; Meira-Lima et al.,
2004) (but see Di Bella et al., 2002a), depression (Oswald et al., 2003; Strobel
et al., 2003; Choi et al., 2004b), and schizophrenia (Arranz et al., 1998a; Arranz
et al., 1998b; Shinkai et al., 1998; Joober et al., 1999; Serretti et al., 2000;
Haider & Zahid, 2002; Czerski et al., 2003; Ellingrod et al., 2003; Harvey et al.,
2003; Herken et al., 2003).

Complex interactions of 5-HT genotype,

environmental factors, and cortical and subcortical dysfunction are almost
certainly involved in the development of disorders such as OCD, schizophrenia
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and depression. By immediate extension, such genetic variations may also
contribute to the cognitive deficits apparent in these disorders. Therefore a task
such as reversal learning, now known to depend on the serotonergic innervation
of the PFC (and probably the OFC), could be used to assess whether genetic
(and putatively functional) variations of the prefrontal cortical serotonergic
system affect cognitive ability. Specifically, it would be interesting to test the
hypothesis that differences in the level of behavioural flexibility shown by
normal marmosets on the reversal paradigm are related to overall differences in
the level of activity in the 5-HT system that are linked to polymorphisms in the
genes for the 5-HTT and 5-HT1 and 5-HT2 receptor subtypes. Concomitantly,
if SSRI treatment is found to ameliorate the deficits in reversal learning seen
after PFC 5-HT depletion, it would be interesting to see if the degree of
recovery was related to any particular genetic variant. Although the marmoset
5-HTT sequence is not identical to that of humans and rhesus macaques,
preliminary evidence suggests that marmosets do possess a polymorphic 5-HTT
(Lesch et al., 1997) and such investigations may be possible.

Conclusions
In conclusion, the biological and psychological mechanisms underlying the
deficit in reversal learning seen after OFC 5-HT depletion remain unknown, and
contributing factors can only be surmised. Their discovery will be important to
the understanding and treatment of the molecular alterations that contribute to
psychiatric disease.

Furthermore, the elucidation of how neurochemical

regulation and dysregulation contributes to normal and abnormal behaviour is a
crucial question that remains largely unanswered. Nevertheless, this thesis has
provided evidence that 5-HT does not act in a unitary manner with regard to
tests of behavioural flexibility and inhibition that require anatomically distinct
regions of the PFC, namely reversal learning and attentional set shifting.
Depletion of 5-HT, but not DA, from the PFC has been shown to cause
perseverative impairments in reversal learning that are probably due to
malfunction in circuits involving the OFC. In contrast, attentional set shifting
was unaffected by PFC 5-HT depletion but is known to depend on PFC DA. In
combination, these results reveal important dissociations in the neurochemical
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modulation of the PFC.

These findings expand our understanding of the

different roles of neurotransmitters, particularly 5-HT, both in normal cognition
and in psychopathological conditions such as OCD.
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