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Abstract:

A limited number of studies have considered whether the activity of serotonin (5-HT)
contributes to the problems experienced by youngsters with attention-deficit hyperactivity
disorder (ADHD). The aim here is to review this work and propose interpretations.
Peripheral measures of 5-HT and its metabolite do not point to a widespread association
with the diagnosis. However, separate consideration of the major domains of dysfunction
(motor activity, inattention and impulsivity) support a more differentiated assessment. The
marked innervation of motor regions of the brain by 5-HT projections and the clear
involvement of 5-HT systems in the control of locomotion in animals suggests a likely node
for dysfunction in ADHD. The few relevant studies do not bear this out: but more attention
should be accorded to the issue. The situation is different for attention-related processes.
Here there are deficiencies in perceptual sensitivity and the appropriate designation of
saliency to stimulation. These are attributable in part to altered 5-HT activity. Marked and
opposite changes of 5-HT responsivity are associated with behavioral and cognitive
impulsivity. There is also a growing series of studies demonstrating preferential transmission
of various genetic markers for 5-HT receptors that are expressed in ADHD. Currently the
heterogeneity of methods in this young discipline restricts the possibilities of definition of
these markers and the types of ADHD in which they are expressed.
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Introduction: etine [1, 2]. A good clinical improvement
in about 70% of patients on one of the
psychostimulants rises to >80% after
treatment with the other [3]. This mark is
difficult to better in psycho-
pharmacology. But that still leaves at least
20% who are non-responders. Further, for
many “responders” clinical improvement
may not extend beyond c. 25-30%, and

Currently there is consensus that the
best pharmacological treatments available
for patients with attention-deficit/
hyperactivity disorder (ADHD) with clinical
impairment include one or another
formulation of the psychostimulants
(methylphenidate, amphetamine) or the
noradrenergic reuptake inhibitor atomox-



the youngsters’ academic impairment
may show no long term improvement at
all. As the ‘Multimodal Treatment’ study
showed, the positive effects of medication
may continue for some months, but can
deteriorate markedly over 2 years [4].

Thus, a significant minority do not
respond to catecholamine uptake
inhibitors, and where response is achieved
there remains a situation where the
symptoms are relieved but the cause may
be left untouched. Is it possible that
serotonin (5-HT) could play a role in
moderating (persistent symptoms) or
even mediating features of a nervous
system that make it vulnerable to ADHD?
Twenty years ago evidence for the
catecholamine contribution was strongly
emphasized and that for 5-HT rejected [5,
6]. But the scene may be changing. This
review aims to gather data to show that 5-
HT systems play a role in ADHD and that
there is a need to improve our
understanding of this. This article
describes many of the pieces to the
puzzle, but the picture remains one of an
incomplete jigsaw.

Serotonin Systems

At first, it would seem that 5-HT has at
the same time both good and bad
prospects of being a candidate for a role
in ADHD. Neural projections of 5-HT
systems innervate nearly every part of the
fore- and mid-brain, and descend in the
dorsal and ventral horns [7]. There are
receptors even in the cerebellum [8, 9].
Peripherally there is an extensive innerv-
ation of the gut, the lungs, the kidney and
smooth muscle systems. It is not
surprising then that 5-HT is implicated in
most of the major domains of function
[10]: e.g. cardio-vascular function,
respiration, sleep, aggression, sex,
feeding, anxiety, mood, cognition, motor
output, hormone secretion and
nociception). In the CNS 5-HT affects not

only neurons, but astrocytes and
oligodendrocytes too [11]. Early in foetal
development 5-HT also has a neurotrophic
function (e.g. maternal levels influence
the foetus, [12]), with transmitter function
developing later in a crucial period in late
pregnancy and early infancy.
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Figure 1: Simplified scheme of relations between
5-HT, DA and NA transmission in the frontal
cortex emphasizing the presynaptic level. Note the
regulation of DA and NA cell bodies by tonic 5-HT
innervation (via 5-HT2c sites) from the dorsal
raphe. The 5-HT neurons express 5-HT1a sites at
the cell body and 5-HT1b sites at the terminals
[185]. (Note that an excitatory influence of 5-
HT2A receptors is probably expressed at the level
of DA and NA terminals. The inhibitory influence
of 5-HT2C receptors on DA and NA cell bodies
may be indirect, via activation of GABAergic
interneurons. Reproduced from [185] with the
permission of Elsevier.)

Fortunately there are many features
that can be used to determine a degree of
specificity of function and alterations to
one or another part of the networks
involved.  Pharmacologically  speaking
there are about 22 types of 5-HT
receptors. A simplified scheme for the
main actors in the present discussion and
their interactions with other monoamine
systems is shown in figure 1. Anatomically



the projecting fibres may be fine with
small varicosities or thick with larger
beaded varicosities [13: Fig. 2]. A few even
lack  varicosities.  Their innervation
patterns overlap, though the former are
widely distributed, and the latter less so
with a preferential frontal and hippo-
campal distribution. Cortical terminals are
located on stellate cells in layer |, and
bipolar cells in layers Il and Ill. However, in
the visual (and auditory) sensory cortices
— where the innervation is more intense
than in secondary areas - 5-HT fibres
innervate layer IV that receives input from
the lateral geniculate (and inferior
colliculus) relays [10, 14].

5-HT neurotransmitter systems derive
from 9 cell groups stretching in the
midline from the pons to the caudal
medulla (B1-9). B1-5 project locally and
down the spinal cord. Central to the
innervation of the CNS are the dorsal
raphe (B6/7: on the floor of the fourth
ventricle) and the more ventral median
raphe (B8: on the pons/midbrain border).
Between them these nuclei innervate
most areas with an overlap, although the
median raphe is biased towards an
innervation of limbic and parietal regions,
and the dorsal raphe to an innervation of
fronto-striatal regions [7, 13, 15].

Indicators of relevance of 5-HT to the
ADHD syndrome:

Clearly 5-HT can act a) as a transmitter
in most parts of the CNS (above) or b) as a
paracrine modulator affecting neurons
and glia alike (as a large proportion of
terminals are without conventional
synaptic contacts [16]), or c) exert neuro-
trophic effects on growth and develop-
ment. From first principles one cannot
easily pick out a key node likely to con-
tribute to the main dysfunctions in ADHD.

Are there any signs that 5-HT
metabolism in youngsters with ADHD is
unusual? Peripheral signs must be

considered as ethical concerns prevent
the wuse of intracranial probes or
radioactive ligands for neuroimaging.
Clearly such measures (e.g. CSF, blood,
plasma, urine) will reflect the large
contribution of somatic sources, and
opinions differ widely on their utility. But
so long as the subjects are physically
healthy there is little reason to suspect a
differential contribution from peripheral
and central sources. However, it should be
noted that use of such measures assumes,

i. the development of pathological
features affecting 5-HT would influence
peripheral and central metabolism
similarly,

ii. the blood brain barrier that blocks
entry and actively transports the relevant
substances out of the brain is intact,

iii. transmitter metabolism contributes to
the behaviours recorded:

lastly, it should be acknowledged that the
age or stage of development of all of
these components may confound the
interpretations of the nature of the
relationships sought and found [full
discussion in 17].

In three reports comparing groups of
ADHD with healthy children (or norm
values) on blood 5-HT levels a decrease
was reported in two (95 patients [18, 19])
and no change in one (49 patients [20]).
No changes were reported for platelet
levels in 55 patients [21], while plasma
levels were decreased in 35 patients
showing many rather than few symptoms
[22].

For three reports on CSF levels of the
metabolite 5-hydroxyindoleacetic acid (5-
HIAA) no differences were recorded for 30
patients [23, 24], - not even when 29
patients were compared to those with
conduct disorder [25]. (CSF levels might
be expected to be biased towards sources
in the spinal cord.) This lack of a



levels (an indicator of utilization) in
studies of urine showed a trend towards
an increase of activity [28, 29].

difference between groups was confirmed
for platelet levels in 17 patients [26] and
urine levels in 17 patients [27]. However,
comparisons of the metabolite with 5-HT
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Figure 2: A simplified summary diagram of the principle histological features of the two main serotonergic
pathways ascending to the forebrain. On the left, from the dorsal raphe (DR) the projections provide the major
innervation of the neostriatum: on the right, from the median raphe (MnR) are the fibres that provide the major
innervation of the hippocampus. There is considerable overlap in the neocortices, although coexistence may
occur in most brain regions (Reproduced from [13] with the permission of Blackwells Publishing.)

Despite hints that some patients might were sampled before and during

show increased 5-HT metabolism, there is
no clear indication that the ADHD
syndrome is associated with alterations of
5-HT metabolism. There are three reasons
why this should not surprise. First patients

adolescence when large developmental
changes would be expected. We have
found that healthy children excreted twice
the levels of 5-HT and its main metabolite
found in young adults, although the



utilization measures were similar [30]. In
contrast early and late adolescent groups
showed depressed levels of activity with
highly  variable measures of the
metabolite 5-HIAA in late adolescence.
Second, the measures reported in the
ADHD studies make no reference to the
activity of other neuronal systems,
particularly those using dopamine (DA)
and noradrenaline (NA) with which there
are many well-documented interactions
(in both directions). Considering the role
of the catecholamines in ADHD and
reported correlations of metabolite
measures (e.g. HVA with 5-HIAA: [17, 25])
the absence of comparisons of the
metabolites is surprising. In fact the only
example describes the 5-HT system as
hyperactive in comparison with the DA
system [31]. Third, considering that ADHD
covers inattentive, impulsive and motor
activity symptom domains, among other
anomalous features, it would be
surprising if there was a unifactorial
association with diagnosis. The domains of
impairment cover the functions of a
number of brain regions. Across a patient
population anomalies are likely to be
distributed unevenly.

Central to present considerations are
effects of 5-HT on the expression of
attention/ inattention, impulsivity and
motor activity. Genetic studies are
considered separately, below.

Motor Matters:

Increased motor activity and
restlessness is a cardinal feature of the
combined and hyperactive-impulsive
subtypes of ADHD. One notes the use of
the term hyperkinetic syndrome by the
World Health Organization. Indeed, there
is @ major projection of the 5-HT system to
both the primary and secondary motor
cortices and 5-HT activity facilitates gross
motor output [10]. Yet remarkably few
human studies have been directly and

specifically concerned with the 5-
HT/locomotor relationship.

In animals increases of extracellular
DA, whether brought about by treatment
with amphetamine [32] or genetically
knocking out the DA transporter [33], are
associated with increases of locomotion.
In both instances the motor effects can be
controlled by treatment with a 5-HT2a
receptor  antagonist. Blockade  of
receptors for glutamate, by far the most
abundant transmitter in the forebrain,
also results in  hyperactivity. The
importance of the modulatory role of 5-
HT is shown by the ability of 5-HT2a
antagonists to enhance the attenuation of
locomotion induced by the antipsychotic
risperidone following glutamate blockade
[34]. As a counterpoint to this, hyper-
locomotion can be elicited by 5-HT
presynaptic agonism [8-OH-DPAT], and
blocked at the 5-HT1a receptor [35]. Both
the amphetamine and the knockout
paradigms have been referred to as
models for ADHD. But what is known
about the role of 5-HT in the arguably best
animal model for ADHD, namely the
hyperactive and spontaneously hyper-
tensive rat (SHR)?

| am not aware of directly comparable
studies. However the reduction of SHR
exploration in an elevated plus maze by a
5-HT reuptake blocker (citalopram: [36])
suggests that the baseline situation in the
SHR differs from the models just
mentioned. (But it should be noted that in
a similar study with fluoxetine the WKY-
controls explored even less and showed
decreases of transmitter, transporter and
cortical 5-HT2a binding [37]). However,
Stocker et al. [38] suggested that the SHR
was in fact less sensitive to reuptake
blockade as these animals showed a
blunted prolactin response in a challenge
test. Unfortunately, there are further
examples of strain differences in the



sensitivity of the 5-HT system. While
frontal cortical 5-HT turnover was
reported to be lower in the SHR than in
WKY rats [39], a much larger increase of
turnover in the frontal regions after
blocking monoamine oxidase B was
described for the SHR than the WKY [40].
These studies reported no clear changes
in the basal ganglia, but relative decreases
were found in the brainstem [39] — and
these decreased further if animals had
prolonged access to a running wheel [41].
In comparisons with rats of the Lewis
strain SHRs are reported to be less
physically active when challenged (e.g.
plus maze, swim test). Postmortem
analyses showed that cortical 5-HT2a
binding either did not differ [42] or
increased rather more in the Lewis strain:
at the same time 5-HTla binding
decreased much more in  the
hippocampus of the SHRs [43].

One must conclude that there is a great
deal of basic research on the SHR model
still needed®. Even if the evidence is not
entirely satisfactory, there seem to be
subtle indicators that the sensitivity of the
5-HT neuronal system differs in the SHR
model, especially under challenge. That is
crucial, for patients with ADHD are not
hyperactive all the time. But it may be
noted that the review of animal models by
Russell et al [44] finds little support for “a
role for serotonin in the aetiology of
[such] ADHD symptoms in SHR”.

Whether reflecting cause or effects,
CSF records of 5-HT activity (5-HIAA) in
healthy  free-ranging  primates are
associated with night- (negatively) and
day-time behavioural activity (positively:
[47]). In a rare study of the CSF of ADHD
children, Castellanos et al. [25] reported

" | should remark that it is the young SHR (prior to the
expression of hypertension) that should be used as a
model for ADHD. Not all reports state the stage of
development studied precisely. 5-HT is clearly involved in
the brainstem regulation of hypertension in adult animals
[45, 46].

that measures of HVA and 5-HIAA were
inter-correlated as were urinary and CSF
sources. In these children both HVA and
the ratio HVA/5-HIAA correlated positively
with ratings of behavioural hyperactivity
on the Conners’ scale. Severity of the
symptom and high levels of the
metabolites predicted a good response to
medication, when all the metabolites
showed a decrease [48]. While this may
point to a major role for DA metabolism, it
supports an interactive and modulatory
role for 5-HT metabolism in line with the
ratios reported above to be associated
with the syndrome [28]. Clinical trials have
rarely used either serotonergic substances
or taken measures of 5-HT responsivity.
But it may be noted that a) fenfluramine
treatment (5-HT release) of children with
autism or ADHD reduced behavioural
activity [49], b) a trial of buspirone (5-
HT1a agonist) resulted in an improvement
in  most domains, expressly including
hyperactivity [50], and c) imipramine
(non-selective uptake inhibitor) has often
been associated with a good response,
especially in children not improving on
psychostimulant treatment [51]. However,
the reader will be aware that each of
these agents has other well-known
catecholaminergic effects that may well
account for some of the behavioural
changes recorded®. In conclusion, 5-HT
activity modulates “motor matters”, but in
ADHD its role may be contributory rather
than predominant.

Attention/inattention:

The term ‘attention’ has a broad range
of meanings in psychiatry, and is often
dubbed a ‘cognitive activity’. In
mainstream psychology attention is the

2 For comparison, psychostimulants may alter 5-HT
activity indirectly via their direct influence on
catecholamine systems, but direct effects of
methylphenidate on 5-HT systems do not occur, and those
of amphetamine are found only at pharmacological doses
[52].



“selective aspect of perception” [53]. It is
generally accepted to consist of early
‘automatic’ and later  ‘controlled’
processes [54] that roughly translate as
pre- and post-conscious processes [55]:
the cognitive or executive function being
more evident in the latter. (The term ‘pre-
attentive’, as used by some psycho-
physiologists, can be traced back 40 years
[56] and alludes confusingly to stimulus-
driven selective information processing
occurring before attention). Attention can
most easily be construed in terms of
exogenous selection, in terms of a
subject’s responsivity to some but not
other stimuli. Clearly controlled processes
involve endogenous selective (often ‘top-
down’) influences that occur between the
activities of separate regions of the brain.

Selection of incoming/ascending
sensory information is strongly influenced
by the availability of resources,
competition and the saliency of the
information. Top-down processes —
located more anteriorly - require capacity
and effort. The ability to sustain
attentional processing is largely a property
of the right hemisphere [57]. Where could
5-HT come in? Through its regulatory
(usually inhibitory) control of the activity
of catecholamine (and other) neurons, at
a neurophysiological level, it exerts a
homeostatic role that can be described as
“setting the tone”, at a system level [14,
58]. Functionally this can be viewed as a
form of ‘volume-control’ or ‘gain’ that, as
these authors suggest, must work in
conjunction with prevailing levels of
activation or arousal. (This model
contrasts with a ‘tuning’ or ‘switching’
mechanism attributed to NA and DA,
respectively [59]). Thus salient stimuli, at
both the perceptual or physiological level,
are likely to evoke responses in the 5-HT
system. Together, with the evidence for
the involvement of genetic variants of 5-
HT synthesis and transport in the

expression attentional abilities [60], one
anticipates a role for 5-HT systems in the
characteristics of attentional function
shown by those with ADHD.

5-HT and exogenous attention:

Let us take the example of an auditory
stimulus. As the information ascends in
the brain, it will be influenced by 5-HT
activity in the inferior colliculus [61], the
primary, and then the secondary auditory
cortex — with more and less 5-HT
innervation, respectively. Event-related
potentials (ERPs) recorded from the scalp
can distinguish the contribution of the
latter regions to the N1 and P2 responses
elicited after 100-200 ms. Sources in
primary regions are characterised by a
tangential dipole sensitive to sound
intensity, whereas the radial dipole in
secondary areas is not [62]. If the sound is
salient, the excitatory N1 is large, and if
the sound should be further processed
then the inhibitory P2 marks the
suppression of the processing of
competing stimuli [63, 64]. With increasing
loudness the N1-P2 amplitude increases.

With increased 5-HT activity sound
intensity dependence is reduced (e.g.
following reuptake block with zimelidine
or treatment with lithium or alcohol). The
slope of the loudness dependency curve is
steep if 5-HT levels are low - reflecting
utilization, but shallow or flat if 5-HT
levels are high and 5-HIAA levels are low
[65]. Decreased responsiveness and a
weak loudness dependency is seen in
individuals homozygous for the long allele
of the 5-HT transporter promoter
compared to those with the short allele
[66]. It is this long allele which has been
associated with ADHD in 4 studies [e.g. 67,
but see 68 and the genetics discussion
below]. The nature of the relationship of
5-HT activity to auditory processing is not
undisputed. For example, treatment with
the selective reuptake blocker citalopram



may [69] or may not be associated with
the slope of loudness dependency [70]:
see discussion of the two groups [71].

However, in view of the controversy on
how 5-HT influences these ERP markers of
auditory processing it is interesting to
note that use of the tryptophan-depleting
drink altered the dipole strength [72].
Only the tangential dipole was affected
(i.e. the primary cortex) and only in the
right hemisphere. This treatment has also
been claimed to increase the ERP marker
of auditory change detection in the
latency period of 100-200 ms after the
stimulus (the mismatch negativity, MMN:
[73]). As MMN normally develops in
children initially in the right hemisphere,
but is anomalously recorded in ADHD
cases first from the left hemisphere [74]
the potential for a role of 5-HT activity
should be directly investigated.

The reader may be forgiven here for
wondering if too much or too little 5-HT
activity may be at the root of the type of
stimulus processing described. Each of the
above cited studies is confounded by
factors such as not knowing whether the
uptake block really increased 5-HT
neurotransmission, or whether the
genetic make up of the subjects tested
included those with or without the more
active transporter promoter. Nonetheless,
the involvement of 5-HT is worth close
investigation as the augmenting response
has been used to predict clinical response
to 5-HT agonists in patients with affect
disorders [75]. Further, with regard to the
ERPs of those with ADHD, there are
numerous studies that report an unusually
large P2 component where these patients
are involved in stimulus choice and
comparison [74,76,77]. This has been
interpreted as showing the suppression of
the processing of competing information
by a non-salient stimulus. This is an
explanation of how a stimulus not

relevant to ongoing activity can distract or
‘grab’ attention: In other words the use of
‘gain” or volume control (through
inhibitory 5-HT activity) where it is not
adaptive. This concept can be extended in
the next sections on endogenous
attentional processes and later on
impulsivity.

5-HT and endogenous attention:

Youngsters with ADHD have long been
known to show impaired sustained
attention in terms of top-down controlled
discrimination [78,79], and in the ability to
switch between attentional sets [80,81].
In the former one observes decreases of
the signal detection indicator, d-prime,
that reflects whether the stimulus has
been perceived, while in the latter the
response latency costs of switching from
responding to (say, in the trail making
test) letters, then numbers is abnormally
increased. Here the discussion is not
concerned with the evidence that DA
activity is important, but that 5-HT activity
can play a significant role.

In the previous section we noted that
registering a change in auditory
stimulation (MMN) may be influenced by
5-HT innervation. In the right inferior
frontal cortex there is an MMN dipole
source [82] involved in the switch from
processing repeated stimuli to the
potentially significant new salient one
[83]. Smith et al. [84] showed with fMRI
that this region was activated by switching
between left and right in accord with
arrows on a screen (Meiran test). The
same group reported that activation of
this region during switching is markedly
decreased in subjects with ADHD [85] and
that administering a tryptophan-depleting
drink (to reduce 5-HT synthesis) to healthy
young people performing the same task
also decreased activation in this region
[86: fig. 3]. The evidence for an alteration
in 5-HT function in ADHD cases being



Figure 3

F-MRI studies of switching between response and non-response or between types of responses: A/ Less right
inferior frontal activation in ADHD even when responses were successfully inhibited [85]. B/ Right inferior
frontal activation in sham condition not seen in tryptophan depletion condition on switch to no-go vs. go trials in
healthy young people [86]. C/ Less activation in a system from right inferior frontal to parietal and temporal
regions in ADHD vs. control subjects on switch vs. repeat trials according to arrows [87]. (Modified after [84,
86, 87] and reproduced with the permission of the American Psychiatric Association)

involved in an impairment of switching
task performance is indirect but striking.

In continuous performance tests (CPTs)
of sustained attention fMRI studies show
activation on the right particularly in
regions of the prefrontal cortex similar to
those just described as part of the
“anterior attention system” of healthy
subjects [88]. Healthy, but poor
performers have been reported to show
less activation of such prefrontal regions
on the right [89]. On a CPT a good
proportion (but not all) of ADHD cases will
respond positively to treatment with
imipramine (a non-selective 5-HT and NA
uptake blocker). The responders may
show not only improved CPT performance
but also a significant tendency towards
normalization of their cortical EEG, that
prior to treatment showed signs of
immaturity [51]. Again the evidence for
the role of 5-HT in ADHD is indirect, but
the pieces of the puzzle fit.

Oades [79] described a series of visual
CPT tests on most of which d-prime was
impaired in those with ADHD. Two
features were associated with the
impairment. First the impairment was

attenuated by providing feedback’:
second poorer performance related to
increased 5-HT metabolism, particularly
with respect to DA activity (Fig. 4). This
relative increase of 5-HT metabolism was
also reported to be related to improved
conditioned blocking [28]. But as
conditioned blocking is about not
attending to and learning about a stimulus
that is redundant and thus irrelevant to
the ongoing task, one suspects that this
could also have been the result of poorer
perceptual abilities and a decreased d-
prime.

Of course attention-related function
may not only be influenced by the

> The role of feedback has particular interest.
Psychophysiologists  report on error-related
negativity and positivity in the ERPs monitored
during CPT-like tasks. Some report decreases of
these ERPs in those with ADHD [94, 95]: although
depending on the sample and performance, the
opposite has been reported [96]. In contrast, such
error-related responses are enhanced in patients
with obsessive compulsive disorder [97] and in
students who displayed fewer traits of impulsivity
[98], - conditions with established associations with
5-HT metabolism. The implications of these results
are not only that there may be a 5-HT influence on
attention to feedback, but that the response and
attention to feedback can be improved with salient
exogenous feedback.



utilization of 5-HT, but also by its
availability. There are indications that 5-
HT synthesis can also be impaired in
ADHD and is related to polymorphisms of
the TPH2 gene [see genetics section: 90-
92]. The presence of this polymorphism is
also related to slow reaction times, its
variability and errors of omission made by
those with ADHD [93]. In conclusion 5-HT
appears to moderate attention-related
processes, and this influence overlaps
conceptually with the impulsive treatment
of stimuli and organization of response, a
notable feature of ADHD discussed in the
next section.

5-HT and impulsivity:

To those not directly concerned with
ADHD the concept of impulsivity is linked
strongly to outbreaks of aggression,
increased 5-HT2a platelet binding (Bmax
and Kd), decreased 5-HT1la binding [99]
and low 5-HT activity [reviews: 100, 101].
Of course such abrupt outbursts can be a
feature of ADHD, particularly when a
conduct disorder is also present. But here
| am also concerned with the hasty
decision that led to a mistake, a so-called
error of commission. Such errors are
commonly made by younger [102] and
older subjects [103] with ADHD. They are
frequently measured in CPT-like
laboratory tasks such as the Go/no-go,
and are well illustrated in the Stop-Task
and in flanker tasks where adjacent
incongruent stimuli distract from the
direction of response required by a target
arrow.

Impulsivity has been briefly and
broadly defined as “action without
foresight” [104]4. These authors, as others
before them [106], are well aware of (at
least) two categories of impulsivity. There

* The term impulsivity covers actions that appear poorly
conceived, prematurely expressed, and are unduly risky or
inappropriate to the situation. They often result in
undesirable consequences [105]

10

is less appreciation of the increasing
likelihood of these two categories
reflecting opposite tendencies in central
5-HT activity. | shall call these categories
behavioural (aggressive) and cognitive
impulsivity.

To underscore the separation of these
two types of impulsivity, we have recently
performed a factor analysis (with oblique
rotation) of impulsive symptoms rated on
the Conners parent and teacher rating
scales from 776 combined type cases of
ADHD (Lasky-Su and Oades unpublished
results) in an ongoing genetic study [107].
The scores neatly divided into behavioural
impulsivity (e.g. temper outbursts and
tantrums, disturbs or fights, argument-
ative behaviour) and cognitive impulsivity
(e.g. distractible, not think things out
before acting, fails to finish things). Each
category explained some 28% of the
variance.

The expression of aggression in children
has been associated with decreases of CSF
levels of 5-HIAA taken at birth [108], (that
in turn can correlate with postmortem
levels in the frontal lobes [109,110]). But
it is the opposite in cognitive situations. In
a treatment study of ADHD children it was
the ability to inhibit on the ‘stop-task’ that
correlated with decreased plasma 5-HIAA
[111]: (for correlations between
peripheral and CSF levels see [25]).

This dichotomy between behavioural
and cognitive impulsivity is illustrated
within one study [112]. 5-HT transporter
affinity was measured with paroxetine in
platelets from 20 children with ADHD.
(The system in platelets closely models
that in the CNS [113].) While increased
transporter affinity (a low Kd) tended to
correlate with aggressive and
externalising behaviour rated with the
child behaviour check list (CBCL),
decreases  of  transporter  affinity
(increased Kd) were well correlated with a
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complex tics/Tourette syndrome (TS) on 4 tests of sustained attention: D2 cancellation, continuous performance
task (CPTx, CPTax and fCPTax with feedback). Ln d-prime remains specifically and consistently lower on CPT
tests in children with ADHD. B. Urinary 5-HIAA levels decline as perceptual sensitivity (In d-prime) in the
CPTax task increases in children with ADHD. (Modified after [79] and reproduced with the permission of

Elsevier.)

low probability of withholding a prepotent
response on the Stop-Task’. Indeed this
experimental measure of impulsivity
correlated with ratings of distractibility
and impulsivity.

The association of 5-HT with ‘behav-
ioural impulsivity’ is reminiscent of an
older report that CBCL measures of
externalizing behaviour, hostility and
aggression in impulsive children and
adolescents were inversely related to
measures of platelet binding of imipra-
mine [115]. More recently, using the same
platelet 5-HT-uptake model in a small
group of 14 boys with conduct disorder
Stadler and colleagues [116] reported
negative correlations for Vmax with
ratings of aggression. The interest here
lies with the high frequency of
comorbidity for ADHD with conduct and
oppositional disorders. Indeed in two

® Rather than reflecting a pure motor problem, Kenemans
and colleagues have shown that a disturbance of
attention-related processing contributes to impaired
stopping on the stop-signal task in adults with ADHD
[114].

small groups of oppositional children with
and without ADHD low circulating levels
of 5-HIAA were reported [117]. These
results confirm the association of low 5-
HT activity with the expression of hostility
in ADHD and related externalising
disorders — a feature that has received
more attention in other studies of
aggression. But can the findings on
cognitive impulsivity be extended?

A series of studies on youngsters with
ADHD by Rubia and colleagues is relevant.
Comparing the same subjects on Go/no-
go and stop-tasks [118], they found not
only that errors of commission and
difficulties to withhold response (respect-
ively) were related — as one would expect
for measures reflecting cognitive impuls-
ivity - but they correlated with other types
of errors made (e.g. omission, antici-
pation), reminiscent of an attentional
impairment. Neuroimaging showed that
that the ADHD cases did not show the
increase of activation in the right medial
and inferior frontal gyri seen in the



healthy controls. It happened to be in
these regions that tryptophan depletion in
healthy young adults also blocked
activation during performance of a Go/no-
go-flanker task [86: cf. fig. 3]. But, to
interpret this in terms of 5-HT activity one
must be very careful in deducing the likely
effects that a rapid depletion of
tryptophan has on the 5-HT system. Acute
reduction  actually  decreases the
availability of 5-HT2a binding sites in these
and related frontal regions: this is in
contrast to what is seen for impulsive
aggression (see start of this section) and
what occurs after chronic tryptophan
reduction [119]. While in the animal
model 5-HT1a binding following
tryptophan depletion may only decrease
in the dorsal raphe where it plays a
presynaptic role: indeed even this change
has been reported to disappear with time
[120]. So it would be plausible to interpret
Rubia’s results as supportive of 5-HT
function proposed here to explain
cognitive  rather than  behavioural
impulsivity.

The role of 5-HT in impulsivity has
received considerable attention in the
rodent model. In a 5-choice serial reaction
time task with 5 seconds between trials,
premature responding provides a useful
measure of impulsivity. Using
microdialysis and postmortem analyses
Dalley and colleagues [121] found
impulsivity to relate to 5-HT release,
especially in prefrontal regions. In
apparent contrast a chemical lesion
depleting 5-HT levels resulted in
premature responses on a simple visual
task but did not influence impulsive
choice in rats [122] or other higher
cognitive functions such as shifting
attentional set in Marmosets [123].
However it is perhaps fundamentally
difficult to draw a clear distinction in
animal work between situations testing
for the ability to withhold a prepotent
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response and cognitive decisions that are
made too rapidly. Such distinctions are
made even more difficult by this model
being suitable for examining delayed
discounting.

The ability to withhold response for an
immediate small reward in favour of a
delayed but larger one has been described
as delayed discounting or delayed
gratification. When offered such choices
ADHD children are widely described as
even less capable of waiting than healthy
young children [124]. Such “impulsivity” in
animals is associated with 5-HT depletion,
treatment with the 5-HT1a agonist 80OH-
DPAT or increased frontal 5-HT release
without changes in metabolite levels [125-
127]. Such data would seem to imply that
impulsivity in this paradigm appears
similar to the behavioural (motor)
impulsivity described at the start of this
section. But a close reading of my brief
presentation shows that | have grouped
data from systemic and local treatments
and measures. A translation of these to
the two categories of impulsivity
described above and to the situation in
ADHD must differentiate potentially
opposite alterations of 5-HT activity in
different brain regions with different
results, as described by Rubia et al. [86]
above. For further comparisons and
contrasts of the effects of brain lesions
and drug treatments the reader should
consult the review of Kalenscher [128].

Genetic studies:

To date studies of the potential genetic
involvement in the ADHD syndrome have
concerned some 6 of the 22 or more 5-HT
receptors, the 5-HT transporter (5HTT),
the enzyme for 5-HT synthesis in the CNS
(tryptophan hydroxylase, TPH2) and for 5-
HT breakdown (monoamine oxidase,
MADO). Fifteen years ago the heritability of
5-HT metabolism was demonstrated in
primates [129] and then low levels of 5-



HIAA were related to a TPH genotype in
the sons of violent (impulsive) offenders
[130]. Only in this decade has evidence
crystallised to support an association
between 5-HT gene activity and ADHD
[131].

Serotonin-1 Receptors:

In the 5-HT1 family of receptors
behavioural interests have focussed on
the 5-HT1a site where agonists have been
reported from different laboratories,
somewhat confusingly, to be capable of
increasing and decreasing measures of
impulsivity [132]. But geneticists have
focussed on the 5-HT1lb site where
activation has been associated with motor
activity, exploration, aggression and
vulnerability to substance abuse [review
133]. The reason for this focus probably
lies with the early description of increased
aggression [134] and even impaired
attention-related sensory gating in 5-HT1b
knockout mice [135]. However, more
recently 5-HT1B activation has been
associated with the perceived intensity of
rewarding and aversive cues (in this case,
cocaine sensitivity) in the mesolimbic
system of rodents [136]. Such a role not
only conforms to the 5-HT function in
modulating gain in information transfer
(see above) but is relevant to the
integration of influences on delayed
gratification, described as being out of
balance in ADHD in the last section.

The 5-HT1lb receptor gene maps to
6q12/13. Based on 273 nuclear families
Hawi et al. [137] first reported prefer-
ential transmission in ADHD for a
particular allele (861G) for this receptor.
At a trend level this was confirmed [138],
and a site mapping close by to the 5-HT1b
locus also suggested linkage [lod score
3.3, 139]. This result was refined by
Smoller et al. [140] who reported paternal
over-transmission of the G861 allele that
was especially evident in cases with the
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inattentive ADHD subtype. This specificity
may explain the negative finding reported
by other groups concentrating on the
combined subtype of ADHD [141-143].

The only other gene in this receptor
family that has been part of an ADHD
investigation is that for 5-HT1E.
Remarkably little is known about this
receptor, but it seems to be fairly widely
distributed in the brain at low densities,
with more marked levels in the subiculum
and entorhinal cortex. In the frontal
cortex, in contrast to 5-HT1a sites that are
prominently found in layer Il and the deep
layers, the 5-HT1E site is fairly
homogeneously distributed across all
layers [144]. A recent study of over a 1000
polymorphisms spanning 51 candidate
genes, found that one for 5-HT1E was
among 18 that obtained nominal
significance [92]. Hence, it would be
worthwhile to make a more specific study
including this marker.

Serotonin-2 Receptors:

The 5-HT2a receptor gene maps to
13q14-21. There was an early report of
linkage disequilibrium based on 115
families and 143 cases of ADHD [145]. The
authors described preferential trans-
mission of the 452Tyr allele (but not the
T102C  polymorphism) to  affected
offspring. But using a variety of analysis
methods, this result has not been
confirmed since then [137, 141, 142, 146,
147]. However, there is an indication that
these alleles should still be included in
future studies. For example, returning to
the T102 polymorphism, Su et al. [148]
reported that the T allele was twice as
frequent and the C allele was far less
frequently transmitted in their case-
control study. The authors tentatively
suggested that the former could be a risk
factor while the latter may have a
protective function.



Among the many caveats and criticisms
that may be directed at these limited
studies is the question of which subgroup
was examined and at what age. Most
studies, as yet, were based on samples
with a mixture of ADHD subtypes and
other comorbidities in patients covering a
wide age range. Thus, Reuter et al. [149]
found that the C-allele of the 5-HT2a
receptor was significantly associated with
ratings of hyperactivity and impulsivity.
This provides an intriguing contrast to the
5-HT1b association with inattentivity
described above. Further, considering the
age-dependent increase of 5-HT activity
across the typical age-range studied, it is
of interest that the -1438A>G
polymorphism was found to be associated
with remission status, particularly a
functional remission that one might
expect among older subjects [150].

Work has hardly started on the
associations of other members of the 5-
HT2 family of receptors. However a recent
study of the relationship between the C-
759T & G-697C polymorphisms of HT2c &
ADHD in 488 Han Chinese families showed
that the -759C allele, the -697G allele, &
haplotype -759C/-697G were significantly
over-transmitted to affected probands,
while haplotypes -759C/-697C & -759T/-
697C were under-transmitted. Along the
lines suggested above as worthwhile
exploring, the families were divided into
the 3 main diagnostic subtypes. The -697G
allele & haplotype -759C/-697G were
significantly over transmitted to combined
type cases, while haplotype -759T/-697C
was under-transmitted to these
individuals. No biased transmission of any
allele or haplotype was observed for cases
belonging to the inattentive subtype
[151]. Further study of the transmission of
polymorphisms influencing 5-HT2c
receptor are of interest because it is as
much involved as the 5-HT2a site in
interacting with the DA system. Activation
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of 5-HT2c sites can inhibit nigrostriatal
and mesolimbic activity [152, 153] and in
the rodent model their blockade can lead
to increased locomotion [154].

Other Serotonin Receptors:

With regard to other 5HT receptors a
recent report from the Chinese group is of
interest [155]. They described
transmission equilibrium and haplotype
analyses of a 5-HT4 polymorphism (that
maps to chromosome 5qg32) in 326 family
trios containing 41% combined and 53%
inattentive ADHD subtypes. There was
indeed a tendency for the T allele of the
83097 C> T polymorphism of HTR4 to be
preferentially transmitted to ADHD
children. However, it is not clear whether
or not one or the other subtype made a
larger contribution to this result. This is
important for an interpretation as the
inattentive group was disproportionately
represented with respect to its normal
prevalence. Further, the authors do not
discuss the potential role of the
comorbidity found in three quarters of
their sample. Nevertheless, the result is of
interest as in animal studies 5-HT4
activation exerts a facilitatory (gain-like)
control in cortical and limbic regions
[156], where knockout animals are
impaired in novelty-seeking and some
cognitive functions [157]. However,
considering the high concentrations of
binding sites also found in the basal
ganglia [158], a full understanding of the
role of this site should take the apparently
inhibitory interactions with nigral DA into
account [159]. Nonetheless from a genetic
point of view the potential role of 5-HT4
sites may be contrasted with the absence
of effects reported for 5-HT5a and 5-HT6
involvement in transmission in ADHD
[160].

Tryptophan Hydroxylase:

TPH2 encodes the rate limiting enzyme
for the synthesis of 5-HT in the brain. It



maps to the chromosome 12g21.1. (This
form of the enzyme differs from that of
TPH1 found in the gut, pineal, spleen and
thymus.) Clearly the efficiency of the form
of enzyme present will influence the
supply and availability of neurotrans-
mitter. Some 8 single nucleotide
polymorphisms have been investigated in
many hundreds of cases of ADHD by 4
research groups using different methods.
While each study reports preferential
transmission for one or two of these
polymorphisms, each laboratory has only
been able to partially replicate the results
from the others [90-93, 161]. This implies
similarities, but also undetermined
differences in the nature of the samples
recruited. However, one tends to think
that with so much smoke, there must be
some fire here. (The interested reader
should seek the methodological details in
the original papers.)

However, only one study [93] has
related transmission to a functional
phenotype. The 344 patients performed a
CPT (the TOVA). The study describes
associations of the polymorphisms
transmitted with the accuracy of the
children’s  performance (errors of
omission) and with the putative
endophenotype  of reaction time
variability. Intriguingly there was no
association with the more impulsive
feature of errors of commission. This
result fits the more general picture that in
adults’ 5-HT synthesis activity (TPH2) is
reflected in the executive control of
attention [162]. However, in addition, this
latter study did indeed find a relationship
with cognitive impulsivity. Overall while
there are signs that some feature(s) of 5-
HT synthesis would seem to relate to an
aspect of behavioural control expressed in
ADHD, it is impossible as yet to be more
precise about either of the sets of
features involved.
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Serotonin Uptake:

The S5HTT gene maps to 17g11.1-12.
Several alleles lying close to this locus or
reflecting SHTT binding activity have been
investigated, but the majority of studies
refer to shorter vs. longer polymorphisms
for the 5HTT promoter (5-HTTLPR).
Homozygotes for the short form (s/s)
show enhanced CNS responsivity or
sensitivity with respect to those with the
long form. On the one hand the short
form shows reduced transcriptional
efficiency that implies less 5-HT uptake,
and perhaps fewer binding sites. On the
other hand more 5-HT in the synapse will
(arguably) bring about more
neurotransmission in the long run.
Homozygotes for the long form (I/I) may
have fewer binding sites, but should —
within obvious limits — be able to exert
better control over synaptic transmission:
beyond these limits function could be
slow or inefficient. Abundant studies have
linked carriers of the short allele to stress
sensitivity and anxiety. However, Canli
and colleagues [163] elegantly showed
that this derived more from a decreased
responsivity to neutral stimuli rather than
an increased sensitivity to negative
stimuli. This differentiated view implies
that it is not easy to propose that it is
better to have one or the other genotype,
let alone predict if the one predominates
in ADHD.

The results of studies with ADHD so far
indeed suggest that a more detailed
specification of subtype, comorbidity and
stratification is necessary. To a greater or
lesser degree with various methods it first
seemed that the I/l (perhaps also the I/s)
genotype was preferentially transmitted
in youngsters with ADHD compared to
those without the disorder [164-166].
However, Langley and colleagues [167]
failed to replicate this in a case-control
and family-based study. Then Seeger et al.



[168] found that when the I/l genotype
was associated with the 7-repeat DA D4
polymorphism, response to treatment left
much to be desired. In addition they also
found that comorbid conduct disorder
was an important moderator [169].
Negative results also came later from
Germany [142]. A Canadian group, Wigg
et al. [170], looked at a number of alleles
of the functional polymorphism in the
promoter of 249 children with ADHD (62%
combined type) in a clinical sample. They
found no evidence for an association of
these polymorphisms, or haplotypes of
these polymorphisms, to ADHD at all. This
makes the report from Curran and
colleagues [67] in London the more
striking. They reported a highly significant
association with the long allele of the 5-
HTTLPR, as well as with 5 other single
nucleotide polymorphisms. But in contrast
to the Canadian work this was a
population based analysis using composite
symptom-ratings, albeit with a similar
number of probands. In contrasting these
results | have here deliberately implicated
possible reasons for the very different
findings. How much the more carefully
should one then treat the recent report
from a Han Chinese sample. In China, it
would seem that it is the short allele that
is preferentially transmitted in ADHD [68].
Nonetheless, to show also how uncertain
the ground vyet is for interpreting these
results, one notes that Heiser et al [142]
with a European sample also saw a slight
trend in the same direction.

Catabolism and Monoamine Oxidase:

The amount of 5-HT in and around the
synapse will in part depend on how
rapidly it is metabolised. Monoamine
oxidase-A (MAO-A) is the main enzyme
responsible. Its gene is located on the X-
chromosome (Xp11.23-Xp11.4) where it
overlaps to a large extent with the gene
for MAO-B. As one would expect from the
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discussion above, associations for
behavioural or aggressive impulsivity with
lower MAO activity have been reported
from several different population samples
[eg. 171, 172]. A number of
polymorphisms for MAO-A have been
examined, especially those in the
promoter region that contains shorter (2-
3) and longer repeat sequences (4-5). In
particular the shorter alleles that give rise
to low enzyme activity have attracted
attention.

Associations with shorter alleles of the
promoter VNTR have been replicated
[173, 174] and attributed to maternal
transmission [175]. Considering the
behavioural association of this allele it is
not too surprising that another group
emphasized the finding for ADHD children
with comorbid conduct disorder [176].
Despite one negative finding [177] it is the
association with the externalizing aspects
of behaviour that is receiving some
acceptance [178]. However, a second
genetic variant (the G941T allele, [174]) or
the nearby region [92, 179] may also be
associated with ADHD. But intriguingly
this variant results in the transcription of
an active form of the enzyme. Should
these reports receive further support then
the possibility of transmission of the
active long allele for the promoter [180]
must be seriously entertained.

The possibility that both high and low
activity forms can be preferentially
transmitted in ADHD could reflect
divergent aetiologies for the samples
selected. Thus, on the one hand the long
allele has been reported to be associated
with Tourette syndrome [181], a condition
that is frequently comorbid with ADHD.
On the other hand the low activity form
may predominate in the context of
maltreated children reported to show
aggression and conduct problems [182].



A different interpretation would reflect
the nature of the impulsivity recorded, as
discussed earlier in this article. The long
allele (and increased enzyme activity) has
also been associated with impulsive
personality traits [183]. The potential
connection with ‘cognitive impulsivity’ has
been provided in a recent fMRI
investigation using a Go/no-go task [184].
In brief this remarkable study noted that
activation of the ventrolateral prefrontal
cortex was higher in the carriers of the
high activity allele. It may be noted that
this part of the brain is well-known
through the disinhibition that damage can
cause, and for the high level of 5-HT
innervation it receives. In the fMRI study,
ratings of impulsivity were positively
related to the activation recorded there in
carriers of the high activity allele, but
negatively related in the carriers of the
low activity allele.

Whether the genetic contribution of
MAOQO variants to ADHD reflects the
subtype of ADHD and the etiology thereof,
or rather an improved definition of the
nature of impulsivity recorded (or both), it
seems likely that genetically influenced
variants of MAO-A are likely to be relevant
to the expression of ADHD.

In summary, there is strong reason
based on these genetics’ studies to
believe that 5-HT activity is both
distinguishable from normal in the ADHD
population and that it contributes to the
cognitive processing style expressed in
those with ADHD. This style is both
attention-related and shows features of
impulsivity. Studies of 5-HT synthesis, of
receptors found pre- and post-
synaptically, as well as those influencing
uptake all appear to be influenced by
polymorphisms preferentially transmitted
to ADHD cases. The frustration is that the
heterogeneity of results arising from
different methods and unrefined sample
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selection still hinder a clearer level of
identification of the nature of the function
affected.

Expert commentary and Five-year view:

Research into the monoamine
involvement in ADHD went through a
phase of measuring peripheral metabol-
ites of the neurotransmitters and looking
for associations with the syndrome long
ago. This may have helped tune the
evolution of our ideas about the disorder,
but in the long term it was not a hugely
successful enterprise. Genetics’ studies
appear to be going through a similar
phase of evolution.

The studies reviewed above moved on
to study domains of function and
dysfunction. This has been particularly
useful for distinguishing the different roles
of 5-HT in behavioural and cognitive
impulsivity: such work is likely to be
extended in the field of neuroimaging.
This work will also need to be firmly based
on the development of our understanding
of the interactions of 5-HT with the other
biogenic amines [review 185]. But it can
also be seen that genetic studies are
gradually starting to follow a similar
course (including the study of interactions
between genetic loci). This has started
with the sub-grouping of patients by
diagnosis and comorbidities. On the
present evidence we can expect big
differences if the youngsters also have
conduct disorder, tic syndrome or reading
disabilities. This will become evident when
technological advances permit a screen
for half a million polymorphisms as ‘the
order of the day’ rather than today’s
exception. This must of course be
accompanied by leaps of progress in the
statistical methods applied. Here, there
may be some delays, but there are
encouraging trends already evident (e.g.
methods of family based association
testing).



However, it seems extraordinary that
there are two fields of 5-HT function that |
have not been able to cover, as there are
virtually no data directly relevant to
ADHD. These will surely gain attention in
the coming years.

The first concerns 5-HT as a growth or
trophic factor especially in the prenatal
period when gene and environment
interactions may be so strong. Maternal 5-
HT — so abundant in the placenta — is
involved in morphogenesis in the foetal
CNS before the appearance of 5-HT
neurons [12]. 5-HT signals modulate
axonal responsiveness to the classical
guidance cues in the development of
neural pathways [186]. From primate
work it’s known that parenting style — that
itself depends on the status of the
maternal 5-HT system — can influence the
extent of development and responsivity of
the offspring’s 5-HT system [187]. More
crudely prenatal exposure to agents that
influence 5-HT strongly, like nicotine [188]
or alcohol [189], alter the balance of
expression of different 5-HT receptors.
Smoking and drinking are well known as
potential risk factors for the development
of some types of ADHD [190, 191]. It
seems likely that problems with trophic 5-
HT can influence features that are later
associated with ADHD, but relevant
studies are still in the planning stage.

The second field concerns the control
by 5-HT of glial functions in providing
energy to rapidly firing neurons and in the
development of myelinated axons [192].
The energy flow to neurons (lactate
shuttle) can be influenced by 5-HTla
blockade / stimulation [193]. Indeed
cultured astrocytes express mRNA for five
5-HT1, three 5-HT2, and the 5-HT5b, 5-
HT6 and 5-HT7 receptors [194]. We should
soon find out if and how these binding
sites influence the known facilitation of
energy supplies by the catecholamines
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and methylphenidate [192,195] and
provide a fuller account of how this drug
exerts its beneficial effects. The
neurotrophic and glial functions of 5-HT
may indeed be related. The neurotrophic
function is claimed to be mediated by 5-
HT1la binding sites, the stimulation of
which releases the cytokine S100B [196].
To a large extent this cytokine is a marker
for the integrity of astrocytes with
neuroprotective function [197]. The
potential of this 5-HT-cytokine link for
new targets for pharmacological inter-
vention is illustrated by the report that
stimulation of this link can reduce the
neurotoxic effects of alcohol in animals
[198]. After 5 years a better
understanding of the bases for these
interactions and for potential therapeutic
intervention should be available.

Key Issues

e Crude peripheral measures or
drug/hormone challenge studies as a
general reflection of the activity of 5-HT
systems are correlated better with
functional domains rather than diagnosis.

e Relating structure to function in
animal model studies, despite the
widespread projections of 5-HT neural
systems, is aided by differential
distributions of histological neuron types
and of numerous pre- and postsynaptic
receptors.

e A role for 5-HT in dysfunctional
domains in ADHD increases as one
considers, motor, attentional and
impulsivity-control systems, in turn.

e |In exogenous attentional
processing perceptual sensitivity s
disturbed by overactive 5-HT systems,
while endogenous selective processes, as
in switching set, are sensitive to the role
of 5-HT in the ‘volume-control’ of
information processing.



e It is useful to consider impulsivity,
common in those with ADHD, as two
separate domains: behavioural and
cognitive  impulsivity. These reflect
relatively low and relatively high 5-HT
activity, respectively. In turn these levels
of activity will reflect partly the
comorbidity of more or fewer
externalizing symptoms, respectively.

e There is tentative evidence for
transmission of an allele associated with
5-HT1b activity more in ADHD patients
with inattentive features, while there are
indications that an allele associated with
receptors from the 5-HT2 family (5-HTa/c)
may be preferentially transmitted to those
showing hyperactivity/impulsivity.

e Preliminary evidence suggests that
genetic influences on the synthesis
(affecting release into the synapse) and on
uptake of 5-HT from the synapse
moderate 5-HT activity in patients with
ADHD. But the direction and nature of the
influence remains unclear as a result of
apparent problems of stratification
(developmental age, race and socio-
economic features).

e Relatively neglected fields of 5-HT
study concern its non-transmitter, support
functions in development (neurotrophic
role) and rapid neural firing (astrocytic
energy supply to the synapse) needed to
maintain ongoing responses.

e Evidence is accumulating for roles
of altered 5-HT activity in different
features of ADHD. These features are
expressed to varying degrees in different
patients. Explanations of the expression of
these changes should take into account
the status of other monoamine systems,
especially that of the DA system.
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