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DEDICATION

This book is dedicated to all the children with attention deficit hyperactivity disorder
and their parents who look to us to provide a better tomorrow.



PREFACE

Attention deficit hyperactivity disorder (ADHD) is a common neurobehavioral
disorder affecting 5-10% of children and adolescents and 3% of adults. Attention
Deficit Hyperactivity Disorder: From Genes to Patients aims to provide a compre-
hensive, state-of-the-art overview of the critical aspects of ADHD, and hopefully
will serve as a quick and up-to-date reference source for professionals with an inter-
est in ADHD.

The book is divided into three major areas that follow an historical survey. The
tirst group of chapters deals with current theories on the pathophysiology of ADHD,
and focuses on neurotransmitters and the contributions and validity of animal mod-
els. The second section emphasizes the evaluation and treatment of patients with
ADHD, from the day-to-day approach by the clinical psychologist to the more
sophisticated anatomical and functional imaging strategies that have emerged in
the last decade. In addition, chapters dealing with specific impairments, such as
those pertaining to reading, social interaction, and working memory, are also
included for more detailed analysis of these important aspects and their respective
contributions to global functioning. The third and final section provides an
expanded review on the pharmacotherapy of ADHD and the appropriate methods
for selection of specific drugs for individual patients based on drug kinetics and
gene expression.

David Gozal, MD
Dennis L. Molfese, php
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1

Historical Aspects of Attention Deficit
Hyperactivity Disorder

Roscoe A. Dykman*

1. INTRODUCTION

It would be impossible to cover in this book the thousands of articles that have been written
on the subject of hyperactivity and related disorders over the last 50 to 60 yr. This chapter
focuses on the early history, giving enough recent history to track major ideas and relations
as the author sees them. But even here, there are problems. If one looks at the reference lists
in books on this subject, it becomes immediately obvious that the lists are quite different,
with each writer paying attention to his or her particular interests. Current research reports
and hundreds of reviews of attention deficit hyperactivity disorder (ADHD) suffer from an
immense historical amnesia. Concepts change, and many of the historical ideas are revisited
and passed on cloaked in new terminology. The criteria now used to identify these children
compared with those used some 50 yr ago, although more refined and less inclusive, are not all
that different. You see a child in the cafeteria who is overly active, impulsive, and inattentive
(three items); he will likely satisfy the current ADHD criteria. However, what was once
largely speculation regarding a neurological basis and related genetic basis for ADHD is now
supported by a large number of very good studies, which will be discussed in the subsequent
chapters of this book. Much has happened in the last 10 yr. And yet, there remains much to
do for those of us who love unresolved issues.

1.1. What Is in a Name?

One of the earliest descriptions of what we now recognize as ADHD appeared in a nursery
rhyme written by Heinrich Hoffman in 1863 (/).

“Phil, stop acting like a worm,

The table is no place to squirm.”
Thus speaks the father to his son,
severely says it, not in fun.

Mother frowns and looks around
although she doesn’t make a sound.
But Phillip will not take advise,
he’ll have his way at any price.

*Dr. Dykman is a Professor Emeritus in the Department of Psychiatry, University of Arkansas for Medical
Sciences and a Professor of Research in the Arkansas Children’s Nutrition Center, 1212 Marshall Street, Little
Rock, Arkansas, 72202.

From: Attention Deficit Hyperactivity Disorder: From Genes to Patients
Edited by: D. Gozal and D. L. Molfese © Humana Press Inc., Totowa, NJ
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2 Dykman

He turns,

and churns,

he wiggles

and jiggles

Here and there on the chair;
Phil, these twists I cannot bear.

There have been many other names in addition to Fidgety Phil, including brain damage
syndrome (2), organic driveness (3), organic behavior syndrome (4), minimal brain damage
syndrome (5), hyperkinetic impulse disorder (6), cerebro-asthenic syndrome (7,8), minimal
brain dysfunction (MBD) (9), hyperactivity (/0), hyperkinetic syndrome (//), attention
deficit syndrome (/2), hyperactive child syndrome (/3), intention disorder (/4,15), attention
deficit disorder (ADD) (American Psychiatric Association [APA] [14]), and ADHD (15).

We were the first (/2) to suggest that the term MBD be replaced by an attentional definition.
The cerebro-asthenic term of Luria (7,8) described two types of children—an excitatory dis-
tractible type, and an inhibitory—inattentive type with a low threshold for fatigue. Luria was
greatly influenced by Pavlov (/8,19), who put the concept of behavioral inhibition on the map;
Pavlov, in turn, was affected by Sherrington (20,21), who described both inhibitory and exci-
tatory reflex pathways. Pavlov was the first to study behavioral inhibition in a systematic way,
a concept now referred to by Barkley (22) as response inhibition. The concept of inhibition is
pervasive in the classical conditioning literature, affording an explanation for the differentiation
of conditional stimuli, the restriction of generalization gradients so that stimuli can be more
specific in generating responses, the extinction of responses by withdrawal of reinforcement,
and the spontaneous restoration (disinhibition) of once-extinguished responses.

As is evident, a large number of writers have cast their nets into the field of diagnosis with
no substantial agreement even to this day. Ross and Ross (23) traced the concept of minimal
brain damage back to neurological papers by Still (2) and Tredgold (24). Still (2) described
children who exhibited violent outbursts, wanton mischievousness, destructiveness, a lack of
responsiveness to punishment, and an abnormal incapacity for sustained attention. These
severe symptoms are more like those of children we now recognize under the terms conduct
disorder (CD) and oppositional/defiant disorder (ODD). It is important to note that Still and
Tredgold wrote about minimal brain damage, which is related to minimal brain dysfunction
but is not the same construct. MBD as conceived in the 1960s had more to do with subtle
nonorganic differences in the “wiring” of neuronal connections and associated neurotrans-
mitter deficiencies than with structural damage to the brain.

To answer the question raised by heading of this section, one could say that children identi-
fied as having this heterogenous disorder may differ depending on the diagnostic name used.
The name MBD included children that were both hyperactive (HY) and learning disabled (LD)
or both. LD is completely ignored in the definition of ADHD, but ADHD children can be clas-
sified as LD by another diagnostic definition (25). However, the net effect is that much of the
published literature ignores the comorbid nature of ADHD and LD. It is also obvious that some
of the other definitions—indeed, the meaning of the term “hyperkinesis” as originally used—
referred to children with a more severe pathology than our garden-variety ADHD child.

2. THE MBD AND EARLY ADD PERIOD

The MBD label became popular with the publication of a paper by Clements and Peters
(9) and even more so via a book written by Paul Wender (26). Clements and Peters were
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greatly influenced by a number of writers: the pioneering work of Strauss and Lehtinen (27),
who enumerated the characteristics of children with known brain damage; the study of
Bradley (28) showing that Benzedrine reduced hyperactivity; the published work on perina-
tal risk factors (e.g., bleeding in pregnancy, low birth weight) in causing behavior and learn-
ing problems; and a variety of other papers suggesting that neurological impairment results
in behavioral and emotional symptomatology (6,29-34). The MBD term as used by
Clements and Peters designated children who were HY, LD, or both. It included one or more
of the following signs: specific learning deficits, perceptual-motor deficits, general coordina-
tion deficits, hyperkinesis (extreme overactivity), impulsivity, emotional lability, short atten-
tion span and/or distractibility, “equivocal” neurological signs, and borderline abnormal or
abnormal electroencephalogram (EEG). Clements and Peters gave a description of MBD that
could be used to describe ADD/ADHD today:

It is important to emphasize that a given child may not have symptoms in all or even many of
these areas; each child has his own particular cluster of symptoms. The level of his intelligence
and the nature of his underlying temperament determine the form and the excellence of his
maneuvers to compensate for the deficits or deviations.

It is probable that certain general principles underlie the above symptoms. For example, most
may be due to perceptual defects having to do with the capacity to receive, hold, scan, and selec-
tively screen out stimuli in a sequential order; to sustain a repertoire of background gestalten as
compared to foreground gestalten; to perceive the subtle and often abstract behavior gestalten,
which allow proper socialization to take place. Proprioception may be one of the perceptual
areas at fault in some of these children, i.e., manifesting as a deficiency in the ability to perceive,
discriminate between, and retain images of sequential body movements in space. It may be that
there is a deficiency in inhibitory functions having to do with checking and suspending verbal or
motor activity until the incoming sensory stimuli are compared with stored information. When the
fantastic complexity of the brain is considered, with its myriad interlocking circuits and group-
ings of circuits, it is not surprising that in the presence of any disordering of stimuli-monitoring
that each child should manifest a unique cluster of symptoms, and that he should be handicapped
in learning and adaptive behavior if the environment is sufficiently trying relative to the magni-
tude of the defect.

This paper received some 20,000 requests for reprints, but is seldom mentioned in current
texts. It is clear, as suggested above, that Clements and Peters were writing about issues that
later became translated into ADD or ADHD, namely problems of attention, impulsivity,
hyperactivity, and working memory (incoming stimuli compared with stored information).

A study by Peters et al. (35) indicated that MBD children have many “suspect” soft and
hard neurological signs and that many of these tend to disappear as these children age.
Peters had developed a neurological examination that he used routinely in testing all chil-
dren he saw in his clinic long before the paper just cited was written. The consistency of
findings of suspect signs is what led him to conclude that there must be a neurological basis
for the disorder.

The MBD label excluded children with other serious psychiatric problems—autism,
schizophrenia, and mental retardation. It was argued that for a child to receive the MBD
label, he or she must be near average, average, or above average in intelligence. It was gener-
ally felt that the IQ cutoff should be 85 to 90.

Dykman and colleagues published a number of studies bearing on the issue of the valida-
tion of the MBD diagnosis. In one early laboratory study (36), it was found that MBD children
do not get as aroused to respond as easily as controls judging by their heart rate and skin
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Fig. 1. Mean log latencies in relation to foreperiod: the time from onset of the get-ready stimulus
(colored light) to onset of imperative stimulus (white light). See text for discussion.

conductance responses in a learning situation in which money was earned for correct
responses and lost for incorrect responses. The MBD children (most both LD and HY) made
many more mistakes than controls both in failing to respond to the appropriate cues or
responding to cues inappropriately. This was the first study to show the autonomic under-
arousal of MBD children, and it was something not expected from what we knew about the
restlessness of most of them. This was strictly tied to performance; baseline levels did not
differ in controls and MBD subjects.

These studies were followed by others examining conditioning and reaction times (RTs) in
a variety of go/no-go tasks (37-39). In one of these go/no-go paradigms (38), we used a
reversal task and tested readiness to respond over a period of 5 s. After subjects had been
trained to respond to a red light and not to a green light, the conditions were reversed, and
they were told now to respond to the green light and not the red light. They were instructed to
watch the lights and press a reaction time key as soon as a white light followed the green
light in the reversal task (red light was not reinforced). The mean log latency of foreperiod
RTs differed with hypoactive subjects least able to maintain a readiness to respond (see Fig. 1).
Of course, there is no way to know whether the decrement seen in maintaining a readiness to
respond is attributable to reduced inhibition, increased excitation, or both in some way. All
we know from these results for sure is that in maintaining a readiness to press an RT key,
groups from worst to best were; hypoactive, HY, normoactive, and control.

In thinking about hypothesized states of nervous system, we thought of reciprocal rela-
tions; i.e., if attention is directed to one place or topic then attention to other places or topics
are automatically partially inhibited. This does not mean that background stimuli are
ignored by the nervous system. Indeed, we know from event-related potential studies that
these stimuli do register, but normally not with sufficient strength to enter our awareness or
as something to which we should or must attend (40,41). We know from the classic work of
Darrow (42) and Lacey et al. (43,44) that when attention turns in—as when solving a prob-
lem in mental arithmetic—heart rate (HR) increases, but if attention turns to the outer



Historical Aspects of ADHD 5

environment, such as occurs when one gets ready to respond to a forthcoming event, and
hence must pay close attention, HR decreases. This turning of attention in or out may occur
very rapidly, and the speed of switching is important. We have speculated that this depends
on some kind of switch, possibly in the diencephalon (45), which is quickly and automati-
cally activated by connections from the frontal lobes (/2). But the point here is that the
focus of attention taking place in a few milliseconds can change the occurrence of the next
beat of the heart.

It should be obvious from what was said above that the MBD term had been dropped by us
by this time in favor of terms, such as LD subtyped into three categories (hyper-, hypo-, and
normoactive), and, in some cases, looking at children in these same categories who were not LD.
In our 1971 paper (12), we suggested that MBD be replaced by what these children, whatever
subtype, have in common: namely, problems of inattention. Attention was treated as a unitary
trait consisting of four interrelated components: alertness, stimulus selection, focusing, and
vigilance.

During this same period we became involved in medication studies, thinking that these
might provide clues as to subtypes as well as improved treatments. In the first study, we con-
trasted a new drug (at the time), pemoline (Cylert®), with methylphenidate (46). The study
was double-blind (n = 99 MBD children ages 6—12). Dosages of pemoline and methylphenidate,
assumed a priori to be equally effective, were compared over a period of 8 wk with each other
and with a placebo. Ratings of symptoms (Conners scales, which can now be found in almost
any book marketing psychological tests and software) were available from four sources—
physician, parent, teacher, and child—and obtained at 4 and 8 wk. The percentages of cases
improved on methylphenidate at wk 8 relative to placebo were 73.3 for physician ratings and
78.6% (p < 0.05) for teacher ratings (p < 0.01). The corresponding physician and teacher rat-
ings for pemoline were 66.7 and 53.1 (not significant). However, the same ratings by psy-
chologist favored pemoline (81.8% vs 73.7%), with both gains significant (p < 0.01). The
average nonresponder varied with the type of rating scale and was in excess of 19% on all
ratings (about one-fifth of all subjects). This suggested the existence of subtypes not identi-
fied by the MBD label, and this issue remains unresolved today for children with the newer
label of ADHD as well.

We also had available continuous performance data (AX paradigm). It was found that
methylphenidate speeded RT to target stimuli (child pressed a RT key whenever an X occurred
but only if the preceding letter was an A). However, performance on pemoline was no better
than that on placebo.

The teacher rating scale (Conners’ 33-item teacher rating scale) was subdivided into
five factors (aggressive—antisocial, restless—hyperactivity, emotionalism, distractibility, and
immaturity). Methylphenidate significantly improved scores on all factors except immaturity. In
contrast, pemoline improved scores on only three factors (restless—hyperactivity, emotionalism,
and distractibility).

A second study (the company funding pemoline research lost interest in the contrast of
the competing drug) looked at only pemoline vs placebo at 3, 6, and 9 wk, but it had only
18 subjects. Pemoline was found to improve scores on factors of emotionalism, aggressive-
antisocial behavior, and restlessness. Pemoline is an effective treatment, and is one worth trying
in cases that fail on methylphenidate (47). Its side effects may be a bit more dangerous: two
of our subjects showed elevated liver enzymes. However, there are many choices of drugs
now that were not available at this earlier time. One of the more interesting findings never
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further researched was that pemoline had a staggering effect in improving scores on the non-
verbal part of the Wechsler Intelligence Scale for Children (WISC).

2.1. Our Early Neurological Speculation

On the basis of this research cited above, we engaged in a bit of neurologizing, which in
retrospect seemed reasonably decent and anticipated much of what came later. The following
comes from the Dykman et al. 1971 paper (12):

Organically based deficiencies in attention explain, we believe, the poorer performance, the
slower reaction times, the lower amplitude contingent negative variation wave (expectancy
wave) and the decreased physiological reactivity of learning disabled in learning situations.

The following structures were identified as playing an important role in the regulation of
attention:

1. The descending fibers from the cortex to the reticular formation, as well as ascending fibers from
the reticular formation to the cortex (feedback loop), with the former system being most important.

2. A forebrain inhibitory system described by Clemente (48) capable of inhibiting both somatic and
visceral responses.

Electrical stimulation of the Clemente system had been shown in animals to suppress
movement, synchronize electrical cortical activity, and produce sleep. This inhibitory effect
is proportional to the degree of stimulation: a weak stimulus slows but does not halt ongoing
behavior. It is not difficult to imagine a child whose inhibitory system, via conditioning, is
turned on to some degree every time he enters the classroom.

A third mechanism was postulated, namely one located in the diencephalon that controls
the switching of attention in or out or from one stimulus to another (45). We followed
William James in saying that it is necessary to reciprocally inhibit one activity when focus is
turned to another activity. Russian investigators have talked about this same concept in a
more behavioral way under the construct of mobility of nervous processes. Most important,
we postulated that HY children are weak in inhibitory control (cortex to downstream arousal
centers) because they habituate slowly to novel stimuli and they manifest considerable recovery
or restoration of extinguished responses. Hypoactive children were assumed to be opposite in
these characteristics. We also assumed, following Luria (7,8), that either deficit, too much or too
little inhibition, produced failure in the classroom—one from not being able to pay attention
in, for example, solving a problem in mental arithmetic, and the other from not attending suf-
ficiently to understand the problem.

Ackerman et al. (49) did a follow-up study on 23 HY, LD boys, first studied in grade
school and reevaluated at age 14. These boys were contrasted with two other LD groups,
25 normoactives and 14 hypoactives, including 31 controls. Controls had no problems when
first seen in grade school, but the LD children had either failed a grade or were near failure
despite average or better intellectual endowment and normal advantage. At follow-up, all
three groups remained significantly disadvantaged in relation to controls in academic and
cognitive measures and in complex RT (the conditioning task described above). Half the
hyperactives had experienced major conflicts with authority, and more than one third of
hypoactives exhibited psychologically disturbing behaviors (Minnesota Counseling Inventory).
Not surprisingly, HY subjects were found to be most open and hypoactive subjects most closed.
Mental health of normoactives appeared comparable to controls. In studying heart rate
changes, it was found that the heart rates of hypoactive children did not decelerate immedi-
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ately on tone onset (a get-ready-to-respond signal). This slowness differentiated hypoactive
children from other groups. In any case, none of this early research had much of an impact in
sustaining the life of MBD.

By 1976 we felt that the attentional approach did not provide a sufficient causal explanation
(14,15) for MBD, and proposed an information-processing model. At this time, we became
concerned with the role of intention as the mechanism controlling attention and other impor-
tant mediating processes. We wrote as follows (/2):

Occam’s Razor says that we should move from the simple to the complex in experimentation
and interpretation. We should not look for a higher level of explanation when a lower level
explanation suffices. From this standpoint the most parsimonious approach is to consider arousal
as the basic defect for MBD. We have been down this road before, and for various reasons,
which will become clear as we go along, it has not proved satisfactory. In 1971, we turned to
attention as the next elementary phenomenon. Still dissatisfied, we now move to a considerable
elaboration, adding intention and other psychological processes (50). There are significant dif-
ferences between the concepts of attention and intention, at least as we define them. Attention
relates to the adequacy of one’s informational gathering ability, focusing and stimulus selection
(sampling environment). Intention has more do with the utilization of information, its implica-
tions and consequences. In a broader philosophical sense, intention connotes attitudes, values,
will power, or sustained attention (57). The philosophical and neurophysiological question is the
same: Is it that the MBD child cannot sustain his attention or will not?

... Two kinds of behavioral/deficiencies produced by injuries of the frontolimbic areas and associ-
ated cortex (52) are very similar to those seen in MBD children—hyperactivity, impulsiveness, per-
severation or inability to switch from one action to another, dissociation of action and verbalization,
and disregard for rules and consequences. Clearly these behaviors tend to be associated more with
intention than attention, if there is a difference. Perhaps, we are talking about two aspects of faulty
attention—one a defect in the primary sensory pathways having to do with the reception and storage
of information and the other with inattentiveness (intention) as a personality trait.

In commenting on the MBD concept some 30 yr later, Barkley (53) stated:

The concept of MBD died a slow death as it became recognized as vague, overinclusive, with little
or no prescriptive value, and without much neurological evidence (54). Its value remained in its
emphasis on neurological mechanisms over the often excessive, pedantic, and convoluted envi-
ronmental ones proposed at that time. This was particularly true of those etiological hypotheses
stemming from psychoanalytic theory, which blamed parental and family factors entirely for
these problems.

It is interesting that so much of what goes around comes around again and again.
Barkley now has his own neurological theory, although he might protest labeling it as such.
His latest theory of response inhibition is based on much of what we have learned about
the frontal lobes in the last 50 yr and to its credit it is carefully formulated in terms of
testable hypotheses.

Taylor (55) described MBD as an unsavory neurological construct. He cites Bax and
MacKeith (56) who say that the vagaries of MBD are not only a barrier to communication
but can also do harm by making physicians think they have done something useful in apply-
ing the label MBD. Yet Taylor states that it may be useful for clinicians to use the term MBD
in advising parents or teachers, when the intent is to explain that an individual child’s prob-
lems might be caused by cerebral pathology. So whereas Taylor does not like the term as a
diagnostic label, he is apparently not opposed to its use in communicating to parents the
causes of a child’s problems. Taylor is wrong, however, when he says that MBD implies a
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single cause for many forms of LD. As may be seen by the aforementioned quote from
Clements and Peters, MBD refers to a variety of different cerebral dysfunctions, but one can
only guess which ones from knowing the symptoms of a given child.

Although we played a role in the demise of the MBD concept by suggesting the substitute
term attentional deficit syndrome (/2), we have never understood the harsh criticisms MBD
received. A neurological colleague once said MBD is a term developed by persons with min-
imal brains. But there are many good and logical reasons to believe that LD and ADD
involve deficits of the central nervous system (see Chapters 2,3,5,8,9 and 17). The operant
zeitgeist that pervaded both psychology and psychiatry during the “MBD era” attributed too
much to environment and too little to genetics, and was strongly opposed to the biological
causality explicit in the term MBD.

Is the MBD concept dead? Not quite; at least for learning disabilities it is alive in some cir-
cles. The National Joint Committee on Learning Disabilities (NJCLD) (57) defined learning
disabilities in terms of MBD. This definition has gained wide acceptance according to Bigler
(58); it states that learning disabilities are “intrinsic to the individual, presumed to be a result
of CNS [central nervous system] dysfunction, and may occur across the life span” (57). This
assumes that learning disabilities have neurological causes and may be permanent.

It is perhaps important to note that a number of pediatricians still use the MBD conceptu-
alization in describing children. One of our clinician physicians at Arkansas Children’s Hospital,
Dr. Mark Swanson outlined eight ways in which LD and ADHD are similar and, by inference,
belong under one diagnostic label (personal communication).

1. Both have a presumed, if not precisely identified, underlying abnormal anatomic or physiologic
brain process.

2. Both are disorders on a continuum, from mild to severe, leading to a certain arbitrariness about
who “has” the condition.

3. Both have been functionally, or operationally, defined as a series of clinical behaviors.

4. Both are clinically diagnosed, with no unequivocal physiological tests available to the physician
to aid in diagnosis.

5. Both are likely present but unexpressed at birth (i.e., often children with these conditions are not
identified until school age and only retrospectively are some subtle indicators apparent in the
preschool years).

6. Both have clinical manifestations that vary greatly with environmental factors, especially those at
home and in school.

7. Both require input and assessment from nonmedical professionals.

8. Both have interventions that are largely derived from collective wisdom and experience, rather
than from unequivocal scientific studies.

3. IMPORTANT EARLY WORK OF OTHERS

Virginia Douglas, writing in this same period, did much to change the MBD concept to ADD
with her presidential address to the Canadian Psychological Association in 1972. The subse-
quent paper, entitled “Stop, Look, and Listen,” has been cited more often than any other early
paper. She presented evidence suggesting that the problems of inattention and impulsivity were
more important defining characteristics than hyperactivity (59). The research of Douglas and
collaborators indicated that sustained attention was a major problem for HY children and that
these children’s problems of sustaining attention could occur in situations in which there were
no significant distractions (60-64). This research pointed to the following four major deficits:
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Inability to inhibit impulsive responses.

Inability to modulate arousal levels.

An inordinate need to seek immediate reinforcement.

Most importantly, deficits in the regulation of attention and effort (our intention notion).

e e

Colleagues of Douglas at McGill University have contributed much to our understanding of
ADD. Particularly important has been the research of Weiss and associates, who followed the
development of HY children into adolescence and adulthood (65-68). Weiss et al. (68) note that
although the excessive motor activity of these children is often diminished by adolescence,
their problems with sustained attention and impulsivity persist. There are many additional stud-
ies indicating that hyperactivity may result in appreciable problems in later life (49,53,69-71).

In terms of the evolution of diagnostic criteria, Keith Conners was by far the most impor-
tant contributor. He developed the first rating forms useful in assessing hyperactivity, impul-
sivity, and inattention (72). He was the first to recognize the need to quantify measures of
inattention and impulsivity as the major problems of these children. Conners’ impact on the
field of disruptive behavior disorders continues to this day. He has done as much to stimulate
the development of rating scales assessing child psychopathology than any other person, and
his well-known scales have been, and are currently, among the rating scales of choice.

In 1981, Barkley and others began to question the concept of attention deficit as the defining
characteristic for ADD/ADHD (73-75). It was recognized that children in many psychiatric
diagnostic categories were overactive and inattentive, and it was noted that the excessive
activity and inattention of the children who were labeled ADD tended to be situational in
nature and did not occur in all conditions (//,76). This, of course, was what we were struggling
with in our paper on intention.

There were other changes occurring in this period that brought about needs for a greater
clarity in diagnosis and treatment. There was a tremendous outcry about the number of these
children who were placed on drugs—stimulant medication in particular. It was claimed that
the medications prescribed for these children would stunt their growth, and respectable inves-
tigators were accused of being paid off by the drug companies. It was so bad that the Food and
Drug Administration began an investigation of some of the researchers who were involved in
drug studies. It was stated that hyperactivity results from such factors as poor nutrition (54),
rapid cultural changes (78), or food allergies (79), or that hyperactivity is a “myth” created by
poor teachers and parents (80,81). But none of these claims were supported by any reasonable
scientific evidence (53,82,83).

In his generally excellent book, Barkley (53) states that one of the most exciting develop-
ments of the 1980s was the notion that ADD is a motivational disorder and not an attention
disorder, which goes back to the inclusion of intention in the MBD era. In discussing this
“newer” movement, Barkley writes:

As more rigorous and technical studies of attention in ADHD children appeared in the 1980s, an
increasing number failed to find evidence of problems with sustained attention under some exper-
imental conditions while observing them under others (62,74,75,84-87). These findings, coupled
with the realization that both instructional and motivational factors played a strong role in deter-
mining the presence of ADHD symptoms, led some investigators to hypothesize that motivation
may be a better model for explaining the deficits seen in ADHD children (88,89). Following this
line of reasoning, others pursued a functional analysis of these symptoms; they hypothesized
deficits in the stimulus control over behavior, particularly by rules and instructions (73,90).
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Barkley later added to a rule-based deficit the notion that responses to behavioral conse-
quence might also be impaired (53,74). This same idea or notion was advocated by other writ-
ers (75,91-93). The basic notion is that ADHD arises out of insensitivity to consequences—i.e.,
reinforcement or punishment. This same idea had been put forth earlier by Wender (26) in his
classic book on MBD and in our papers on intention. Lou et al. (94,95) suggest that ADHD
children exhibit deficits in brain-reward centers and their cortical regulating limbic circuits. In
several papers, we described these same circuits as accounting for the difficulty of MBD chil-
dren (12,14,38).

Studies using both school-based and clinic-referred samples have consistently shown
HY/ADD children to be rated more adversely on impulsivity and aggressive/defiant symp-
tomatology than nonhyperactive ADD children, whereas nonhyperactive ADD children are
rated more adversely on internalizing symptomatology, such as anxiety and withdrawal or
shyness (53,96—100).

Both types of ADD children exhibit more difficulties in academic areas than controls,
but neither group has been consistently found to have greater problems than the other
(101,102). Studies contrasting HY and nonhyperactive ADD children on cognitive neuropsy-
chological measures have provided mixed results. Of those reviewed by Lahey and Carlson
(102), half found few or no differences. Sergeant and Scholten (/03,104) studied two small
(n = 8) groups of ADD children with hyperactivity and ADD children without hyperactivity
in a visual search task where speed and accuracy were compared. Compared with controls,
both groups were significantly slower but only the ADHD children were less accurate.
Sergeant and Scholten (/04) also concluded that hyperactive children with attention prob-
lems show deficits in resource allocation, as they are less able than the solely inattentive type
to meet task demands. The HY group’s latencies were inconsistently related to accuracy,
whereas the other groups exhibited the oft-reported speed—accuracy trade-off. Frank and
Ben-Nun (/05) found HY-inattentive children (n = 21) to show significantly greater abnor-
malities than non-HY inattentive ADD children (rn = 11) in visual perception, visual sequen-
tial memory, and writing performance. The HY group also showed significantly greater
abnormality on “soft” neurological signs.

Larger samples of HY (n = 42) and non-HY (n = 48) ADD children were contrasted by
Barkley et al. (53). In addition to comprehensive ratings obtained from parents and teachers,
the investigators analyzed performance on the WISC-R and Wide Range Achievement Test-
R (WRAT-R) and on several laboratory tasks. They also made behavioral observations as the
children performed on selected tasks. The HY/ADD but not the non-HY ADD group had sig-
nificantly poorer scores than controls on the arithmetic subtest of the WISC-R. The nonhy-
peractive group was significantly poorer on the coding subtest than both the HY group and
controls. These two ADD groups did not differ, however, on any of the WRAT-R subtests or
in the percentage identified as having specific learning disabilities. On a continuous perfor-
mance task (CPT), the HY/ADD group made more errors of omission than the control group
but the two ADD subgroups did not differ. Neither did they differ in errors of commission
even though the mean of the HY/ADD group was double that of the nonhyperactive ADD
group (scores were highly variable, however).

Jensen et al. (106) related the severity of ADHD to the presence of co-occurring disorders.
It is suggested that a child with ADHD plus an anxiety disorder might do equally well with
medication, behavioral therapy, or both. On the other hand, he states that a child with only
ADHD or ADHD plus ODD and/or CD is likely to do best with medication. The combination
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of both behavioral therapy and medication is likely to be best if anxiety is added to the
mixture of ADHD and other disruptive behavior symptoms. Unlike the majority of ADHD
children, there are many who do not respond to medication. Also, ADHD children who
fail to respond to one medication often respond well to another (/07). This suggests addi-
tional subtypes based on neuropharmacological differences. We really need more treat-
ment studies that will provide clues as to the causes of these differences in subtypes. In a
preliminary pilot study (/08), we found that a nutritional supplement containing certain
saccharides known to be important in cell communication were about as good as
methylphenidate in improving behavior at home. ADHD children are known to be fussy
eaters, and there have been no rigorous studies of the influences of different nutrients in
these children.

A number of authors have questioned the notion that the central problem of HY children
is a defect in sustained attention (87,/109-111). Douglas (84) used a large battery of tests
designed to measure attention, and concluded that the basic information processing capabil-
ities of ADHD children are intact. She attributed their defects to faulty self-regulation.
Sergeant (75) concluded that ADHD children do not have problems of either selective or
sustained attention. His basic conclusion was much the same as that of Douglas, namely that
the problems of ADHD children are more in the area of modulating attention or in the allo-
cation of resources. Swanson et al. (//2) reported that there is, in fact, a subgroup of
ADD/ADHD children who do have attentional problems. This subgroup satisfied rigorous
diagnostic criteria, which excludes many children currently labeled as ADD/ADHD in
research studies. It may be circular to say that self-regulation explains the attentional
defects seen in ADHD children, inasmuch as inattention to environmental cues could
explain deficiencies in self-regulation.

Van der Meere et al. (113) used a self-paced paper-and-pencil cancellation test to study
sustained attention in HY children. This was a follow-up on the earlier work of Sykes et al.
(111) showing that the sustained attention deficit of HY children occurs in experimenter-
paced but not in self-paced tasks. Van der Meere et al. argued that if a self-paced task were
divided into blocks, attention would have to wane as a function of the number of blocks. It
was argued that the slope for HY children over time would have to exhibit a significantly
steeper descent than that of controls to prove that HY children have a sustained attention
deficit. They found that although HY subjects perform more poorly than controls over all
time periods, the slopes for the two groups were equal, leading to a conclusion that the deficit
was not in sustained attention.

4. ADDITIONAL STUDIES FROM OUR LABORATORY
4.1. Pribram Task

We proposed, on the basis of our earlier work and that of others (72,114,115 ), that attention
deficits characterize LD, as well as HY, children. Like Douglas in her classic 1972 (50) paper
“Stop, Look and Listen,” we argued that attentional deficits rather than motoric restlessness
should be of central research interest. Even though the majority of LD children exhibit ADD
symptoms, ADD cannot be said to be the sole or major cause of a learning disability, because
many ADD children, even HY ones, learn to read and spell at an age-appropriate rate. This
observation led us to believe that the major problem for LD children might be in the area of
selective attention and for HY children in the area of sustained attention. Moreover, we
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theorized, as stated above, that the failure of HY children to sustain attention was the result
of a lack of will to do so (15). Here we moved toward what William James (5/) termed inten-
tion. We further speculated that intention reflects frontal lobe action whereas selective atten-
tion, especially as used in reading, reflects temporal lobe involvement.

To test this theory, we modified a paradigm that Karl Pribram (//6) had used to assess
frontal and temporal lobe functioning in monkeys (//7,118). The child was asked to scan
a visual field, discover the target symbol, learn to stay with the target for five trials, search for
a new target, and so on. He began with a visual field size of only two symbols, but the field
size was increased by steps up to 12 symbols. Symbol presentation was under computer con-
trol, and any given symbol could occur in any one of 12 windows on a given trial. There were
two kinds of trials: search trials, which involved finding the to-be-rewarded stimulus, and
after-search reward trials, which involved staying with the correct object until it was no
longer rewarded (five trials). The child received one penny for each correct response. Total
earnings were continually updated by a computer and displayed on a screen. Failures to
choose the target consistently after discovery were not rewarded and were considered after-
search lapses. In Pribram’s monkeys, after-search lapses were increased by frontal lobe dam-
age and search trials by temporal lobe damage.

Subjects consisted of 20 HY boys, each with scores of 15 or higher on the 10 items of the
Conners, hyperkinesis index, and scores above 90 on both the WRAT-R and the Gray Oral
Test; 20 LD boys with average reading scores on both reading tests below 90, and the hyper-
kinesis index under 15; and 20 adequate students with reading scores above 90 on both reading
tests, and hyperkinesis scores below 15.

Unfortunately for the specifics of the theory, the reading-disabled (RD) group did not differ
from HY children in the number of search trials, after-search lapses, or RT. Both clinical
groups were, however, inferior to controls. When we later studied mixed HY-RD subjects,
they, too, were inferior to controls but not distinguishable from the “pure” clinical groups on
Pribram performance measures. This research suggests that both HY and RD children have
deficiencies in behaviors mediated by the frontal and temporal lobes.

Half the HY children told us they had become tired and wanted to quit the Pribram task.
The RD children, though tired, did not want to quit, yet they became inattentive as the diffi-
culty of the task increased. The HY boys were more attracted to novelty than were the RD
children. In the early trials of one procedural condition where the new symbol added to the
visual field was always the one to be chosen for reward, HY children tended to choose the
novel stimulus immediately, whereas RD children did not (//7). This attractiveness to nov-
elty points to deficiencies in behavioral inhibition that are insufficient to counteract the exci-
tatory tendencies to respond. It may not be just too little inhibition or too much excitation,
but the absence of a balance between the reciprocal neural connections between these two
processes.

In another sample of ADD (inattentive type), HY, and RD boys, the majority, when
unmedicated, exhibited lapses of attention and extraneous responding (key play) in the inter-
trial intervals of the Pribram task (7/8). As with the first sample, the HY boys were far more
deviant in extraneous responding than were the RD subjects. Methylphenidate dramatically
decreased extraneous responding, particularly in HY subjects, and also improved about
equally the accuracy of all clinical groups (//8). Interestingly, the drug had a greater effect in
decreasing after-search errors than in decreasing search trials; i.e., it improved sustained,
more than selective, attention (or memory).
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Electrocortical data, obtained from 1 s before and 1 s after each display of stimuli at
electrode sites C3, C4, P3, and P4 (areas we thought were most important at that time)
were Fourier-transformed and subjected to a principal components analysis. Four compo-
nents were extracted, accounting for 87% of the variance. The first component had strong
loadings between 16 and 20 Hz and weaker loadings between 8 and 10 Hz. The RD chil-
dren had significantly lower scores on this component than the controls, with the HY boys
intermediate; however, the mixed HY-RD group, which was expected to be the most
impaired, was, in fact, the least impaired of the clinical groups by this measure. We have
no good explanation of this finding. It may be that the combination HY—RD is compensat-
ing in some degree as regards arousal, e.g., RD children try harder whereas HY children
are more easily aroused than pure RD children. These electrocortical results show that con-
trols exhibited superior task specific arousal (i.e., more  and o activity) to the clinical
groups.

In sum, the RD children did not differ from HY children as predicted on the Pribram task,
but the study did yield evidence to suggest their deficits in certain regions of the frontal, central,
and parietal lobes contribute to difficulties in learning and behavioral control: the assertive-
ness of HY and the passivity of RD children, the excessive key play of the HY boys and their
attraction to novelty; and the inferior search-and-hold performance of all clinical groups.
However, the fact that there were no differences in search and perseverance errors and reac-
tion times suggests that the major problems of these clinical groups are in the domain of
attention and in the regulation of motor responses.

4.2. Nervous System Sensitivity

A new variable related to attention was added to our studies, which we termed sensitivity
of the CNS. Russian investigators place this presumably innate response bent along a weak-
strong continuum, and Western biologically oriented psychologists such as Buchsbaum
(119-121), Eysenck (122), Fowles (123), Gray (124,125), and Zuckerman et al. (126,127)
believe this response propensity to be an important dimension of personality or cognitive
style. As RD and HY children differ along a dimension of passivity and assertiveness, it was
hypothesized that these traits might have an underlying physiological basis in CNS sensitivity.
According to the Russian literature (128,129), a person with a strong nervous system
responds to increases in stimulus intensity with an orderly increase in physiological activity and
an orderly decrease in reaction times (RTs). In contrast, the sensitive type shows an orderly
increase up to a point and then responds less vigorously (i.e., exhibits protective inhibition).
Buchsbaum (/79) used the terms “augmentation” and “reduction” to describe such gradients
obtained from electrocortical evoked potentials. He reasoned, vis-a-vis the Russian experiments,
that strong types augment and weak types reduce.

Four subtypes of children were studied: HY, LD, HY + LD, and inattentive but not HY.
Vasilev (129) had subtyped subjects on the basis of differences in press-and-release RTs with
tones ranging in intensity from soft to very loud. With some subjects both RTs were linear,
with the difference between press and release more or less constant across intensities, and
with others the lines crossed at the higher levels of intensity. Vasilev described the type with
parallel slopes as strong (insensitive) and those with nonparallel slopes as weak (sensitive), and
following Buchsbaum, strong was equated with augmenting and weak with reducing. Each
child heard a tone at four intensities (55, 70, 85, and 100 dB), and was told after a warning
light to press a reaction-time key when a 250-ms tone occurred (4 s interval from warning
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lights to tones), and release the key as quickly as possible when the tone ended. A strength of
nervous system ratio was computed for each child by first determining the line of best fit
across the four tones (/30-132). The fitted press latency to the 100-dB tone was divided by
the fitted release latency to that tone (release times were faster than press times).

There were three conditions: baseline in which subjects received no reward; high-
gain—low-frustration, in which subjects received four pennies for each correct response and lost
two pennies for a slow response with a payoff ratio of 4:1; and a low-gain—high-frustration
condition with a payoff ratio of 1:2. In the latter subjects lost as much as they gained. The
presentation of stimuli was controlled by computer; with thresholds for payoff continuously
upgraded every 12 trials, keeping the payoff ratios close to the values just described. The
strong types maintained a more or less parallel separation of the two reaction times at all
conditions whereas the weak types showed a convergence of the two latencies at the higher
intensity levels in all conditions. The high-gain—low-frustration condition yielded the
fastest RTs.

Contrary to expectation, girls did not have weaker or more sensitive nervous systems than
boys, although girls rated themselves as less tolerant of intense stimuli. The boys (because there
were more of them) were enrolled in a blinded crossover study contrasting methylphenidate
and placebo. The prescribing physician, who was not informed of the subtype of the child,
adjusted dosage levels. It was found out when the code was broken that children typed as
weak (predominantly HY) received higher doses of methylphenidate than those typed strong.
Gray’s (133) theory suggests an explanation of this paradox; namely, a weak nervous system
requires more intense stimuli than a strong to reach the threshold of concentration (or focused
attention). Also, following Gray, one could reason that children with attention disorders who
have strong nervous systems would be able to concentrate attention and effort better with low
to moderate doses of stimulant medications. These predictions fit the facts, as we know them
today, reasonably well.

Using the Buchsbaum measure (N1-P2 wave of the event-related potential [ERP]), Dykman
et al. (134) found, as Buchsbaum did, that children diagnosed as HY had more augmenting
ERP slopes to tones ranging from soft to loud than did non-HY ADD or RD children (/34)
but there was considerable overlap. More HY subjects than those in other groups were classi-
fied as weak or sensitive on the RT measure (/35,736). Non-HY ADD children typed strongest
on the RT measure. There was little relation, however, between the ERP measure of augmen-
tation and the RT measure of CNS strength. On theoretical grounds, the ERP measure should
be a better measure of strength than RT, because it represents CNS activity in the first 200 to
300 ms of information processing.

HR generally decelerates as a person prepares to respond and then accelerates with the
response (see Fig. 2). As may be seen, whereas ADD and RD groups exhibited less marked
anticipatory response than controls, no systematic differences were found among the clinical
groups (/37). But with clinical diagnosis ignored, HR levels were consistently higher in ERP
reducers than augmenters, and reducers switched more quickly from HR deceleration to
acceleration.

Dykman et al. (/34) suggested that the higher tonic levels of the HY boys could reflect
their irritation with this rather boring task, whereas their less marked phasic reactivity to the
warning and imperative stimuli could mirror inattentiveness and/or lack of involvement.
This interpretation is compatible with the findings of Zahn et al. (/38), who reported
higher HR levels in externalizing boys (HY, aggressive, or both) than controls as the subjects
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Fig. 2. Mean heart rate (HR) levels for 8 contiguous 1-s intervals from warning light to tone
(imperative stimulus). See text for discussion.

participated in orienting and reaction time RT tasks. However, the Dykman et al. experiment
featured reward and the Zahn et al. study did not. These results can also be interpreted as
supporting the Gray—Fowles—Quay model of activation, which predicts greater HR
increases to reward in antisocial than in prosocial persons. This research also showed a
strong relationship between augmentation—reduction and drug—dose and drug—response (132).
Relative to reducers, augmenters received smaller doses and had a superior drug response as
judged by teacher ratings (p < 0.02).

Figure 3 shows the major relations between experimental variables in the pretreatment
session of the sensitivity study and the subsequent clinically titrated methylphenidate doses.
Our intent was to determine whether we could predict these carefully titrated dose levels
from the pretreatment data. This analysis showed that many of the predictor variables were
related at a low level, and that their conjoint effect was highly significant (multiple R = 0.892,
p <0.001). In this figure, type refers to the RT measure of weak-strong and slope to the ERP
measure of augmentation-reduction. In general, we found a highly significant relation
between augmentation—reduction and drug—dose and drug-response (/32). Relative to reducers,
augmenters received smaller doses and had a superior drug response as judged by teacher rat-
ings (p <0.01).

In sum, the most significant findings were the relation of drug titration and response to
sensitivity variables as assessed from RT and ERP slopes to tones ranging from soft to very loud.
Augmenters were blindly clinically titrated at significantly lower doses of methylphenidate
than reducers and they had a much better medication response than reducers. This could
mean that ADD reducers (more HY children in this category) need medication other than
methylphenidate, need no medication at all, or that increasing doses of drug are really not
beneficial. Nearly all children, regardless of diagnostic label, improved in their classroom
ratings with the clinically titrated drug dose, and all became more rapid in RT. Most important,
the CNS dimension of sensitivity was a better predictor of drug efficacy than the diagnostic
label given a child: HY, LD, etc.
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Fig. 3. Multiple regression analysis predicting methylphenidate dosage levels from five sets of vari-
ables. Z1 = age + weight, Z2 = ERP type-reaction time (RT) slope, Z3 = press RT low reward-press RT no
reward, Z4 = 3 X heart rate (HR) high reward + HR low reward-2 x HR no reward, Z5 = skin conductance
counts low reward-2 x SC counts high reward. See text for discussion.

4.3. Sternberg Task

In this experiment, subjects were shown a set of one to three letters on a screen for a brief
time followed by the removal of the letters (blank screen). A probe (letter in or not in the set)
was given and subjects indicated whether the probe was or was not in the set by pressing
either a “yes” RT key or a “no” RT key. In different experiments the size of the memory set is
varied, generally from one to five stimuli. Sternberg (/39) had found that the searching task
was serial; i.e., searching continued one stimulus at a time until the whole set was searched
even though the matching object had already been found. Obviously, this rarely happens in
real-life situations. Most importantly, Sternberg adduced evidence showing that the zero inter-
cept estimated by the slope of RT on the Y-axis plotted against the memory set size on the
X-axis represented the accumulated time for encoding (storing in memory), decision to
respond, and response execution time. The slope of the function was assumed to assess the
scanning operation (retrieval time and comparison process).

Sergeant (1/40) used two versions of this task, hoping to show that attention deficits in HY
children show up in the scanning operation (the slope of the memory set function). Although
HY subjects had slower RTs, the difference in RTs did not interact with set size (zero inter-
cept difference in controls and clinical subjects). This indicated that the differences were in
the earlier stages of processing (encoding and response organization). In a second experi-
ment, Sergeant (103,104, 140) found that the severity of hyperactivity was not indexed by any
of the Sternberg variables.

Holcomb et al. (/41) studied reading-disabled subjects and controls (24 in each group).
The subjects had no co-occurring diagnoses except for inattention without hyperactivity. In
this experiment, set sizes of 1, 3, and 5 consonants in the English language were varied from
trial to trial. This was an ERP study focusing on the relation of RT to P3 amplitude and
latency (time for P3 to attain peak maximum). P3 amplitudes had been shown to be inversely
related to the amount of information to be processed, and P3 latency to the timing of pro-
cesses related to stimulus evaluation or decision time (/42). It was also known at this time
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that P3 latency decreases as children age (143, 144). Certain age differences arose in the anal-
yses of the data, so subjects were divided into two age groups (8-9 vs 10-11 yr of age).

The RT slopes (RT on set size) was quadratic with a bigger timing loss from set size 1 to
set size 3 than from set size 3 to set size 5. This indicated that serial search was not used by
many subjects. P3 latencies showed no significant age effect; but the age separation was not
as great as in the studies reported by Courchesne (/43), who had shown that P3 latency
decreases from childhood to adolescence. Unlike RT, P3 latencies (at Cz and Oz) signifi-
cantly separated the two groups, but only in the interaction with response type (yes or no). P3
latencies increased significantly with increases in set size for both “no” and “yes” responses.
However, for “no” responses the P3 latency of RDs decreased from set size 3 to set size 5,
suggesting a breakdown in the timing of decisional processes with increasing cognitive load.

There was a huge gap between the peak P3 response and RT: P3 was 672 ms earlier than
RT at set size 1, 1918 ms at set size 2, and 1039 ms at set size 5. The reported findings for
adult studies are about half of these values (/45). McCarthy and Donchin (/46) theorized
that the response/selection processes are manifest in RT but not in P3 latency. If the present
data have any validity, it is very unlikely that response variables could account for as much
of the time as all the preceding stages together. Holcomb et al. (/41) suggested that P3
latency might index an early decisional process on which subjects are unwilling to base a
response.

The task proved too difficult for the younger RD subjects, and an analysis of errors sug-
gested a good deal of impulsive responding in this group, which was most evident at set size 5.
The two groups did not differ in scanning rate, possibly because of the large number errors
made in deciding whether the probe was in or not in the set. The Sternberg task is thought not
to be reliable when error rates exceed 10%, and in this study the error rate for younger subjects
was 16.6%. Controls had significantly earlier P3 peaks than the RD subjects; this suggests dif-
ferences in encoding, although the possibility of differences in mechanisms controlling
response cannot be ruled out since they also influence the zero intercept. P3 amplitudes at the
larger memory loads required by the larger sets was more of a problem for RDs than for con-
trols. RD subjects made more errors at all set sizes than did controls, and the percentage of
correct responses was greater in controls than in RDs for both “no” and “yes” responses.

4.4. Dykman et al. Three-Subtype Theory

This research (/47-150) was based on the work of Loney and Milich (/57), and was pub-
lished three years before the Diagnostic and Statistical Manual of Mental Disorders, 4th edition
(DSM-1V) was published. For a relatively large ADD sample (159 boys meeting DSM-III cri-
teria for ADD with and without hyperactivity disorder), we performed a K-means cluster anal-
ysis of the scores from the two Iowa factors and from our own ADD index (composed of 10
attention items from DSM-III). We closely adhered to the recommendations of Skinner (/52),
who said that (1) cluster analysis should be based on a theory of the nature of the disorder,
which implied that the theory specify the number of groups to be derived in advance, and
(2) the clusters should be subjected to close scrutiny for internal consistency and validity and
external validity. External validity has to do with whether the groups differ significantly on out-
come measures not used in the original cluster analysis. Internal validity refers to the internal
consistency of the clusters and to whether the clusters can also be derived by different cluster
methods. We derived three subtypes: pure ADD, not hyperactive (n = 49), ADDH (n = 63
boys, ADD and hyperactive), and ADDHA (n = 47 boys, ADDH and aggressive). About half
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of the subjects in each subtype were LD. This cluster analysis was based entirely on white
males; there were insufficient subjects to look at sex and race differences. We further divided
the subjects into those who did and did not satisfy criteria for LD and found that the percent-
age of LD children in each of the three groups was similar (about half in each group by our
criteria). It is important for the reader to bear in mind that our study was based on children
referred to our clinics for evaluation and treatment; it was not an epidemiological sample
where the overlap with LD and other psychiatric disorders is less than in referred groups.

We had a variety of measures supporting the external validity of the three groups. The three
groups were significantly separated by teacher ratings other than those used to perform the
cluster analysis. The ADDHA group differed from the ADD only (without hyperactivity and
aggression) in socialization skills, impulsivity, and the impatient/aggressive traits associated
with the type A personality (/53). Parents rated the ADDHA group higher on the externalizing
scale of the Child Behavior Checklist (/54), but the groups did not differ on the internalizing
scale. Nor did the groups differ on self-ratings on the Junior Personality Inventory (755).
However, physiological data supports the existence of the three subtypes (see Section 6).

There are studies other than those of Loney and associates that suggest the validity of an
aggressive subtype of ADHD (7/56—160). Pelham and Bender (/6/) noted that more than
half of ADHD children have significant problems in relating to peers, which may be owing,
in part, to aggressiveness. Also, aggression is more often a characteristic of male than
female hyperactive subjects, and ADHD symptoms are relatively common in mentally
retarded children (161,162).

4.5. Categorical vs Dimensional Classification

Dykman and Ackerman (/49) attempted to tackle the problem of dimensional vs categorical
analysis in the diagnosis of ADHD. We adhered to a schema that Fletcher and colleagues
(163—166) had used in some of their studies of LD (/67). These authors closely followed the
recommendations of Skinner (/53,168) described in the report above.

The analyses in our paper were based on 182 children evaluated in our clinic for school-
related problems. All children were administered the Diagnostic Interview for Children and
Adolescents (DICA), developed by Herjanic and Reich (/69). Those admitted to the study
met the criteria for ADD based on the DICA attention items endorsed by the child’s care-
taker. As the child rated himself or herself, parents were asked to agree of disagree with each
answer. All subjects were between 7 and 11 years old with a full-scale 1Q greater than 85,
were of good health, and had a normal educational experience. Controls were 33 males and
19 females, all Caucasian except for one African American male. In addition to the WISC-R,
children were administered the WRAT-R and several rating scales. Teachers were paid $10 to
fill out three forms: our expanded Conners questionnaire (which includes 10 items assessing
the ADD symptoms listed in DSM-III); the Mathews Youth Test for Health (MYTH) (/53),
which assesses two components of type A behavior (competitiveness and aggressiveness-irri-
tability); and the Yale Psychoeducational Questionnaire (/70), which was factor-analyzed for
research purposes. This analysis yielded five factors: sustained attention (SATT); academic
aptitude (ACAP); hyperactivity (HYP); impulsivity (IMP); and socialization (SOC). Care-
givers filled out the Achenbach and Edelbrock (/54) Child Behavior Checklist (CBCL), an
instrument often used to assess childhood psychopathology.

On the day of the laboratory visit the child was administered two self-rating scales, the
Junior Personality Inventory (/55) and the Arkansas Thrill Seeking Scale, modified after
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the Sensation Seeking Scale developed by Zuckerman (/71,172) to make the items easier for
children to understand. Subjects were also given Gordon’s (/73) test of Differential Rein-
forcement of Low Response Rates (DRL), a task that purports to measure IMP (inability to
inhibit responses); the Trail Making Test (parts A and B), presumably sensitive to brain
dysfunction (/74); a 10-min coding task; an expanded symbol inverted version of the WISC-
R subtest, believed by us to be a very good measure of sustained attention; and a timed arith-
metic task (20 simple addition and subtraction problems).

The project psychiatrist decided whether a given diagnosis was possible on the basis of
scores for each diagnostic category on the DICA. Following Skinner (/52), three major sub-
types of ADHD were hypothesized: ADD only (inattentive), ADDH (inattentive and HY),
and ADDHA (inattentive, HY, and aggressive). The DICA simply classifies children as
ADHD and groups together symptoms of HYP, inattention, and impulsiveness.

To test the theory, a K-means cluster analysis was computed using three teacher-rated
behavior scales: the Loney and Milich (/57) Iowa hyperactivity (IHY), the lowa aggression
(IAGG) factors (derived from the Conners rating scale), and the Arkansas ADD index, which
incorporated the DSM-III ADD items. The three-factor cluster solution supported our a priori
hypothesis by correctly assigning the majority of subjects to one of three groups, but many
subjects were placed in two classes. The Iowa scale was used to establish cut points, and the
scores replicated with few exceptions the results of the cluster analysis. Subjects were classi-
fied as ADD if IHY scores of 8 or less and IAGG scores of 6 or less, as ADDH if IHY scores
greater than 8 and IAGG scores of 6 or less, and ADDHA if IHY scores greater than 8 and
IAGG scores greater than 6.

LD—in this case reading disability—was determined by the method of discrepancy
scores, i.e., standardized achievement scores in reading and spelling at least 10 points lower
than the WISC-R full-scale 1Q. Eighty-two (74 boys and 8 girls) met criteria for dyslexia; no
subgroup of ADHD had a significantly higher number of RD subjects than any other. The
ADD-not-RD group did not differ from controls in 1Q or achievement measures, with the
exception of lower spelling scores, as expected. Both the control and the ADD-not-RD group
scored higher on cognitive measures than did the RD groups.

As for other DICA diagnoses, the ADDHA group had the highest rate of diagnoses per
child (0.94), with ADD next (0.90) and ADDH last (0.75). There was significant tendency
for more ADDHA boys to have a diagnosis of CD, but no other differences in rates of disor-
der were found. It was found that the solely RD children had a significantly higher rate of
separation anxiety than other groups.

The paper presents external validation data supporting the three basic ADHD subtypes for
teacher data, parent data, child self-report data, and performance data (all tests and rating
scales listed above that were not used in assigning subjects to groups). By univariate analy-
sis, the following variables were significant in discriminating the three groups: MYTH
aggression (MYA), Yale sustained attention, and Yale SOC. A discriminant analysis yielded
three Yale factors in the following order of importance: Yale HYP, Yale SOC, and Yale IMP.
MYA dropped out because it correlated substantially with all three Yale factors.

Like others, we found that behavior ratings from different sources do not always agree
(151). Different groups make different interpretations of the same items, which is a bit sur-
prising when the items are so simply stated. In a univariate test, two scales of the parent rat-
ings were significant in discriminating groups: parent HYP ratings and externalizing score on
the CBCL. A stepwise discriminant analysis of all parent ratings (Conners HYP and attention
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Fig. 4. This standardized path diagram shows teacher ratings with Yale factors on the left prediction
Towa tests on the right. See text for explanation. *p < 0.05 **p < 0.01.

scores, internalizing and externalizing scores from the CBCL) used only the Conners mea-
sures of inattention and hyperactivity. Parent ratings were not as good as the teacher ratings
in demarcating groups.

The second part of this paper, the dimensional part, performed analyses in two different
ways, first by canonical correlations and then by path analysis (the LISREL program). These
analyses used teacher ratings first and parent ratings second as the basic data. The LISREL
SIMPLIS results (/75) and the canonical analyses were concordant overall, and the path anal-
ysis of the teacher ratings are shown in Fig. 4. These are ratings by teachers, and Yale factors
on the left are used to predict the Iowa factors on the right. The exogenous variables on the
right are academic achievement (ACAP), Yale SATT scores, Yale HYP scores, MYA scores,
Yale IMP scores, and Yale SOC scores. The significant paths are darker lines (p < 0.05);
lighter lines are not significant. The proportion of variance explained by all the variables,
which include minimal contributions from paths not shown, was 0.64 (64%). The corre-
sponding percentages for IHY and IAGG were 67% and 60%, respectively. It will be noted
that IHY is related to only two variables: SATT and HYP on the Yale. ADD is also related to
only two variables, but IAGG is related to four variables.

This model shows that the ADD factor (inattentiveness) increases with increases of HYP
as assessed by the lowa rating scale, i.e., HYP is more likely to elevate inattention symptoms
than the reverse (the path with the darker line is significant at p < 0.01). An increase in IAGG
elevates IHY (p < 0.01 for the path with the darker line) but the reverse path; HYP to aggres-
sion is not significant. The two paths leading from ADD to other variables are not significant.
It can also be seen that IHYP is related to only two Yale variables, HYP and SATT; ADD is
also related to only two Yale variables, academic achievement and SATT; but aggression is
related to four variables, Yale hyperkinesis, IMP, and SOC, and MYA.

Figure 5 shows the LISREL model relating parent data to teacher data. Parent HY and
ADD ratings come from the Conners scales, and externalizing and internalizing from the
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Fig. 5. Path diagram standardized for the prediction of teacher ratings from parent ratings. See text
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CBCL (154). The scores on the right are the ratings from the three Iowa scales (ADD, HY,
and Aggression). The dominant pathways from IAGG to HY (0.42) and from ADD to IHY
are logical. Note that ADD has little effect on IAGG but that IAGG has a sizable effect on
ADD, again a logical connection. We conclude from the path coefficients that parents do not
discriminate the behavioral groups as well as teachers do.

These models are entirely different types than those obtained by categorical analyses.
There are no discrete subtypes, just the interplay of continuous variables, and no rules for
assigning ADHD children to subtypes, but they could be derived. It was clear that the clusters
derived from even our best rating scales, i.e., teacher ratings, were not homogenous. Any one
of the three groups had individuals located in the space of the other groups. The dimensional
analysis is superior to the categorical results in showing the structural relations of variables.

5. ASCENDING DSMS AND RELATED RESEARCH ON DIAGNOSIS

ADD in various versions of the American Psychiatric Association diagnostic manuals
(16,17,25,176) has gradually changed. In DSM-II, the ‘“hyperkinetic” definition was
restricted to youths with maladaptive levels of inattention, impulsiveness (IMP), and motor
restlessness. DSM-III took a categorical approach with diagnosis based on the number of items
entered on three separate lists of items, measuring inattention, IMP, and motoric activity. DSM-
IIT was much more specific than DSM-II in definitions of ADD, and placed a greater emphasis
on inattention and IMP than on HYP. It also described a subtype referred to as ADD/WO (inat-
tention without hyperactivity). DSM-III-R took a dimensional approach in which 8 of 14 symp-
toms had to be present (some of the items were composites of inattention and hyperactivity).
DSM-III-R did not include items enabling one to make a reliable diagnosis of the inattentive,
non-HY child, and this manual substituted ADHD for the ADD of earlier versions.

Although the dimensional approach of DSM-III-R resulted in considerable criticism, it stim-
ulated a large amount of research, which for the most part favored categorical classification
(102,177). The most significant advances in diagnosis have been attributed by many to Lahey
and associates. Lahey and Carlson (as cited in ref. /70) write as follows in describing subtypes:
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To date, the experimental literature on ADD/WO [what is now called the inattention type of
ADHD, author’s insert] strongly suggests three conclusions. First, factor analytic studies consis-
tently indicate that covariation among the symptoms of ADD [another term used frequently then
and to some extent even now for ADHD and/or just the inattentive type, author’s insert] reflect two
largely independent dimensions. One dimension consists of symptoms descriptive of motor hyper-
activity and impulsive behavior, whereas the second dimension consists of symptoms describing
inattention, disorganization, and difficulty in completing tasks. Second, it no longer seems doubtful
that ADD/WO exists as a clinical entity. As in the case of ADD/H [the HY-impulsive subtype,
author’s insert] approximately half of the clinic referred children with ADD/WO also qualify for
other DSM-III diagnoses. Third, the description of children with ADD/WO yielded by these
studies differs from ADD/H in important ways—ADD/WO are characterized by fewer serious
conduct problems, less impulsivity, greater sluggishness, greater anxiety, and greater depressed
mood. Children with ADD/WO tend to be unpopular with their peers, are often perceived as
socially withdrawn, but are less likely to be actively rejected than children with ADD/H.

The definition of ADHD in DSM-IV was formulated through extensive field trials
(178,179). The field trials were based on 380 children identified by parents and teachers as
HY and/or inattentive. It was somewhat disturbing that a study of this magnitude could not
have obtained teacher ratings on more subjects because they seem to a better indicator of
problems than parent ratings. The Diagnostic Interview Schedules for children (/80-183),
parents, and teachers were used, but as indicated the three ratings were not available for all
youths. The net effect of all this elaborate research was to come up with three subtypes of
ADHD: an inattentive type not HY, a HY—-impulsive type, and a combined type possessing
symptoms of both types.

Subsequently, Barkley (184), although admitting improvement in the diagnosis of ADHD in
the new manual, came down almost as hard on the revised criteria as he had done earlier in dis-
cussing the death of MBD. He states that the empirically based ADHD diagnosis in DSM-1V is
the most advanced of all the DSMs. He gives Lahey credit for his role as head of the field trial
data analyses. But this is the end of the praise. First, he recognizes, as have others, the problems
with the inattentive type of ADHD, suggesting that it may not be a subtype of ADHD. These
children differ from the HY—impulsive type being less attentive and having more school prob-
lems. Second, he is also concerned that the combined type may not be different form the
HY-impulsive type, just a later stage of development of the same condition. He says if the
HY-impulsive type eventually moves into the combined type there is no need for a separate
category for the latter. Judging by the literature, the combined type would in fact appear to cap-
ture the greatest number of children. Third, he notes that the field trial was based on children
aged 4-16, and that the diagnostic items may be inappropriate for children out of this age range.
It is suggested that this might result in the over inclusion of children below the age of 4 and the
under inclusion of late adolescents and adults. Fourth, he mentions possible gender bias, i.e.,
whether the symptom lists are equally appropriate for boys and girls and whether the cut scores
for diagnosis should be the same in the two groups. Fifth, he thinks the pervasive criteria create
a problem (must be observable at home and school and for adults at home and at work). He
cites research showing low levels of agreement between ratings of teachers and parents. The
insistence on the double criteria reduces the number of youth who will receive a diagnosis of
ADHD, and he argues that the disorder may be more evident in one situation than another. He
says that parents are more likely to see their children as ODD rather than ADHD, whereas
teachers are likely to see them as ADHD rather than ODD. It would seem obvious, as is stated
in the article, that the combined type may have a more severe form of ADHD than the other
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types. These seem to be the main points, but he is also concerned with other problems, such as
the criteria for onset and persistence, (7 yr of age and 6 mo persistence) in DSM-IV. It is clear
that these are issues that will have to be revisited in any revision of DSM-IV.

6. RESEARCH DIAGNOSTIC CRITERIA

One of the most important relatively recent innovations is the development of strict
research diagnostic criteria (RDC). These were proposed by Bloomingdale and Sergeant
(185), because DSM-III-R definitions resulted in an inordinately high prevalence rate. The
RDC criteria included suggestions made by Taylor and colleagues (55,186,187) and are in
line with the criteria of the International Classification of Diseases (ICD), Version 9
(188,189) or Version 10 (190). The specific recommendations follow:

1) A stringent severity criterion is recommended. The cutoff value (expressed in terms of symp-
toms required) is higher than the cutoff value specified in DSM-III or DSM-III-R; the percent-
age required for a RDC diagnosis is 75% (6 out of 8), compared to 50% for DSM-III (8 out of
16) and 57% for DSM-III-R (8 out of 14).

2) Concurrent validation by standardized parent and teacher rating scales is required. The
requirement of a “statistically abnormal” score on a standardized rating scale should exclude all
but a specified small percentage (e.g., 3% to 5%) of the children in the population defined by age
and sex norms.

3) The temporal course of symptoms is specified. Early onset (before age 7 years) and duration
(at least 2 years) are required to ensure that fluctuations in attention due to stress would not lead
to a diagnosis.

4) The presence of symptoms in at least two of three settings (home, school, and clinic) are
required. Due to the low correlation between sources, this should reduce the prevalence of the
disorder for any given level of severity.

Swanson et al. (//2) add further restrictions to the definition, increasing the homogeneity
of children satisfying the aforementioned restrictive criteria. It is important to remember that
this is for the stated purpose of obtaining a homogenous group of ADD/ADHD subjects.
These are as follows:

1) If the ADD/ADHD symptoms have an early onset and are expressed (perhaps in different but
age expected forms) across developmental periods before another disorder is manifested, we
recommend that the ADHD symptoms be considered primary.

2) If the symptoms of the other disorder appear first, or if the presence of ADD/ADHD symp-
toms varies with the waxing and waning of the other disorder or specified environmental condi-
tions, we recommend that the ADD/ADHD symptoms be considered secondary.

3) We propose that a diagnosis of ADD/ADHD be made only on the basis of primary symptoms.

Swanson et al. were concerned, as we have been, with the overlap of ADHD and LLD. The
California studies (/9/) indicate very little overlap when a 1.5-standard-deviation discrep-
ancy score between performance on standardized achievement and intelligence tests is
used to define LD. Surprising, not a single one of their ADD/ADHD children qualified for
LD when this discrepancy score was used. About 10% qualify for LD when a 1-standard-
deviation discrepancy score is used, and this agrees with results reported in the Connecticut
longitudinal study (/92) and the findings of a study in the Netherlands (86). Swanson et al.
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believe that the overlap with other disorders, including LD, is minimal when the criteria
outlined above are imposed. However, they recognize that these children may have various
degrees of activity including passivity and aggressiveness. Using their more restricted
definition, Swanson et al. were able to say that the term “attention deficit” is warranted. A
possible limitation of the Swanson data is that they may not be representative of sex, age,
race, and social class, factors that would markedly affect the LD and ADD/ADHD overlap.
It would appear that the children Swanson recruits were mainly from mid- to upper social
stratification levels.

7. EPIDEMIOLOGY

In the introduction to their book, Shaywitz and Shaywitz (193) say that ADD is now rec-
ognized as the most common neurobehavioral disorder of children. It affects children from
earliest infancy through school and into adult life. According to this article, estimates for
ADD with or without HYP range from 10 to 20% (194). DSM-1V estimates the prevalence of
ADHD to be much lower (3-5% in school-age children). Shekim et al. (/95) report that
symptoms of ADD/ADHD persist into adulthood in one-third to one half of subjects who
receive this diagnosis in childhood, and that the overwhelming majority of adult subjects
have other co-occurring diagnoses.

A problem that Barkley (/84) pointed out in discussing the limitations of DSM-IV was that
of diagnosing ADD/ADHD reliably in the preschool years. However, Palfrey et al. (/96) had
earlier evaluated children at eight checkpoints between birth and age four, and the writers
report that 13% of the children met criteria for possible ADD/ADHD at one or more check-
points. However, only 5% of the group evidenced definite symptoms that persisted into
kindergarten. The peak age for the identification of symptoms was 3.5 yr. It is obviously dan-
gerous to make a diagnosis of ADD/ADHD in the preschool years, because many young chil-
dren demonstrate behaviors associated with this condition, which is in fact normal for their
age. We simply do not have reliable information on the prevalence of ADD/ADHD in
preschool children.

It is clear that prevalence can be made very low by imposing restrictive criteria, but if this
were done it might exclude many children who need help. There is an inverse relation between
prevalence and the severity of restrictive diagnostic criteria. Moreover, the identification of
ADHD or LD in families living in poverty or near poverty is problematic. Symptoms of rest-
lessness and inattentiveness could occur in children who are not adequately prepared for
school, particularly if they have been reared in an environment in which the importance of
learning has not been emphasized.

8. ETIOLOGY: POSSIBLE CAUSES AND MODIFIERS

Some of the presumed causes of ADHD are no longer discussed, and the remaining chapters
of the book will bring the readers up to date on important new developments. Conclusions
from myriad studies suggest the following:

1. Lead and related issues are rarely a cause (197).

2. Food additives (salicylates, food dyes, and preservatives), have a trivial effect at best
(82,198,199).

3. Sugars desserts, and candy bars appear to have little or no effect in exaggerating ADHD symp-
toms (177,200,201).

4. Alcohol can be a cause but certainly but explains only a minority of cases (202,203).
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5. Parental conflict, common in families with ADHD children does not cause ADHD but can cer-
tainly exaggerate the severity of symptoms (204-213).
6. Genetic factors appear to be more important than all others as a cause of both ADHD and LD.

8.1. Genetic Research

Of the many studies in this area, among the best are those by John DeFries, Bruce Penning-
ton, and colleagues at the University of Colorado and those of Jim Stevenson and associates
in England. Gillis et al. (2/4) used a sophisticated regression model developed by DeFries
and Fulker (215,216) to estimate the heritability of ADHD. Subjects were 37 pairs of
monozygotic (MZ) and 37 pairs of dizygotic (DZ) twins. At least one member of each pair of
twins had a reading disability and at least one member of each pair, not necessarily the one
with a reading disability, satisfied criteria for ADD as diagnosed by the parent form of the
DICA-P developed by Herjanic and Reich (/69). Proband-wise concordance rates for ADHD
were 79% for MZ and 32% for DZ twins. Age was not a significant predictor of DICA-P
scores; i.e., the heritability (h?) of ADD as diagnosed by the DICA did not vary with age. The
h? coefficient was very high (0.98); i.e., nearly all the variance in DICA-P scores was
attributed to heredity (coefficient varies from O to 1). It was concluded that HYP symptoms
as expressed by the DICA are highly heritable.

Stevenson et al. (2/7) reported results from two twin samples, one from London (n = 190
pairs) and one from Colorado (n = 260 pairs). The proportion of ADHD probands that also
had a spelling disability was 24% and the proportion of spelling probands that were ADHD
was 30%. It was estimated that about 75% of the co-occurrence of these two conditions was
a result of shared genetic influences. The differences between these two estimates were not
statistically significant, which lends credence to the supposition of a subgroup of children in
which both spelling and ADHD are influenced by a common gene or genes. The almost equal
two-way percentages in this study are contradictory to the general impression that while
ADHD can “cause” LD, the reverse is less likely (218).

There are a number of other studies pointing to the importance of heredity. Familial risk
for ADD/ADHD and antisocial behaviors is higher among the relatives of children who have
a conjoint diagnosis of both ADD/ADHD and CD than among the relatives of children who
are only ADD/ADHD (2719-225). Faraone et al. (222) found that the family members of
probands with ADHD and ODD had a higher risk for ADHD and CD than the family mem-
bers of probands with ADHD alone. However, the risk was lower for “familial spread” than
in a group who were comorbid for both ADD/ADHD and CD. Biederman et al. (226) report
significant prevalence of mood, anxiety, and antisocial disorders in the first-degree relatives
of ADHD children. Elsewhere, Biederman et al. (227) report an association between anxiety
disorders and ADD/ADHD, with the risk of anxiety disorders among the relatives of
ADD/ADHD children higher than that for the relatives of normal children (220,227).

9. BIOLOGICAL STUDIES AND THEORIES OF ADD/ADHD
9.1. Quay and Gray

Quay (92) speculates that ADHD, CD, and anxiety/withdrawal (AW) disorder can be dif-
ferentiated in terms of Gray’s (/24) theory of two important control systems: a behavioral
inhibition system (BIS) and a behavioral reward system (REW). In Gray’s theory, increases
in responding brought about by positive reinforcement (“hope”) and by both active avoid-
ance and escape paradigms (reward is escape from punishment, or “relief”’) are under the control
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of REW. Reductions in responding that occur in extinction procedures and passive avoidance
are under the control of BIS. Anxiety is activity in the BIS that is cued by conditioned stimuli
that signal fear or frustration. Predatory aggression, on the other hand, is under the control of
REW. Gray has postulated anatomic loci for these two systems: the reward system corre-
sponds to the catecholaminergic structures mediating the rewarding effects of self-stimulation
of the brain (228). The BIS, a supposed noradrenergic system, is localized in the lateral and
medial septal areas and in the connections of these to the hippocampus.

Stimulant drugs enhance the activity of both REW and BIS. Quay speculates that there is
a relatively greater enhancement of BIS than of REW in ADHD children given stimulant
medication, thus bringing the two systems into balance. He concludes that ADHD children
have a deficiency in the BIS system, noting that antianxiety medications tend to affect them
adversely. Again and again, deficiencies in inhibition are emphasized, beginning with the
early papers of Luria (7). Because amphetamine improves passive avoidance but does not
improve CD, and because catecholamine antagonists (haloperidol and propranolol) appear
to decrease CD, Quay suggests that CD seems most related to oversensitivity to reward. He
attributes anxiety/withdrawal disorders to an overactive BIS. Gray’s two systems are sup-
ported by a considerable amount of experimental evidence and the extrapolations of Quay
appear to be very reasonable. In particular, autonomic studies of heart rate and skin conduc-
tance reactivity suggest that HY children are more difficult to arouse than normal children,
which supports Quay’s notion of an underactive BIS.

9.2. Barkley’s Theory of Response Inhibition

Judging by recent reports on ADHD children it appears that Barkley’s theory is slowly but
surely becoming the preferred theory for most writers. He is concerned only with the
HY-impulsive type and mainly with the explanation of IMP. Barkley (22) defines response
or behavioral inhibition as consisting of three interrelated components:

1. Inhibiting the initial prepotent response to an event.

2. Stopping an ongoing response or response pattern, thereby permitting a delay in the decision to
respond or continue responding.

3. Protecting this period of delay and the self-directed responses that occur within in it from disrup-
tion by competing responses (interference control).

Barkley ties self-regulation to response inhibition and interference control, saying that
“there can be no actions taken toward the self aimed at modifying a future consequence
related to an event if the individual has already responded to that event.” This appears to mean
that any opportunities to modify an outcome must occur in the period of inhibition (delay) of
the prepotent response, including the timing of when it is to be executed. Inhibition protects
the self-directed and often covert actions to the self that occur in the delay period, protects the
prepotent responses that are about to be executed, and protects against extraneous sources on
interference.

According to Barkley, executive function (EF) and self-regulation depend on response
inhibition, and the problems of ADHD children, particularly their impulsiveness, result in
deficiencies in EF and the psychosocial processes they control, e.g., time estimation and
inner speech. In an article in which Barkley (229) responds to criticism of his theory, he says,
“Nevertheless, unlike other views of EF and ADHD, the model I have set forth though cer-
tainly imperfect, is far more specific about the origins and nature of EF and more closely
aligned with an evolutionary perspective than any view yet proposed of either of these
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domains.” He claims that the deficits in EF are devastating and that they are far more impor-
tant in understanding the problems of ADHD children than their trivial impairment in capac-
ity to pay attention. I would not disagree with the impairment in EF as being important, but
would only add that perhaps the most important EF is the capacity to focus attention and
ignore distracting thoughts and stimuli. It is also obvious that there are many different EFs
and control mechanisms involving relations of frontal lobes with other structures in the brain,
and even variations in control of different types of attention (sustained, selective). So it is
somewhat of a misnomer to speak as though there is only one EF. Barkley, however, is appar-
ently talking about only those EF functions that are affected by or related to ADHD, but it is
difficult to know where these leave off and others begin.

9.3. Pavlov’s Ignored Contributions

Many of these concepts discussed above have a counterpart in the writings of Pavlov (18,19)
in providing insights into the nature of inhibition that are not generally known. A prepotent
response for Barkley is a conditional response (CR) for Pavlov, and it can be negative
(inhibitory) or positive (excitatory). This definition could be expanded a bit to include any
kind of instrumental learning, including operant responses. Most psychologists have finally
discovered that you cannot teach a rabbit to swim like a duck (230). So all learning depends
on some inherent biological structure, whether a fear of snakes or the learning of a language.
In simple differential conditioning there are two stimuli, one that is reinforced (more accu-
rately paired in the case of Pavlovian conditioning) and one that is not reinforced (23/). The
negative conditional stimulus (CS) never reinforced produces responses of some kind (no
zero level attained) in the conditioning of heart rate, blood pressure, or urinary retention. How-
ever, more precise and less generalized systems, such as salivation in anticipation of food and
motor actions to avoid noxious stimuli, do attain a no-appearance (zero) level with repeated
nonreinforcements. However, in neither case does the level of response measure the depth of
inhibition. Pavlov showed in a variety of experiments that the inhibitory state deepens with
additional pairings and this does not show up in the negative CR being partial or completely
absent. The number of trials it takes to convert a negative CS to a positive CS increases as a
function of the number of presentations of the negative CS.

Pavlov also showed that the elaboration of a trace CR (CS terminates before unconditioned
stimulus [US] onset) or delayed CR (US overlaps the CS but there is a delay of 5-60 s or more
between the onset of CS and US) is associated with a period of inhibition known as the
“inhibition of delay”. The period of inhibition, which can be interrupted by distracting stimuli
(disinhibition) but less so the better established the response (the greater the number of rein-
forcements). This would seem to be akin to the protective delay of Barkley. Pavlov was insis-
tent that inhibition of the type described here was mediated by the cortex; he referred to it as
internal inhibition, in contrast to the type of direct inhibition seen in antagonistic muscular
responses or reflexes. I would argue that dogs must also be capable of self-regulation to some
extent if they can refrain from making premature responses and resist the onslaughts of distract-
ing stimuli. However, Pavlov recognized an excitable type of dog, not unlike ADHD children
in temperament, that had great difficulty in developing delayed or trace CRs. In one series of
very interesting experiments, Pavlov’s group found that if a delay interval—say, of 15-20 s—
is firmly established, it is very difficult and some instances impossible to change to a shorter
interval. Even if the CS—US interval is shortened, the CR may continue to occur at the previ-
ously established delay interval.
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These early findings seem to us to support many of the conjectures of Barkley, including
those mentioned by the prominent writers he references (232-234). Pavlov and his associates
studied individual animals intensively over long periods of time. His null or no hypothesis
was not a statistic but an experimental manipulation to prove a point. It is a shame that the
books that do mention his work do so in such a cavalier and superficial manner.

10. CONCLUSION

The reader can judge for himself or herself whether the label ADHD is better than MBD in
terms of the accuracy of diagnosis in terms of characterizing the problems of these children.
The former is descriptive, whereas the latter implies a neurological etiology. The symptoms
now used to identify ADHD children are the same as in the days of MBD, with changes in
wording and in the groupings of symptoms. The gain, not to be overlooked, is that the defini-
tion of ADHD is less inclusive than the definition of MBD. To make a statement that will
appear even more ludicrous to those working on classification, I believe that one might do
almost as well in categorizing ADHD by using only one or two items in each category of
DSM-IV (inattention, HYP, and IMP). Each item selected would be rated for severity on some
4-5-point Likert scale, e.g., “often fails to give close attention to details” or “makes careless
mistakes in schoolwork or other activities,” is often “on the go” or “often acts as if driven by a
motor, often has difficulty awaiting turn.” The first mentioned item may not be a pure item in
that it appears to also involve impulsive behavior. Nonetheless, a limited set of items might do
the job about as well as all items now used, as none of these requires a severity rating.

Whether the basic deficits in ADHD children are in the areas of attention, self-regulation,
EF, or some other process continue to be hotly debated issues. The boundaries among inat-
tention/ attention, working memory, arousal, EF, and effort are more than just somewhat
obscure. One could, for example, substitute terms like the following for ADHD: intention
disorder (14,15), inhibition disorder (12,22,50,234), motivation disorder (53,62,75,88,235),
short-term memory disorder (/40,141), rule-based disorder (74,84,93), or even MBD if we
remove LD from the definition. Almost any label would be acceptable, if truly descriptive or
better explanatory of the symptoms of these children.

The problem with MBD is that it is an onerous term that is less attractive to parents and
teachers than ADHD. In any case, the label ADHD should be replaced if a better descriptor
can be found. ADHD children differ from normal controls in having deficits in functioning or
structure of many parts of the brain and not just the frontal lobes (see ref. 236 for latest ERP
studies; 237 for neural substrates involved; 238 and 239 for gene research; 240 for corpus cal-
losum; 241 for temporal and parietal lobes; and 242 for caudate nucleus; See also Chapter 6).
In addition to involvement of cortical areas, there is also evidence for differences in ADHD
children and controls at the level of the control centers regulating spinal reflexes (243-246).

Is inattention a trivial problem, as Barkley (229) suggests? I think not. It is one of the most
important executive functions. Research on this measure should go beyond the usual topics of
sustained and selected attention. Most important is the quick shifting of attention between within
and without. This occurs within a few milliseconds and has an immediate effect on directional
changes in heart rate (43,44,247). The approach by Posner et al. (248,249) is basic to this issue,
although I found in unpublished work that Posner’s paradigms are often too difficult for children.

We now know with reasonable certainty that the most important factor predisposing to
ADHD is inheritance from a long line of ancestors (see Subheading 8.1, genetic causes and
later chapters in this book). The environmental influences most important in accounting for
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some ADHD cases, probably not the common variety seen every day in clinics, would
include such factors as inadequate nutrition, intrauterine growth problems, developmental
deficits leading to brain injury, accidents injuring the brain, lead poisoning, and fetal alcohol
syndrome (see Section 8.). Also, it is clear from our work and others (15,22,93) that rewards,
as well as stimulant medication, have the effect of normalizing the performance of ADHD or
MBD children in situations demanding close attention and effort.

Another issue of importance is that of categorical vs dimensional analysis. Research is
scant in this area and more is needed. Our research reported above (/49) favors dimensional
analysis. New research should utilize ratings that are comprehensive enough to cover the
major dimensions of ADHD including aggression, modeled after the research that has been
done on the mmpi to identify important combinations of disorders. Some combination of the
Achenbach CBCL, the long-form Conners Rating Scales, and other relevant items from
structured interviews should be used. Separate scales should be constructed for parents and
teachers. Teacher ratings are better than parent ratings for purposes of identifying children
deviant from their normal age-matched controls. Teacher and parent ratings are poorly corre-
lated even when the same items are being rated, and factor analyses of ratings that include
both teachers and parents segregate more by who does the rating than by the nature of the
item (149).

Turning to the merits of categorical analysis, DSM-IV provides the possibility of classify-
ing subjects in any one category into a large number of other co-occurring categories. The
problem is that most research, which targets any one diagnostic category, tends to ignore the
co-occurring disorders, and in ADHD the most frequent ones are learning disabilities and
ODDs. The latter identifies the type of HY child that Dykman et al. (/47) referred to as the
ADDHA. Of course, it would not be necessary in future modifications of DSM-IV to include
LD or aggression as a part of the definition of ADHD, if investigators were more rigorous in
defining co-occurring disorders and not treating LD or ADHD as pure categories unless chil-
dren with only one disorder were recruited. Pure types, however, are difficult to find.

Finally, would it be possible, with some combination of tests or rating forms now on the
market plus laboratory tests, to develop a classification system that is realistic both in sub-
typing and in identifying the underlying problems of ADHD and LD children? For LD, pho-
netic abilities should be assessed because this is the problem for many of them (250). This
assessment should include standardized tests of reading, spelling, and arithmetic, including
verbal and performance 1Q. Laboratory tests that would seem to be of value in pinpointing
the underlying defects are the go/no-go tests, readiness to respond tests with different
delays, the continuous performance task, and the distraction tasks used in our early MBD
studies (see Section 2.), the stop task (234), and conditioning tests involving frustrative
reward and relatively long delay intervals before reinforcement. The behavioral part of the
test battery should assess HYP, impulsiveness, inattention, learning problems, and aggres-
sion (e.g., frustrative nonreward). Paradigms should be designed to allow for autonomic and
brain function measures to be taken in the laboratory while subjects are performing the
behavioral tests. Once worked out, software could be developed and marketed for use by
clinicians with perhaps just behavioral measures and reaction times. This suggested
approach calls for some consideration of reversing the usual course of external validation,
going from tests to diagnosis rather than from diagnosis to tests, and a greater inclusion of
what we have learned about the relationships between behavior and brain function in the
diagnosis and treatment of the disorder.
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Scanning the Genome for Attention Deficit
Hyperactivity Disorder

Aiveen Kirley

1. INTRODUCTION

In the past decade, there have been exciting developments in the understanding of the
genetic basis of susceptibility to attention deficit hyperactivity disorder (ADHD). This chapter
reviews the genetic epidemiology (family, twin, and adoption studies) of ADHD and summa-
rizes the neurobiological evidence (pharmacology, animal models, and neuroimaging studies)
that points to particular candidate genes. Relevant findings from genetic studies of dopaminer-
gic, serotonergic, and noradrenergic candidate genes are provided. New directions in the field
are discussed briefly, such as the move to characterize endophenotypes, meta-analyses of asso-
ciation studies, and emerging genetic linkage studies.

2. GENETIC EPIDEMIOLOGY OF ADHD

Evidence reviewed in the preceeding chapter suggests that ADHD is a heterogeneous con-
dition that has many causes, and is considered as a final common pathway for a variety of
complex brain developmental processes (/). The exact etiology of ADHD is unknown, but a
substantial genetic element has been implicated from family, twin, and adoption studies.

2.1. Family Studies in ADHD

Family studies investigate the degree of familial clustering of a disorder. Thapar and
Scourfield (2) summarize family, twin, and adoption studies in ADHD. Family studies have
shown an increased risk of ADHD in the families of children with ADHD (whether defined
using the Diagnostic and Statistical Manual of Mental Disorders, 3rd edition (DSM-III) or
DSM-III-R diagnostic criteria) with reported relative risks (A) of between 4 and 5.4 for
first-degree relatives (3,4).

2.2. Twin Studies in ADHD

A drawback of family studies is that they cannot disentangle genetic from environmental
sources of transmission. Twin and adoption studies assist in doing so. The occurrence of
twinning creates a natural experiment in psychiatric genetics (5). If a disorder is strongly
influenced by genetic factors then the risk to co-twins of ill probands should be greatest when
the twins are monozygotic. The risk to dizygotic twins should exceed the risk to controls but
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should not be greater than the risk to siblings. Twin data are used to estimate heritability (h?),
which measures the degree to which a disorder is influenced by genetic factors. Twin studies
(2) have consistently shown the importance of genetic influences on ADHD, whether defined
as a categorical diagnosis (i.e., as defined by DSM) or as a quantitative measure of symp-
tomatology, with reported h? estimates of between 0.39 and 0.91.

2.3. Adoption Studies in ADHD

As with twinning, the occurrence of adoption provides another useful experiment for
psychiatric genetics (5). Whereas parents can confer a disease risk to their biological children
via both biological and environmental pathways, they can confer risk to adoptive children
only via an environmental pathway. Thus by examining both the adoptive and the biological
relatives of ill probands, genetic and environmental sources of familial transmission can be dis-
entangled. Thapar and Scourfield (2) provide an overview of adoption studies in ADHD.
Although published adoption studies of ADHD are much less recent than the twin studies and
have some methodological drawbacks, such as small sample size, nonsystematic ascertain-
ment, or the failure to use standardized measures or diagnostic criteria, overall the findings
have been consistent in showing the importance of genetic factors. Biological parents of
hyperactive children appear to show higher rates of hyperactivity and ADHD (4,6,7), and
poorer performance on cognitive measures of attention (8) than adoptive relatives. Similarly
in a study of separately fostered siblings, in accordance with expectations of a genetic etiol-
ogy, hyperactive children showed greater concordance with their biological siblings than their
half-siblings (9).

2.4. Mode of Genetic Transmission of ADHD

The exact mode of transmission for genes underlying ADHD remains unknown. Segrega-
tion analyses (6,/0—12) have proposed models of inheritance from major gene effects
through oligogenic to polygenic and multifactorial models, but the differences in statistical
“fit” between multifactorial genetic models and single-gene inheritance is modest. It
appears more likely that several interacting genes of modest effect cause ADHD. This mul-
tifactorial concept is consistent with ADHD’s high population prevalence (2—7%) and high
concordance in monozygotic twins (68—-81%), but modest recurrence risks to first-degree
relatives.

3. NEUROBIOLOGICAL THEORIES OF ADHD

The overall pattern of neuropsychological, neuroimaging, and neurotransmitter-related
findings in ADHD is consistent with the hypothesis that ADHD is associated with dysfunc-
tion in the frontosubcortical pathways mediated by catecholamine neurotransmission, which
control attention and motor behavior. Dopaminergic, serotonergic, and noradrenergic sys-
tems have come under close scrutiny and each has contributed candidate genes for genetic
analysis.

3.1. Dopaminergic Theories of ADHD

Evidence to support dopaminergic dysfunction in ADHD derives from the neuropharma-
cology of stimulant medication, the behavior and biochemistry of animal models, and neu-
roimaging studies.
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3.1.1. Neuropharmacological Evidence

The mainstay of treatment for ADHD is methylphenidate and other psychostimulant
medications (dextroamphetamine, pemoline), which are known to inhibit the dopamine
transporter (/3), thus increasing the availability of dopamine in the synaptic cleft. Knowl-
edge of the mechanism of action for methylphenidate and its possible inhibitory cortical
effects via dopaminergic and/or noradrenergic pathways (/4) strongly support a theory of
dopaminergic dysfunction in ADHD.

3.1.2. Animal Studies

Animal models also support a dopaminergic hypothesis in ADHD. Mice without a func-
tioning dopamine transporter (DAT1 knockout [KO] mice) have high extracellular striatal
dopamine levels, a doubling of the rate of dopamine synthesis (/5), decreased dopamine and
tyrosine hydroxylase in striatum (/6), and a nearly complete loss of functioning of dopamine
autoreceptors (/7). They display markedly increased locomotor and stereotypic activity
compared to normal (wild-type) mice (15,18). The reduced striatal dopamine may be most
relevant to a hypodopaminergic theory of ADHD. Also, selective destruction of dopamine
neurons by 6-hydroxydopamine results in hyperactivity and learning difficulties in mice (/9).
The spontaneously hypertensive rat (SHR) has also been used as an animal model of ADHD
because of the SHR’s locomotor hyperactivity and impaired discriminative performance. Russell
(20) showed that the altered presynaptic regulation of dopamine in SHR led to the downreg-
ulation of the dopamine system. The authors hypothesized that this may have occurred early
in development as a compensatory response to abnormally high dopamine concentrations. The
coloboma mouse mutant exhibits a behavioral phenotype similar to that of ADHD. It is
characterized by spontaneous motor hyperactivity, head-bobbing, and ocular dystrophy. The
phenotype of this model has been shown to be the result of a deletion of the Synaptosomal-
associated protein 25 (SNAP-25) gene (located in mouse chromosome 2) (21). SNAP-25 is a
presynaptic plasma membrane protein that is expressed highly and specifically in the nerve
cells. The gene encodes a protein essential for synaptic vesicle fusion and neurotransmitter
release. Interestingly, it is possible to treat the hyperactivity of this mouse with D-amphetamine
and it can be genetically “rescued” by a transgene-encoding SNAP-25 inserted within the Cm
deletion.

3.1.3. Neuroimaging Studies

Structural brain imaging studies (22) have shown abnormalities in the frontal lobe and
subcortical structures (globus pallidus, caudate, corpus callosum), regions known to be rich in
dopamine neurotransmission and important in the control of attention and response to
organization (23-25). The most consistent findings are hypoactivity of frontal cortex and sub-
cortical structures, usually on the right side. Functional imaging has shown that dopamine
transporter density is increased in ADHD patients compared with controls (26-29), and that
administration of methylphenidate reduces transporter density to near-normal levels in ADHD
patients (27,28). These findings lend further support to dopaminergic dysfunction in ADHD.

3.2. Serotonergic Theories of ADHD

As reviewed by Manor et al. (30) and Quist et al. (3/), evidence from human and animal
studies suggests that serotonergic system genes should also be considered as likely candidates
genes in ADHD. For example, whole blood, serum, and platelet serotonin concentrations
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have been noted as decreased in children with ADHD (32-34). Selective serotonin reuptake
inhibitors are moderately efficacious in the treatment of ADHD (35). Animal studies indicate
that both frontal cortex dopamine and serotonin play important roles in the modulation of
attention and response control (36,37). Disruption of the dopamine transporter in mice
(DAT-KO mice) results in a phenotype that resembles human ADHD, a marked hyperactivity
apparently resulting from high extracellular dopamine levels in the absence of the dopamine
transporter (/8). Treatment of these mice with both psychostimulants and serotonergic drugs
produced a paradoxical calming effect that was independent of any changes of extracellular
levels of dopamine in the striatum. These results suggested that a different mechanism must
be involved in DAT-KO mice. The hypothesis was that serotonin neurotransmission medi-
ated motor activity alterations in the mice, whereas extracellular dopamine concentrations
remained unchanged (15).

3.3. Noradrenergic Theories of ADHD

Recent work in human and animal studies also suggests the involvement of the adrenergic
system in ADHD. In rodents, norepinephrine (NE) depletion results in increased distractibility
and motor hyperactivity (38), and in nonhuman primates, stimulation of the noradrenergic
system has been shown to improve cognitive function and distractibility (39). Noradrenergic
projections are particularly dense in the frontal cortex and cingulate gyrus. These regions are
involved in mood stabilization and sleep regulation, as well as attention and alertness
(40,41). Animals and humans with lesions in the prefrontal cortex show poor attention regu-
lation and disorganized, impulsive, and hyperactive behaviors, similar to those observed in
ADHD. Pharmacological studies have demonstrated the clinical usefulness of NE inhibitors
(such as desipramine, nortriptyline, and atomoxetine) in the treatment of ADHD (42,43). The
mode of action of these antidepressants is to block the reuptake of dopamine and nore-
pinephrine and consequently increase the release of the monoamines into the extraneuronal
space. The improvement in ADHD symptoms with tricyclic antidepressants has been
attributed to the actions of these drugs in the reuptake of NE (44).

4. FINDINGS FROM GENETIC STUDIES IN ADHD

Having reviewed the evidence for involvement of catecholamine dysregulation in ADHD,
molecular genetic studies of candidate genes from these systems are summarized. To date,
most reported findings relate to dopaminergic system genes, but emerging evidence also
implicates serotonergic and noradrenergic system genes.

4.1. Dopaminergic System Genes

Molecular genetic studies have produced strong evidence for dopaminergic involvement
in ADHD. The gene encoding the dopamine transporter, DAT/, was the initial candidate gene
studied. This gene is of particular interest as the transporter is the principal target for
methylphenidate and other psychostimulant medication used to treat patients with ADHD
(45,46). The polymorphism of interest is a 40-bp sequence of a variable number tandem repeat
(VNTR) located in the 3" untranslated region of the DATI gene, which maps to chromosome
5p15.3 (47,48). Ten different alleles can be found, according to the presence of 3 to 13 copies
of this 40-bp repeat, the most prevalent allele being the 10-repeat (or 480-bp) allele (49).
Cook et al. (50) first reported association between the 480-bp DAT! allele and ADHD. Since
then, this finding has been replicated by some groups (5/-56), but not by others (57-64).
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The reported odds ratios for the DATI 480-bp allele from the above studies range from 1.38
to 2.67 and suggest that DAT is a gene of small effect in ADHD. Conflicting results may be
owing to many factors, such as the lack of statistical power, in individual samples, to find
genes of small effect, differences in the diagnostic definition of ADHD, hidden population
stratification, genetic heterogeneity, and a variation between samples of linkage disequilibrium
with a nearby “causal” variant. A meta-analysis by Maher et al. (65), in which eleven studies
were included, yielded a marginally nonsignificant pooled odds ratio estimate of 1.27 (95%
CI 0.99-1.63, p =0.06).

DRD4, the gene encoding the dopamine D4 receptor, has also attracted interest as a candidate
gene. The dopamine D4 receptor mediates the postsynaptic action of dopamine. There have been
several studies examining for association between the 7 repeat (148-bp) allele of the 40-bp
VNTR in exon 3 of the DRD4 gene and ADHD with positive results in many (66—76) but not all
(77-82) studies. A recent meta-analysis of DRD4 by Faraone et al. (83) supported an overall
association with a small odds ratio between DRD4 and ADHD. Case-control studies were more
strongly significant (OR = 1.9, p = 0.00000008) than family-based studies (OR = 1.4, p =0.02).

Other dopamine receptor genes have also been investigated as candidate genes in ADHD.
There have been published reports of association between the 148-bp DRDS5 allele and
ADHD (52,53,75,84,85). Moreover, a recent joint and meta-analysis by Lowe et al. (86) con-
firms that DRD?S is a susceptibility gene (of minor effect) for ADHD (OR = 1.25, p = 0.00005).
Further analysis of the data suggested that DRD5 contributes risk for the inattentive but not
the hyperactive symptoms.

Other studies have focused on genes involved in regulation of dopamine synthesis and
metabolism. FEisenberg et al. (87) reported association between a high-activity related catechol-
O-methyltransferase (COMT) allele and ADHD. Other groups refuted this finding
(53,88-91). A number of groups (52,53,92,93) have reported association at the A2 allele of the
Taql polymorphism of the gene (DBH) encoding the enzyme dopamine B-hydroxylase.

Another candidate gene potentially related to dopamine transmission is the gene for the
synaptic vesicle docking fusion protein, SNAP-25. As described previously, this gene has
also been implicated in the etiology of ADHD based on the mouse mutant strain coloboma
(94). Recent studies by Barr et al. (95), Brophy et al. (96), and Kustanovich et al. (97)
reported evidence for association with polymorphisms in the 3" untranslated region of this gene.
However, another study by Mill et al. (98) found association with variants at the opposite end
of the SNAP-25 gene (near the 5’-untranslated region).

4.2. Serotonergic System Genes

The efficiency of serotonergic signaling is controlled by the serotonin transporter 5-
hydroxytryptamine transporter (5-HTT), which removes serotonin from the synaptic cleft. A
polymorphism (44-bp insertion/deletion) located upstream of the transcriptional site of the
transporter was found to influence the expression of the gene, consequently altering the lev-
els of reuptake of dopamine. The homozygous insertion (L/L) yields a higher level of 5-HTT
expression than the heterozygous (L/S) or the homozygous deletion (S/5). An association
between the L/L 5-HTTLPR (5-HTT promoter region) genotype and ADHD has been
reported (99—101). Zoroglu et al. (102) observed that the 5-HTTLPR S/S genotype was signif-
icantly lower in ADHD patients than in the controls. Pharmacological studies using the 5-
hydroxytryptamine 1B receptor (5-HT'IB) agonist RU24969 suggest that the activation of the
5-HT1B receptor in mice leads to increased anxiety and locomotion in these animals. In addition,



46 Kirley

5-HT1B knockout mice display an increased locomotor response to cocaine acquisition and
alcohol intake, along with hyperactivity and aggressive behavior (/03). The hyperloco-
motion effect of this agonist is absent in the mouse lacking 5-HT1B, indicating that the
agonist effect is mediated by this receptor. Hawi et al. (/04) and Quist et al. (105)
reported association between a 5-HT1B polymorphism (861G-C) and ADHD. The sero-
tonin HTR2A is a G protein-coupled receptor functioning in signal transduction. Antago-
nism of SHT2A has been shown to reduce dopamine-induced hyperactivity in mice
(106,107). Hyperlocomotion induced by the noncompetitive N-methyl-D-aspartate antagonist
(MK-801) in mice is attenuated by the nonselective 5S-HT2A antagonist ritanserine and by the
5-HT2A selective antagonist MDL100907 (107). Several recent studies have investigated 5-
HT?2A markers for possible association with ADHD, with association reported by Quist et al.
(106) and Levitan et al. (/08) but not by Hawi et al. (104) and Zoroglu et al. (109).

4.3. Noradrenergic System Genes

Molecular genetic analysis of ADHD and noradrenergic system genes is an emerging area
but there have been few findings of association to date. Barr et al. (//0) and McEvoy et al.
(111) found no association between polymorphisms at the norepinephrine transporter protein
and ADHD. Similarly, negative findings of association have reported for the adrenergic 02A
(ADRA,,) (112) and 02C (ADRA . and ADRA,, ) receptors (113).

5. CONFLICTING FINDINGS IN GENETIC STUDIES OF ADHD

Despite compelling evidence for a genetic basis to ADHD and findings of association
replicated across several studies, the findings in ADHD are, to date, not definitive. If, as
hypothesized, ADHD is a complex genetic disorder, with many susceptibility genes each of
small effect (114—116), the pattern of results seen to date is to be expected. Other factors that
might account for conflicting results include power limitations secondary to small sample
size, differences between the populations of origin of the samples, differences in measuring
and defining the phenotype, and clinical heterogeneity with different distributions of the
subtypes between samples.

6. FUTURE DIRECTIONS IN GENETIC STUDIES OF ADHD
6.1. Endophenotypes for ADHD

Evidence is emerging in support of endophenotypes or ADHD subtypes in which genes may
exert a larger effect than in the categorical diagnosis. Recent studies have examined whether
specific genetic risk factors for ADHD correlate with measures of hyperactivity in population
samples. Their hypothesis is that if ADHD were a continuous trait, investigation of association
between genes (quantitative trait loci [QTL]) and continuous measures of the phenotype
would be a more appropriate strategy in the identification of susceptibility variants. To date,
there have been few QTL association studies in ADHD and findings have been mixed. In an
epidemiological sample, Curran et al. (//7) selected children on the basis of high and low
scores on the five ADHD items of the Strengths and Difficulties Questionnaire and found a
significant relationship between the DRD4 7-repeat allele and high-scoring children. However,
Mill et al. (118) did not replicate this finding. Similarly, Todd et al. (/79) failed to demon-
strate any significant association between the DRD4 7-repeat allele and DSM-1V ADHD sub-
types or ADHD subtypes derived by latent class analysis in an epidemiological twin sample.
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Several family studies have investigated the effect of comorbid disorders on the familial-
ity of ADHD. These studies (4, /120—130) suggest that relatives of probands with ADHD and
comorbid conduct disorder (CD) are at greater risk for ADHD than relatives of probands with
ADHD alone and that ADHD and comorbid CD may represent a separate familial subtype.
Data from Faraone (129) calculated the risk ratios (As) of ADHD in relatives when different
subtypes of ADHD are used to select families. Relative risk ratios varied from 4 to 5.4 among
relatives of probands with ADHD alone but rose from 5 to 8.9 in relatives of probands with
ADHD and CD or bipolar disorder. Twin studies also suggest that the genes that influence
conduct disorder symptoms are the same as those that contribute to trait measures of ADHD
(125,131,132). Overall the evidence reviewed suggests that ADHD and certain comorbid dis-
orders represent groups in which genes exert a greater effect and may prove useful for the iden-
tification of genetic risk factors. To date, there have been a limited number of studies
investigating genetic association with clinical measures of the ADHD phenotype. Holmes
et al. (133) reported significant association between the DRD4 7-repeat allele and children
with ADHD and comorbid “conduct problems” in a clinical sample. Rowe et al. (/134)
examined retrospectively reported conduct disorder symptoms in parents of ADHD chil-
dren and found that parents with the DRD4 7-repeat allele had more conduct disorder
symptoms than parents possessing other genotypes. However, Tahir et al. (75) reported
significant nontransmission of this allele to children with comorbid oppositional/defiant
disorder or CD.

There has been increasing interest in investigating genes associated with neuropsychological
endophenotypes of ADHD. Given the difficulty in defining the diagnostic phenotype, more
objective measures of behavior are attractive. Owing to the extensive literature on neuropsy-
chological abnormalities in ADHD, such markers may prove useful for further genetic study.
This is an emerging research area, and to date, there are few consistent findings. A twin study
by Goodman and Stevenson (/35) found that measures of inattentiveness (freedom from dis-
tractibility and “E” scan attentiveness) were moderately influenced by genetic factors
(32-42%). More recent twin studies found a significant genetic contribution to hyperactivity
and variability of reaction times on the “stop” task (/3/) and genetic influences on Matching
Familiar Figures Test-derived measures of impulsiveness (/33). To date, there have been few
findings of association between specific candidate genes and neuropsychological measures of
ADHD. Langley et al. (/36) found that possession of the DRD4 7 repeat allele was associ-
ated with an inaccurate, impulsive response style on neuropsychological tasks that was not
explained by ADHD symptom severity.

6.2. Alternative Strategies to Association Mapping and Meta-Analysis

The candidate gene approach has been reasonably successful because of the presence of a
priori hypotheses based on animal and pharmacological studies. However, because of the
increased availability of markers for study and advances in gene mapping technology, systematic
genome scans will be required for the identification of further risk alleles for ADHD. Such
studies are under way (/37,138). These might identify new genes and new neurobiological
hypotheses. Future directions for studies in ADHD genetics include the use of collaboration
to increase sample size and consequently power to detect association with genes of small
effect. Meta-analysis of individual studies is becoming more common and will assist confir-
mation of candidate genes. This approach has been successful in the cases of the DRD4 (83)
and DRDS5 genes (86). Functional analysis of associated gene variants will be necessary to
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assist evaluation of neurobiology. For example, recent studies (139, /40) have shown that the
10-repeat allele of the DATI VNTR polymorphism increases dopamine transporter expression
and work by Miller and Madras (/41) suggests that single nucleotide polymorphisms within
the DAT1 480-bp VNTR differentially affect dopamine transporter expression.

Finally, the importance of environmental etiological factors in ADHD should not be
overlooked. Future work in ADHD would benefit from incorporating environmental measures
into the study design to examine gene—environment interactions.
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Dopamine Knockouts and Behavior

Davide Viggiano, Daniela Vallone, Lucia A. Ruocco,
and Adolfo G. Sadile

1. INTRODUCTION

The expression of behavior is regulated by complex cortical neural networks. These
interact with several telencephalic structures, such as the basal ganglia, amygdala complex,
and hippocampal cortex. All these systems are modulated by subcortical influences (see
ref. I), represented by cholinergic neurons of Meynert’s basal nucleus, dopamine (DA)
neurons in the ventral tegmental area (VTA), serotonergic neurons in the raphe nuclei,
norepinephrine neurons in the locus coeruleus, and histamine neurons in the posterior
hypothalamus.

Each subsystem is involved in different aspects of behavioral performance—e.g., accu-
racy for acetylcholine (Ach), latency for DA, impulsivity for serotonin, and distractability
for norepinephrine (2, see also Chapter 5).

Moreover, the involvement of DA in behavior is also supported by neuropsychiatric disor-
ders, such as schizophrenia, manic-depressive psychosis, and attention deficit hyperactivity
disorder (ADHD).

2. DOPAMINE FUNCTIONS

DA is a slow-acting neurotransmitter utilized in the mammalian central nervous system. DA
functions include regulation of blood pressure, movements, goal-directed behavior, cognition,
attention, and reward. Dysregulation of DA systems has been associated to several neuropsy-
chiatric disorders such as Parkinson’s disease (PD), which is caused by a selective degeneration
of mesostriatal (MS) DA neurons, and schizophrenia and ADHD, which are both associated
with a dysfunction of mesocorticolimbic (MCL) neurons. In fact, most antipsychotic drugs
used in schizophrenia act as DA receptor (DAR) antagonists, whereas ADHD symptoms are
generally alleviated by drugs that regulate Dopaminergic (DAergic) transmission.

Moreover, drugs of abuse, such as cocaine, amphetamine, opiates, nicotine, and alcohol,
show addictive action by modifying DA neurotransmission (3-5).

Finally, DA projections to the nucleus accumbens and frontal cortex have been shown by
many studies to be involved in the mediation of reward, motivation, consummatory behavior,
and learning (3,6—-10).

From: Attention Deficit Hyperactivity Disorder: From Genes to Patients
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3. BRAIN DA SYSTEMS

The majority of the cell bodies of DA neurons are grouped in two nuclei, named substantia
nigra and VTA, or numbered from A8 to A10 in the caudolateral to rostromedial direction, all of
which are located in the ventroanterior midbrain (/7). Their axons topographically project to the
caudate nucleus and putamen (dorsal striatum, CPu), to the ventral striatum including nucleus
accumbens, and to most areas of the neocortex, especially the prefrontal cortex (PFC) (12).

The classical description of the MS system consisted of a projection originating in the pars
compacta of the substantia nigra (A9 cell group) and the retrorubral field (A8 cell group) and
terminating in the CPu.

DA terminals in the CPu synapse mainly on y-aminobutyric acid (GABA) medium spiny
neurons (/1,13,14), which represent the major output of this system.

In this region, DA D2 receptors (D2Rs) are expressed both postsynaptically, on striatal
medium spiny neurons, as well as presynaptically, on DAergic nerve terminals originating in
the substantia nigra pars compacta.

Two different pathways have been described, originating from striatal neurons expressing
D1 (named direct pathway) or D2 (indirect pathway) receptors. They are anatomically and
functionally independent, though substantial revisions to this model have been proposed, as
well as the anatomical strict segregation of the DARs.

Another level of CPu organization consists of a patch- or striosome-like nonhomogeneous
DA innervation that is surrounded by a later-developing, diffuse matrix innervation.

On the other hand, DA neurons in the VTA project mainly to the ventral striatum (nucleus
accumbens and olfactory tubercle complex) and to the PFC, giving rise to the mesolimbic
(ML) and mesocortical branches of the MCL system.

In fact, the medial ML system is primarily derived from the A10 neurons situated in the VTA
from where axons arrive to the ventral striatum and PFC (12,15). However, a strict anatomical
separation between ML and MS systems does not exist because DA efferents from both the
substantia nigra and VTA overlap in a large ventral and medial segment of the CPu (75).

The ML DA system synapses on the shafts of the dendritic spines of medium spiny GABA
neurons of nucleus accumbens (/6), whereas glutamate inputs from a variety of cortical
sources synapse on the heads of the same spines (/7).

An increased DA release has been shown in the nucleus accumbens during behavioral
activation (18); previous studies investigated the involvement of the MCL and MS DA sys-
tems in the control of activity, orienting, scanning times toward environmental stimuli, and
emotional reactivity in mouse model systems.

Anatomical, functional, and neurochemical evidence all justify the division of the nucleus
accumbens in a rostral area, termed pole, a dorsocaudal area (accumbens core) and a ventro-
caudal component (accumbens shell).

No anatomical separation exists between the accumbens core and the CPu; they are
anatomically continuous, and both show a patch-matrix organization. Conversely, the border
between core and shell can be rapidly recognized using immunohistochemical markers, such
as substance P (SP), calbindin, neurotensin, or enkephalin.

Moreover, the core and shell connections are very different. The core region is involved in
a corticostriatal circuitry to parts of the frontal lobe, and its enkephalin-ir cells have recipro-
cal connections with the VTA (see ref. 19).

The shell has a complex organization and could be included in a loop comprising the
dorsal PFC, the lateral ventral pallidum and substantia nigra.
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Mesencephalic (mes) VTA DA neurons receive glutamate inputs mainly from the frontal
cortex and lead to reward effects, as demonstrated by electrical and pharmacological stimula-
tion with phenciclidin of glutamate frontal neurons (/7,20-22).

Other psychostimulants, such as amphetamine and cocaine, when injected into the nucleus
accumbens, are rewarding as they induce self-administration and place preference behavior
by interaction with presynaptic ML DA terminals (23-26). In addition, opiates are also self-
rewarding into the VTA by acting on i and A receptors, probably through disinhibition of
GABAergic interneurons (27-31).

4. ONTOGENESIS

The mesDA system is specified in the embryonic ventral midbrain around embryonic day
12 (E12) in the mouse. The specification of neurotransmitter identity and appropriate integra-
tion in the developing brain depend on molecular differentiation cascades and on the com-
mitment of this region signals from organizers surrounding the ventral midbrain progenitor
neurons (32—34) (for a review, see ref. 35).

Early organizers of general patterning and development of the ventral midbrain require the
orchestration of a number of genes, such as Engrailedl (36,37), Engrailed? (38), Pax2 (39),
Pax5 (40), Wntl (36), Shh (41), and Fgf8 (33,34). Ptx3 and Nurrl, two transcription factors,
are implicated in specification of the mesDA system. The homeobox gene Ptx3, whose
expression in the brain is restricted to mesDA neurons (42), and the orphan nuclear hormone
receptor Nurrl, are in fact required for induction of the enzyme tyrosine hydroxylase, which
catalyzes the initial step in DA biosynthesis (43,44). Recently the LIM class homeobox gene
Lmx1b has been shown to take part in this phenomenon (45).

The projection of DA neurons to the target site and the induction of DARs on postsynaptic
sites are both complex events.

The specification of dopaminergic pathways is thought to require at least the action of a
class of genes, such as ephrins (46). It is interesting to note that the expression of such genes
continues throughout life and can change after cocaine treatment (46).

On the other side, the specification of DAR subclasses appears to be at least in part inde-
pendent of the synthesis of DA itself, as suggested by knockout (KO) studies (see Heading 7).

5. THYROSINE HYDROXYLASE

The modulating effects of DA on locomotor activity and cognitive performance have been
recently studied by knocking out the thyrosine hydroxylase (TH) gene, the rate-limiting
enzyme in catecholamine (DA and norepinephrine [NE]) synthesis, thus giving rise to DA
and NE KO mice (47,48). These mice survive embryogenesis, but die at 3 to 4 wk of age
because of the severe hypoactivity/hypophagic behavior. However, the synthesis of NE can
be normalized by transgenic expression of TH under the control of the DA-B-hydroxylase
promoter. This pure DA KO mouse survives, displays normal norepinephrine synthesis, but
makes no DA (49). Mice lacking DA are severely hypoactive. This supports the hypothesis
that activation of the DA systems influences locomotor activity (48).

The same DA KO mice displayed an enhanced behavioral response to D1-like or D2-like
receptor agonists owing to hypersensitive, long-loop feedback pathways. The expression of
D1-like and D2-like receptors, in fact, was normal in the DA KO striatum. The observations
suggest that DA is not required during embryonic and postnatal development for adequate
expression of D1-like and D2-like receptors (48).
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6. DOPAMINE TRANSPORTER

The dopamine transporter (DAT) is a membrane transporter that clears DA from the
synaptic cleft. This is also the main mechanism for clearance of released DA (50,51). DAT
represents the major target for amphetamine and methylphenidate, the main pharmacological
treatments for ADHD (52). DAT is expressed on presynaptic DA terminals, and can be used
as specific marker for DA fibers.

An association between ADHD and polymorphisms in the DAT gene has been reported
(53-55).

The DAT KO displays hyperactivity (56), which is likely to be owing to higher levels of brain
DA, because of the absence of the clearance of DA from the synaptic cleft. Moreover, DAT KO
mice reduce hyperactivity after treatment with psychostimulants, although they lack the DAergic
target of psychostimulants. This suggest that psychostimulants, such as methylphenidate, could
improve ADHD symptoms acting on non-DA sites, such as the serotonin (5 HT) system.

Behavioral analysis in the DAT KO is complicated by the growth-retardation phenotype
(57). In fact, these mice show anterior pituitary hypoplasia, dwarfism, lactation deficits, and
high mortality (57).

Therefore, a mutant mouse with a decreased DAT level (knockdown) has been developed
(58). These mice express 10% of wild-type DAT levels (DAT knockdown), and are in a chronic
state of hyper-DAergic activity. Moreover, they do not display the growth-retardation phenotype.

From the behavioral point of view, DAT knockdown mice have normal basal activity but
become hyperactive in novel environments. Therefore, hyperactivity may be related to
increased responses to novelty (59), decreased habituation (60—63), and higher motivational
state.

It is still highly controversial whether ADHD is characterized by a hyper-DAergic or hypo-
DAergic transmission (52). Consistent with the hyper-DA hypothesis, hyperactivity is usually
related to a hyper-DAergic state (64,65). Furthermore, recent studies in ADHD patients have
found a positive correlation between high DA metabolite homovanillic acid (HVA) levels and
hyperactivity (66,67). DAT knockdown and KO mice (56) support the hyper-DA hypothesis.

The hypo-DAergic hypothesis of ADHD derives mainly from beneficial effects of psy-
chostimulants (amphetamine and methylphenidate), which enhance DAergic transmission, in
improving ADHD symptoms (52). However, DAT KO mice provide potential explanations
for the calming effect of psychostimulants. In DAT KO mice, psychostimulant inhibition of
locomotor activity is, in fact, mediated by an increased release of serotonin (56).

Moreover, all drugs (amphetamine, apomorphine, and quinpirole) that can activate DA D2
autoreceptors have a pronounced inhibitory effect on locomotor activity in DAT knockdown
mice, whereas drugs that do not have an autoreceptor component (SKF-81297) have a less-
pronounced stimulatory effect on locomotor activity. This suggests that the inhibitory effect
of methylphenidate in ADHD may be the result of an altered balance between autoreceptor
and heteroreceptor functions.

7. DA RECEPTORS

DA exerts its action on pre-, post-, and extrasynaptic receptors. Several excellent papers in
the literature review the structure, function, and molecular biology of DARs (see ref. 68,69).
They can be subdivided into two subfamilies, the D1-like (D1 and D5 receptors [D1Rs and
D5Rs]) and D2-like (D2Rs, D3, and D4 receptors [D3Rs and D4Rs]), distinguished on the
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basis of their structure and pharmacology (70). The known DA receptors are members of the
G protein-receptor family with seven hydrophobic domains, an extracellular N-terminus, and
an intracellular C-terminus. In the second and third intracellular loops there are sequences for
phosphorylation (68).

D1-like receptors have been shown to couple the stimulation of adenylyl cyclase activity,
whereas the D2-like subfamily can reduce cyclic adenosine monophosphate (cAMP) produc-
tion as well as regulate the activity of various ion channels. Thus, the response to DA is
mediated by the accumulation of a second messenger molecule, such as cAMP for the D1
class, which amplifies the signal by several orders of magnitude. The accumulation of cAMP
regulates numerous enzymatic processes in neurons, e.g., activating protein kinase A, leading
to phosphorylation and activation of calcium channels. At the moment, much evidence shows
that D1Rs can also activate phospholipase C-phosphatidylinositol hydrolysis.

The D2-like class involves a different second messenger cascade. In particular, D2Rs medi-
ate a phosphatidylinositol-linked mobilization of intracellular calcium (though differences
exist between the isoforms L and S; see Subheading 7.2.); moreover, D2Rs are likely to regu-
late potassium currents by G protein mechanisms, and to increase the release of arachidonic
acid.

Systemic administration of D1 but not D2 agonists induces enhanced expression of the
immediate-early genes c-fos and zif268 in the cerebral cortex and striatum. Concomitant
D1Rs and D2Rs appear to produce a synergistic effect on c-fos expression. Further studies
have given some insights on the mechanism of D1-D2 synergism. In fact, the DIR and D2R
mRNAs have a wider distribution and are more expressed in the central nervous system
(CNS) as compared with their pharmacologically related counterparts. This reflects the
broader number of functions mediated by these receptors in the CNS, including the modula-
tion of cognitive, sensorimotor, and neuroendocrine effects, as compared with more limited
functions that may be mediated by the other DA receptor types.

The striatonigral GABA neurons preferentially express D1Rs, coexpress SP and dynor-
phin, and project to the entopeduncular nucleus and substantia nigra pars reticulata. D2Rs
are, instead, segregated on GABA neurons containing enkephalin and projecting to the
globus pallidus or function as autoreceptors on DA terminals (see Subheading 7.2. for a
description of D2 isoforms). Similarly, in the accumbens D1-expressing cells are SP-posi-
tive, whereas D2-expressing ones are enkephalin- and neurotensin-positive. Therefore, seg-
regation of D1 and D2 with different neuropeptides appears as good anatomical description,
with few cells coexpressing DIRs and D2Rs. However, D1Rs and D2Rs have recently been
shown to colocalize in striatal medium spiny neurons (7/,72). This is in agreement with the
evidence that rats do not self-administer either selective D1 or D2 agonists by themselves but
do self-administer a mixture of the two (73).

The DA release associated with behavioral activation (/8) is regulated by presynaptic DA
acting at D2 and D3 autoreceptors and by blockade of the firing of DA neurons in the VTA by
DA D2 autoreceptors. This short-term regulation of DA release is also controlled by afferent
excitatory and inhibitory inputs from a variety of different neural systems.

The D3R appears to act as inhibitor of cAMP production using a putative G, protein.
D3-D2 interactions are very complex (see Subheading 7.3.3. for a discussion from the
behavioral point of view). For example, D3Rs in the accumbens shell activate neurotensin
gene expression, whereas D2Rs in the accumbens pole inhibit neurotensin expression. Gen-
erally, D2Rs and D3Rs appear to be expressed in different locations.
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D4R distribution differs markedly from that of D2 and D3. It appears to have a high affinity
for clozapine, which has made its study exciting from the clinical point of view, because of
clinical applications of clozapine in schizophrenic patients. The D4R has polymorphic forms in
the human population, with certain polymorphisms being more represented in ADHD patients.

In the following sections, we analyze the distribution of DARs, along with functional
aspects. Moreover, the problem of defining the functional role of each receptor subtype has
been recently addressed using genetically altered animals lacking individual receptor subtypes.
So far, mice lacking D1R, D2R, D3R, D4R, and D5Rs or some of their combinations have
been produced (74,75). In addition, KOs for DA transporter, thyrosine hydroxylase, and DA
cyclic adenosine 3’, 5-monophosphate-regulate phosphoprotein (DARPP32), all of which
intervene in DA functions, have been created.

7.1. D1 Receptors
7.1.1. Cerebral Distribution

Numerous regions of the CNS express the DIR mRNA, such as both neocortical and palleo-
cortical areas, with the highest levels of expression in the frontal, anterior cingulate, orbital,
insular, piriform, and entorhinal cortex. In neocortical areas the DIR is localized predominantly
in layers V and VI, which are known to be the receptive layers for DA projections. It is interest-
ing to note here that all DA receptors are present in the PFC (76,77), which receives DA projec-
tions. However, they are also expressed in other cortical areas that are apparently devoid of DA
terminals, thus suggesting that other sources of DA may exist, such as norepinephrine terminals.

The D1R is also localized in the anterior olfactory nuclei, where an independent DA system
has been largely described (78,79).

More caudally, DIR mRNA expression is high within the rat striatum, in a subpopulation of
medium spiny neurons expressing dynorphin and substance P and projecting to the substantia
nigra pars reticulata (72). A subpopulation of medium spiny neurons coexpresses SP, enkephalin,
and both D1-type and D2-type DARSs (71,76); the projection of this subpopulation is not known.

Cellular expression of D1 mRNAs is also high in the accumbens shell and septal pole.
Therefore, D1Rs could modulate cortical activity, providing a functional interaction between
basal ganglia and the cerebral cortex (80).

Cells expressing DIR mRNA are also localized in the dorsal division of the lateral septum
and in the ventral hippocampus, mainly in the dentate gyrus.

D1 mRNA in the amygdaloid complex is expressed at high levels in the intercalated nuclei
and at lower levels in basolateral, medial, central, and cortical nuclei. This exclusive local-
ization might be important in alterations of motivational aspects of D1 KO mice, such as
rearing frequency.

D1 is expressed widely in various thalamic (anterior dorsal, anterior ventral, centromedial,
paracentral, ventromedial, ventrolateral, posterior nuclei, lateral habenula, and dorsolateral
geniculate body) and hypothalamic (supraoptic, suprachiasmatic, paraventricular, and rostral
arcuate) nuclei.

There are high levels of D1R binding in the substantia nigra pars reticulata, but not in the
substantia nigra pars compacta or VTA. This is in agreement with the primary postsynaptic
function of D1R.

In the hindbrain few nuclei express D1R, such as lateral parabrachial, facial nuclei, locus
coeruleus, and dorsal raphe. The last two nuclei would suggest an involvement of D1R in the
regulation of norepinephrine and serotonin systems.
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Interestingly, high levels of D1 mRINA expression are observed in the granular cells of the
cerebellum.

It is interesting to note that although D1Rs, D2Rs and D3Rs have been described in the rat
cerebellum, no DA fibers have been detected in the same region (although a DA projection to
the cerebellum has been suggested in humans). However, the cerebellum receives an impor-
tant norepinephrine innervation (similarly to the cerebral cortex, see Subheading 7.1.1.).
Moreover, alterations in cerebellar development have been suggested in ADHD children (65).

7.1.2. Target Mutations

Animals lacking the DIR show an approx 30% reduced body weight and a smaller brain
(81). They show normal or increased locomotor activity when tested in a standard rat cage
with photocells (82-85). However, the rearing rate in these animals is strongly decreased
(81,84-86), as well as grooming sequences. The decrease in rearing frequency could indicate
an alteration in motivational aspects of behavior.

Moreover, sniffing sequences did not differ from wild-type animals, in contrast with the
effects of D1 anatagonists, which reduce both rearing and sniffing behaviors. Moreover, D1
agonists are known to increase locomotor activity.

There is also evidence of retarded habituation in several tasks in the same KO mice with a
different genetic background, thus raising the problem of the interaction of phenotype with
background genes (84,86).

The effect of a different background on D1 KOs could be explained in terms of the basal
state of the DA system. In fact, recent evidences show that the modulation of D1Rs using
selective agonists or antagonists gives different results in normal rats and in hyper-DAergic,
hyperactive rats or mice, such as the Naples High-Excitability (NHE) rats (86a). It is also pos-
sible that the D1 KO leads to compensatory changes or that the effects of D1Rs in the wild-
type (WT) animal are interactive on a neural network basis. This issue remains to be resolved,
perhaps by development of conditional postnatal D1R KO mice.

7.2. D2 Receptor

The activity of DA neurons in the midbrain is modulated by the release or exogenous
DA, which interacts with a subclass of DA receptors that act as “autoreceptors” and belong
to the D2R family (87-99). They regulate the firing rate of DA neurons in the short term
(depolarization block [100]).

These receptors are involved in the synthesis and release of pituitary hormones
(92,93,101) and control of motor activity (87-89).

DA D2Rs represent the major target of antipsychotic drugs and are involved in various neu-
ropathological conditions, including PD, Tourette’s syndrome, and drug addiction (87,102,103).

By alternative splicing, the D2R gene encodes two molecularly distinct isoforms (1/02),
named long (D2L) and short (D2S) (104). These isoforms differ by an insertion of 29 amino
acids in the third intracellular loop of the D2L receptor, and are coexpressed in a ratio favoring
the long isoform. D2L acts mainly at postsynaptic sites and D2S serves presynaptic autore-
ceptor functions (29,98,105-107).

7.2.1. Cerebral Distribution

The limbic cortex (anterior cingulate, orbital, and insular) expresses high levels of D2R
mRNA. Scattered positive cells are also present in layers IV-VI of the frontal, parietal, temporal,
and occipital cortex.
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D2 is present in the large cells of the globus pallidus and CPu. In fact, the D2-type receptors
are largely restricted to a subpopulation of medium spiny neurons expressing enkephalin and
projecting primarily to the pallidum (708).

D2R is present from the dorsal lateral to the intermediate lateral septum, into the diagonal
band of Broca, the dorsal and ventral hippocampus, lateral division of the central nucleus,
and basomedial amygdala (78).

Similarly, in the bed nucleus of the stria terminalis, zona incerta, the lateral preoptic area,
anterior hypothalamic area, and lateral hypothalamus there is expression of D2R.

More caudally, D2R is detectable in the posterior division of the arcuate nucleus and
lateral mammillary nuclei.

D2R in the midbrain and hindbrain is likely to be involved in autonomic functions and in
the regulation of DA release. Here cells expressing D2R mRNA are detectable in the DAer-
gic cells of the substantia nigra pars compacta, the VTA, and in the magnocellular cells of the
red nucleus that are part of the rubrospinal pathway.

More dorsally, cells expressing D2R mRNA are localized in the intermediate and deep
layers of the superior colliculus and in the periaqueductal gray, where they may be important
in modulating analgesic responses. Morphine-induced analgesia could be related to D2R
expressed in midbrain and pontine nuclei. In raphe nuclei D2R may serve to regulate sero-
tonin release.

D2R mRNA is present in a number of brainstem nuclei (including the dorsal tegmental,
lateral lemniscus, locus coeruleus, parabrachial, and trigeminal).

7.2.2. Target Mutations

D2L R KO (93,98) and the combined D2 L + S R (88) KO mice have been generated.

D2R-null mice (—/-) (88,90) have been studied in our laboratory, in collaboration with H.
Westphal and E. Borrelli, in different behavioral paradigms. In particular, we have studied
behavioral activation in novelty situations (/09).

The experimental system was a scaled-down Lat-maze (for a detailed protocol see ref.
109). The dependent variables were the frequency of corner crossings (indexing traveled dis-
tance or locomotor activity) and the frequency and duration of rearings on hindlimbs and
leanings against the walls (orienting frequency and nonselective attention).

D2R KO demonstrated fewer corner crossings than WT littermates (Fig. 1). In fact, when
traveled distance was taken as the activity index, D2R mutants were less active than WT
controls, in agreement with other experiences (110,111).

D2R KO mice also showed a significant reduction in rearing frequency relative to the WT
group.

Finally, D2R mutants increased scanning durations over time of testing, in comparison to WT
controls, as assessed by regression analysis (Fig. 1). However, the heterozygotic D2R KO mice
showed the highest score, and the homozygotes an intermediate score (Fig. 1), thus revealing a
nonlinear relation between the number of normal alleles and the duration of rearings. Therefore,
the D2R appears to be important in the modulation of the scanning phase of attention.

These data, in agreement with other findings (88), suggest that D2Rs control activity, as
D2R KO mice could represent an animal model of PD. The absence of depolarization block
owing to the lack of mesencephalic autoreceptors in DA neurons is likely to increase DA
release and subsensitivity of D1Rs. This leads to reduced firing of thalamocortical neurons. It
is interesting to note that the lack of D2L as R subtype is able to reduce locomotor activity and
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Fig. 1. Behavioral profile of D2, D3, and D2/D3 knockout (KO) mice derived from exposure to a
spatial novelty. (A) Horizontal activity expressed as frequency of corner crossings indicating traveled
distance. (B) Vertical activity expressed as frequency of rearing on hindlimbs, indicating orienting
behavior toward environmental stimuli. (C) Nonselective attention indexed by the duration of individ-
ual rearing episodes that indicates scanning duration. Data are expressed as mean + standard error of the
mechanic and pertain to the first and second parts of a 30-min exposure to a Lat maze. Subjects were
adult male (n = 6/group) wild-type controls, heterozygous D2+ and homozygous D2—/—, heterozygous
D3+ and homozygous D3—/—, double heterozygous D2D3+, and double homozygous D2D3 —/— KO
mice. WT, wild-type. For further details see ref. (109), from which this figure has been elaborated.

rearings as well (//1). Moreover, the interaction of D2L. with DIR might be selectively
involved in rearing behavior, whereas D2S with D1 in stereotypic behavior (112).

The interpretation of this KO mouse is complicated by a large reshaping of the DA network,
as suggested by hyperDA innervation and increased DAT expression (/13).
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7.3. D3 Receptor
7.3.1. Cerebral Distribution

Examination of the D3 receptor in the rat brain indicates that the distribution is distinct
from the D2R, more localized and less expressed. It is expressed on post- and presynaptic
sites, where it can function as autoreceptor, though studies on KO mice suggest that D2R is
the only release-regulating autoreceptor (94).

Cells expressing D3R mRNAs are not detected in either neocortical or palleocortical
areas, but are predominantly in the ventral striatum, in particular in the nucleus accumbens
shell and septal pole. The expression of D3R mRNA in the islands of Calleja is the highest
observed in the CNS and appears to be selective for D3 (the same region displays no expres-
sion of D1Rs and D2Rs).

The localization of D3R in these regions might be responsible for the hyperactive behav-
ior of D3 KO mice.

The medial portion of the lateral septum, the dentate gyrus of the hippocampus, and a few
scattered areas in the medial amygdala also express D3R.

Geniculate bodies and various hypothalamic regions (paraventricular nucleus, centro-
medial, gelatinosus, ventromedial, ventrolateral nuclei, zona incerta) are positive for D3R,
suggesting a role in hypothalamic regulation.

The localization of D3R mRNA in the cells of the substantia nigra is controversial
(114,115). Low levels of D2R mRNA expression are also seen in the inferior olive, in cere-
bellar lobules 9 and 10, and in the parafluculus, where it is localized in large Purkinje cells.

7.3.2. Target Mutations

D3R-null mice (—/-) (116,117) have been studied in different behavioral paradigms. Here
we review their response to behavioral activation in novelty situations using the same exper-
imental paradigm already described (see Subheading 7.2.).

The heterozygous D3 +/— demonstrated a biphasic time-dependent effect, as there was an
increase in the first 15 min followed by a steep decrease in the second 15 min of the test. This
contrasts with a monotonic decline in the WT group and the absence of significant habitua-
tion for the D3 —/— mutant mice, as assessed by regression analysis.

The frequency of rearings of the heterozygous and homozygous D3R groups was higher
and lower respectively, as compared to WT littermate control group, during the first and the
second part of the testing period. In fact, D3R +/— were more active than controls, in agree-
ment with previous observations (//6). However, nonselective attention, indexed by the
duration of rearing episodes, was not changed.

Post hoc, the composition of variance revealed that the D3R KO heterozygous mice had a
significantly different emotionality from the control group. In fact, when the defecation score
was taken to index the emotional response of the animal in Broadhurst’s terms (//8) the het-
erozygous D3R phenotype displayed a reduced neurovegetative response.

In summary, D3R KO heterozygous mice were more active than D3R KO homozygous
and WT animals, which contrasts with previous observations (//6) showing both mutants
more active than controls. This discrepancy is likely to be of methodological origin, as activ-
ity of different nature are being monitored. In fact, Accili et al. (//6) monitored the crossing
of a square divided floor, i.e., a spontaneous activity of tonic nature. In contrast, in the Lat
maze, i.e., a squared corridor, a low activity indexes a high spatial orientation, and a high
exploration a low spatial orientation. In other words, D3R heterozygous mice apparently
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show a cognitive defect, whereas the homozygous mice are slightly better in comparison to
heterozygous and control mice (see also ref. /17).

The nonselective attention of D3R mutants, as assessed by rearing duration, was not different
from WT controls, but D3 —/— showed a slightly higher duration in the second part of the test.
Therefore, the D3R appears not to be involved in the modulation of scanning phase of attention.

Finally, D3Rs expressed in a single allele (KO heterozygous mice) appear to be involved
in the control of emotional reactivity. Recent evidence (/19) suggests that D3R contributes to
postsynaptic negative modulation of the ML DA pathway.

7.3.3. D2/D3 and D2/D1 Interactions

The study of D1, D2, and D3 KO raise the question of the possible interaction of these
receptors in modulating complex behavioral phenomena. Therefore, in our lab we have pre-
viously characterized double homozygous D2/D3 —/— (D2—/—; D3—/-) or double heterozy-
gous D2/D3 +/— (D2+4/—; D3+/—) mutants and WT (D2+/+; D3 4/4). The double-mutant mice
were then tested in the Lat maze as reported in Subheading 7.2.2.

The D2/D3 —/— double mutants were less active than the WT littermate group. In particular,
the activity decline was significant only between WT and double homozygous mutants
D2/D3 —/— as assessed by regression analysis.

As shown in Fig. 1, only the homozygous double D2/D3 —/— mutant groups were signifi-
cantly less active than WT in the first part, as well as in the second part of the testing period.

The double homozygote D2/D3 —/— mice presented a lower rearing frequency than wild-
type controls over the entire testing period. Only the homozygous D2/D3 KO mice displayed
significantly lower scanning times as compared with control mice in the first part of the test.
In addition, the homozygous mice and the controls prolonged rearing duration in the second
part as compared with the first part of the testing period.

Therefore, for the double-mutant D2R/D3R phenotype, the D2/D3 —/— were less active
than WT mice. Thus, in the interaction between D2R and D3R subtypes the D2R phenotype
seems predominant.

Further, the D2R/D3R —/— double-mutants demonstrated shorter scanning times compared
to WT controls, but only in the first part of the test.

Third, the double D2R/D3R mutants indicate an interaction between these two receptor
subtypes and a prevalence D2R on D3R gene expression.

A double KO D1/D3R has been also characterized. These mice display a summation of the
behavioral profiles of D1 and D3 KO mice, e.g., increased locomotor activity (see D3 KO)
and reduced rearing frequency (see D1 KO) (120).

7.4. D4 Receptor

The DA D4R has recently received much attention because of reports that specific tandem
repeat polymorphisms of the human D4R gene correlate with higher than average novelty-seek-
ing scores on questionnaires (/21,122), although others have been unable to replicate these find-
ings (123—125). Moreover, specific polymorphisms of the D4 allele have been linked to ADHD
(see Chapter 2).

7.4.1. Cerebral Distribution

D4R plays a role in modulating approach—avoidance responses in general and novelty-
related exploration in particular (/26), as suggested in KO mice studies, and by the distribution
in brain areas that could mediate the observed reductions in behavioral responses to novelty.
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Glutamatergic pyramidal neurons of the frontal cortex (76,127,128) that project to the
CPu and the substantia nigra (/29) display high expression of D4R. This receptor in the
frontal cortex is likely to be under the influence of both noradrenergic inputs and DAergic
inputs. In fact, norepinephrine is only fivefold less potent at this receptor than DA (730). This
circuit plays an important role in regulating cognitive processes and emotional status and is
in fact one of the main targets of antipsychotic drugs.

The DA D4R is not expressed on DA neurons of the substantia nigra.

7.4.2. Target Mutations

D4R KO mice (81,126) show reduced behavioral responses to novelty (/26). This is
consistent with the hypothesis that a lack of D4R function may lead to decreased novelty-
seeking in humans (/21,122). D4 KO mice show also increased locomotor response to
ethanol, cocaine, and methamphetamine (/28). These mice also have increased DA synthesis
and its conversion to DOPAC in the CPu (128).

This phenotype can be explained observing that the stimulation of the MS pathway (/31)
by glutamate induces DA release (/32). Thus, frontal cortical D4Rs may alter the activity of
MS DA neurons by modulating the release of glutamate onto these neurons.

An association between polymorphisms of the D4R gene and personality profile of the
novelty-seeking trait (/27,122) is in agreement with D4R role in modulating behavioral
responses to novelty. Moreover, behavioral disorders, such as drug abuse (/33,134), patho-
logical gambling (/35), and ADHD (136,137), have recently been correlated to the same
D4R alleles that are associated with novelty-seeking.

The behavioral effects of the full D4R KO in mice cannot be predicted in humans, wherein
multiple alleles are reported (/38). Nevertheless, in humans 2% of the population has a null
allele for the D4R (7139), but no behavioral reports are available.

7.5. D5 Receptor

The D5 DAR has a high affinity for DA, compared with other DARs, and has constitutive
activity (140,141), suggesting that the DS DAR may be activated in the absence or presence of
low concentrations of endogenous agonist. The D5 DAR is functionally coupled to the acti-
vation of adenylate cyclase, and GABA-A receptor-mediated activity through both second
messenger cascades (/42), as well as through direct receptor—receptor interactions (/43).
Interestingly, recent reports have suggested a possible association of the D5 DAR gene with
schizophrenia (/44) or substance abuse (/45).

The physiological and behavioral roles of the D5R have been difficult to characterize
because of overlapping pharmacological properties of the D1Rs and D5Rs. There are few lig-
ands selective for either subtype (70), and DA is one, demonstrating approx 10-fold higher
affinity at the D5 DAR compared with the D1. To further elucidate the physiological roles of
the D5 DAR, mice lacking functional DS DARs have been generated (/46).

7.5.1. Cerebral Distribution

The D5 receptor mRNA is very restricted, with the highest expression in the hippocampus
and basal ganglia (76,77), and to specific thalamic and hypothalamic nuclei.

In the hypothalamus, D5R may regulate circadian rhythms (/47) and female sexual behav-
iors (148,149).

Cells expressing D5SR mRNAs are not detected in either neocortical or palleocortical
areas, though immunoreactivity has been shown in various cortical regions.
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There are suggestions that cells expressing DSR mRNA are also localized in the lateral
mammillary nuclei (/417). Within the periphery, DS DARs have been found in adrenal tissue
(150), kidney, and also the gastrointestinal tract, where they may exert a protective effect on
the intestinal mucosa (151).

7.5.2. Target Mutations

Approaches to the problem of D5R roles include the use of antisense technologies to
downregulate D1 or D5 DAR expression, as well as the creation of D1 DAR-deficient mice
(74,75,146).

The antisense knockdown of D5R expression has suggested a role for the D5 DAR in regu-
lating female sexual behaviors (/48,149) and locomotor responses to DAergic agonists (/52).

The D5 DAR-KO mice are viable, have normal development, and are fertile (/46). This
contrasts with antisense studies (/48,149) that described suppression of lordosis behavior in
D5 DAR knockdown-receptive females.

D5 mutant animals were hypertensive, exhibiting significantly elevated blood pressures
(146). This can be attributable to increased sympathetic tone, possibly of central origin. In
fact, DSR deletion results in an oxytocin-dependent sensitization of V1 vasopressin and non-
NMDA glutamatergic receptor-mediated pathways, potentially within the medulla, leading to
increased sympathetic outflow (746).

7.6. DA and Cyclic Adenosine 3', 5-Monophosphate-Regulated Phosphoprotein

The DARPP-32 is a phosphoprotein that plays a central role in the biology of dopaminocep-
tive neurons. DA and numerous other neurotransmitters may alter the phosphorylation and/or
dephosphorylation of DARPP-32. In its phosphorylated state DARPP-32 is an extremely
potent inhibitor of protein phosphatase-1 (PP-1), a major multifunctional serine/threonine
protein phosphatase in the brain. PP-1, in turn, regulates phosphorylation and activity of
many physiological effectors, such as voltage-gated ion channels and neurotransmitters.
Studies of mice lacking the DARPP-32 gene have provided convincing evidence that this
protein plays an essential role in mediating the actions and interactions of DA and other neu-
rotransmitters that act on dopaminoceptive neurons. These studies have also shown that the
DARPP-32/PP-1 cascade is a major target for psychostimulants and antipsychotic drugs (for
areview see ref. 153).

8. BEHAVIOR AND DARs

When an animal is introduced in a nonfamiliar environment, novelty triggers an array of
behavioral traits leading eventually to the mapping of the spatial context. In particular,
rodents display behaviors such as walking about, rearing on the hindlimbs, leaning against
walls, and sniffing (see ref. 154). They are all associated to hippocampal electrical activity of
low frequency in the range of 3.5 to 8 Hz (RSA or “theta”; see ref. 155). Walking and rearing
have both spatial and non-spatial components, which are intimately interconnected. There-
fore, the compound novelty-related set of stimuli activates the parallel processing of infor-
mation in attentional, motivational, and emotional networks. The expression of vertical
activity in the Lat maze is thought to share cognitive (spatial) and noncognitive (nonspatial)
components. The latter prevails in the first part, whereas the former prevails in the second
part of testing (1/56). Moreover, walking and rearing have been genetically dissociated in
mice (157) and rats (158), suggesting that different genes control these behavioral traits.
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Table 1

Summary of Behavioral Data on Dopamine Knockouts

Target Rearing frequency Locomotor activity Notes
TH L L

DAT N N H in novel situations
D1 L (81,84,85) N (84,85); H (83)

D2L+S L(109,111) L (88,109,111)

D3 H (109,116,117) H (109,116,117)

D4 N L (81,126)

D5 N (146) N (146)

D1 + D3 L(120) H (120)

D2 + D3 L(109) L(109)

N, normal; H, high; L, low; TH, thyrosine hydroxylase; DAT, dopamine transporter.

Recently, a series of studies has demonstrated that the duration of rearing episodes in a
novelty situation index the level of nonselective attention toward environmental stimuli
(159-161).

Several studies have shown an increased DA release in the nucleus accumbens associated
with behavioral activation (/9). This DA release can be controlled by the activation of presy-
naptic DA D2 autoreceptors and by the blockade of the firing of DA neurons in the VTA,
wherein DA is also released at somatodendritic level, activating D2 autoreceptors, which
hyperpolarize membrane potential. In addition, this short-term regulation of DA release is
controlled by afferent excitatory and inhibitory inputs from raphe SHT, locus coeruleus NE
neurons, GABA VTA interneurons, medium spiny accumbal GABA projecting neurons, and
glutamate frontal neurons in a complex network-based operational manner (162).

The participation of each DAR in such processes is of interest because their selective reg-
ulation could be useful in the treatment of several psychiatric disorders. In particular, ADHD
has been hypothesized to be underlined by a DA dysfunction on the bases of theoretical con-
siderations, and experimental and clinical observations (for a review, see ref. 65).

Therefore, the exact knowledge of each DAR subtype is of great clinical importance for
the treatment of ADHD.

The KO technology has been useful in this direction (see Table 1 for a summary of KO
studies). The wealth of studies reviewed here suggest that D1Rs and D4Rs could be directly
involved in the pathogenesis of ADHD (see also Chapter 2) and that D2Rs might be impor-
tant for the action of some therapeutic drugs, such as methylphenidate (see Chapter 22).

However, the results deriving from KO mice studies is hampered by the fact that this tech-
nique blocks the expression of a given receptor at early stages of development. In fact, DA
systems that develop in absence of the deleted receptor might undergo compensatory
changes, if the deletion is not lethal. An alternative strategy to overcome this problem is rep-
resented by inducible mutagenesis that allows blockage of the expression of a given protein
in the adult organism. The main disadvantage of the latter is represented by tissue respon-
siveness as, for instance, skin responds in 100% of the cases, whereas the brain responds in
only 10-15% of cases.

Recently, it has been shown that inhibitory small RNAs, conveyed to the target by viral
vectors, may block the expression of specific proteins (152,163-165).
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Otherwise, the use of animal lines selected for specific behavioral traits might shed light
on ADHD-DA-behavior relationship. In fact, a few rat lines feature the main aspects of
ADHD (166), i.e., the juvenile spontaneously hypertensive rat (SHR) (/67; see also Chap-
ter 4), the Wistar—Kyoto hyperactive (168), and the NHE (/69). The juvenile SHR is used
most often, because it is hyperactive and inattentive but not yet hypertensive, and it
responds to psychostimulants with a paradoxical sedative effect similarly to ADHD chil-
dren (170). Moreover, these models are complementary as they mimic different variants of
ADHD (52).

Studies in genetic models of ADHD, such as the juvenile SHR and NHE rats, have shown a
hyperfunctioning MCL system. This inference is based in the SHR on defective D2 autorecep-
tors (/71), an impaired inhibition of VTA neurons by accumbal neurons in the anterior portions
of this structure (/72), and by the paradoxical reduction of DA neurons firing by low doses of
psychostimulants (methylphenidate and amphetamines [/70,173]). Reduced hyperactivity and
increased attention are induced by endogenous cannabinoids (/74,175).

ADHD has a substantial genetic component, with a heritability of 0.75-0.91 (58), and
recent studies have indicated an association between a polymorphism in the human DAT
gene and ADHD (54,55; see also ref. 65). Taken together, results from both DA KO, DA
receptor KO and the DAT KO and knockdown mice support the hyper-DAergic hypothesis
for ADHD. In fact, DAT KO and knockdown mice are hyper-DAergic and hyperactive,
whereas DA KO mice are severely hypoactive. Moreover, all DA receptor KO mice are
hypoactive in different tasks, with the exclusion of DA D3 mice.

As previously reported, the main reason for hypothesizing a hyper-DA state in ADHD
derive from the beneficial effects of psychostimulants in ADHD, which are known to
increase dopamine tone.

However, DAT KO mice suggest two potential mechanisms by which psychostimulants
may inhibit hyperactivity: increased serotonergic activity and/or a shift in the balance
between DA autoreceptor and heteroreceptor function.

In conclusion, our working hypothesis focusing on a hyperfunctioning MCL system
implies a developmental restricted period of vulnerability to DA-induced neurotoxicity.
Therefore the therapeutical strategy should block the firing of DA neurons by low doses of
psychostimulants acting at mesD2 autoreceptors.
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The Spontaneously Hypertensive Rat as a Model
of Attention Deficit Hyperactivity Disorder

Vivienne Ann Russell

1. INTRODUCTION

Attention deficit hyperactivity disorder (ADHD) is a heterogeneous disorder with multiple
contributing factors, both genetic and environmental, as evidenced by the multiple susceptibil-
ity genes that have been identified and the inconsistencies in different family studies (/). Diag-
nosis of ADHD is based on behavioral symptoms because there is, as yet, no biological marker.
Animal models of ADHD are useful because they mimic various aspects of the disorder and
have the advantage of genetic homogeneity, environmental control, and the possibility of early
intervention (2). Animal models include exposure to neurotoxins and genetic variants. The
spontaneously hypertensive rat (SHR) is the most extensively investigated genetic model and
the only animal model that has been shown to demonstrate all the behavioral characteristics of
ADHD, namely, hyperactivity, impulsivity, and problems with sustained attention (2-5).

SHRs and their progenitors’ Wistar—Kyoto (WKY) control rats, look identical and have
similar body weights (6). SHRs were originally bred from WKY for their hypertension (7).
Major differences between SHRs and WKYs are summarized in Table 1. The difference in
blood pressure between SHRs and WKYs is not apparent at 2 wk of age but is seen to
increase with age from 4 to 10 wk (6,8). SHRs are hyperactive at 3—4 wk of age (6), so for
SHRs to serve as a model for ADHD, it is best to compare prehypertensive, 3- to 4-wk-old
SHRs with age-matched WKYs. Unfortunately, most of the information that is available has
been gathered from adult SHRs, but in many cases these findings have been replicated in
juvenile, prehypertensive rats. Sagvolden and colleagues showed that SHRs are not only
hyperactive in several different situations but are also impulsive and unable to sustain atten-
tion (2-5,9,10). Multiple fixed-interval delay of reinforcement schedules were used to
determine reactivity to reinforcers, activity, and impulsivity, while measurement of extinc-
tion of reinforced behavior provided information about sensitivity to stimulus change and
sustained attention (2). When their behavior was controlled by a fixed-interval operant rein-
forcement schedule, SHR activity was initially similar to WKY but was found to increase
progressively toward the end of the session (2). This was interpreted to suggest that SHRs
had similar reactivity to reinforcers compared to WKY's but SHRs became overactive in the
absence of novel stimuli (2). Toward the end of testing, SHRs displayed bursts of responses
with short interresponse intervals, which was interpreted as impulsivity (2). In fact, SHRs
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frequently displayed short sequences of activity on tasks and rapid changes between activities,
consistent with impulsivity (2,/0,11). During the extinction phase, SHRs did not differ from
WKYs in terms of sensitivity to stimulus change; SHRs noticed when the light signaled that
the schedule had changed and they ceased to respond, suggesting no obvious sensory prob-
lems (2). Unlike WKY's, however, SHRs resumed lever pressing after a short while, just like
ADHD children in similar signaled extinction trials, suggesting that SHRs have deficient sus-
tained attention (2). Similar to ADHD, SHR behavior was suggested to be more variable than
that of controls (2,/2). SHRs were also suggested to display cognitive impulsivity, in that
SHRs, but not WKYs, had great difficulty pressing one lever more than seven times before
changing to a second lever in a task that required a certain number of presses on the first lever
before switching to the second lever in order to obtain a reinforcer (2).

Differences in the behavior of SHR and control WKY rats were suggested to be a result of
altered reinforcement of appropriate behavior (2,4,5). Reinforcers act retroactively to
increase the probability of repeating a behavior that led to the reward (2). The reinforcing
effect is greatest when the reinforcer is delivered immediately after the appropriate behavior
and becomes less effective as the delay between the behavioral response and the reinforcer
increases (2). SHRs have been suggested to have a steeper and shorter delay-of-reinforcement
gradient than WKYs, which allows them to respond more rapidly to immediate reinforcers
causing hyperactivity, and to respond less effectively to reinforcers that occur after a delay,
resulting in poor stimulus control of behavior (2-5). When reinforcers are infrequent, the
lack of stimulus control due to the short delay-of-reinforcement gradient causes SHRs to lose
their focus on the task and behave inappropriately, which is interpreted as impaired sustained
attention (2). The variability of behavior seen in both SHRs and ADHD children has been
attributed to the fact that the behavior that is reinforced is the behavior that occurs immedi-
ately before a reinforcer is delivered (2,4,5). Impulsivity, defined as responses emitted with
short interresponse intervals, is observed in SHRs when reinforcers are infrequent in a
familiar environment; SHRs are not hyperactive or impulsive in a novel situation where rein-
forcers are frequent (2,4,5).

2. DOPAMINE HYPOFUNCTION HYPOTHESIS

Because the most effective treatment of ADHD involves the use of psychostimulant
drugs, such as methylphenidate and D-amphetamine, which inhibit the dopamine trans-
porter (DAT) and thereby increase the extracellular concentration of dopamine, ADHD
symptoms have been suggested to result from hypoactivity of dopamine systems in the
brain (/3). Results obtained with SHRs support this hypothesis. Low doses of D-
amphetamine and methylphenidate reduced the hyperactivity of SHR and a stroke-prone
substrain of SHRs (7/4,15). In fixed-interval schedules of reinforcement of bar-presses by
water, the psychomotor stimulants were shown to weaken control by immediate rein-
forcers and strengthen control by delayed reinforcers, thereby improving sustained atten-
tion (4). Impaired function of the mesolimbic dopamine system was suggested to produce
a shorter and steeper delay gradient in both SHRs and children with ADHD, giving rise to
hyperactivity, motor impulsivity, and impaired sustained attention (2,4,5,13). Impaired
function of the mesocortical dopamine system was suggested to produce cognitive
impulsiveness and impaired nigrostriatal dopamine function was suggested to cause
“extrapyramidal” symptoms of ADHD (2,4,5,13).
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3. DOPAMINERGIC SYSTEMS

Changes that have been identified in the central nervous system of SHRs have provided
insight into possible neural disturbances of ADHD. In vitro stimulation-evoked release (elec-
trical and/or exposure to high K* concentration) of dopamine from terminals of mesocortical,
mesolimbic, and nigrostriatal dopamine neurons of SHR is significantly less than WKY
(16—22). Dopamine D2 receptor-mediated inhibition of dopamine release was greater in SHR
caudate-putamen and nucleus accumbens than WKY, whereas dopamine D2 receptor func-
tion was unchanged in the prefrontal cortex of SHR (7/9,20). Increased efficacy of endoge-
nous dopamine activation of D2 autoreceptors was suggested to account for the decreased
release of dopamine in SHR striatum (79,20). This downregulation of dopamine transmission
was suggested to have occurred as a compensatory reaction to abnormally elevated dopamine
levels at an early stage of development, perhaps as a result of exposure to stress or a genetic
defect (19). Consistent with decreased stimulus-evoked release of dopamine, postsynaptic
D1 receptors are increased in the caudate putamen and nucleus accumbens of SHR (23-25).
The increase in D1 receptors is reversed by methylphenidate treatment, suggesting that psy-
chostimulants increase dopamine activation of D1 receptors (23-25). Indicative of decreased
function, SHR have reduced expression of calcium/calmodulin-dependent protein kinase II
and c-fos gene in the anterior striatum (26—28). Consistent with increased DAT expression in
SHR striatum, extracellular dopamine levels are decreased and D-amphetamine-stimulated
release of dopamine from SHR striatal slices is greater than WKY (16,17,22,25,29). D-
amphetamine causes dopamine release by reversal of DAT, so increased DAT would increase
dopamine release in response to D-amphetamine (30). Although SHRs have increased num-
bers of DAT, the dopamine uptake carrier appears to function normally in the nucleus accum-
bens and caudate putamen of SHRs. Inhibition of uptake by low concentrations of
methylphenidate or nomifensine increased the electrically stimulated release of dopamine to the
same extent in SHRs and WKYs (/8,22). Vesicle storage of dopamine was suggested to be
impaired in SHRs, as SHRs released less dopamine from vesicle stores in response to membrane
depolarization and more dopamine from cytoplasmic stores in response to D-amphetamine
when compared with WKYs (/9). Although SHR dopamine concentrations have been
reported to be similar to WKY, dopamine turnover appeared to be lower and the dopamine
metabolite, homovanillic acid, and the homovanillic acid/dopamine ratio were found to be
much lower in several brain areas of SHRs compared to WKYs, including the ventral tegmen-
tal area, substantia nigra, striatum, and frontal cortex (37,32). These results suggested that
dopamine uptake, storage, and/or metabolism was disturbed in SHRs. Recent evidence sug-
gests that ADHD patients may also have disturbances in dopamine uptake, storage, and/or
metabolism (33,34). Using positron emission tomography, Ernst et al. (34) showed that ['3F]
3,4-dihydroxy-phenylalanine (DOPA) accumulation was increased in midbrain dopamine
neurons of ADHD children. However, adults with ADHD were found to have abnormally low
['8F](DOPA accumulation in the prefrontal cortex, where DOPA decarboxylase occurs pre-
dominantly in noradrenergic terminals (33), possibly suggesting developmental changes or,
alternatively, opposite changes in dopaminergic and noradrenergic systems.

4. NORADRENERGIC SYSTEMS

Stimulus-evoked (electrically stimulated or K* evoked) release of norepinephrine from pre-
frontal cortex slices of SHR was similar to that of WKY (35). However, autoreceptor-mediated
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inhibition of norepinephrine release was less efficient in SHR than in WKY prefrontal cortex
and medulla oblongata (35,36). 02-adrenoceptors appear to have been downregulated in SHRs.
o2A-adrenoceptor mRNA levels were lower in the central nervous system of SHRs compared
to WKYs (37). a2A-adrenoceptor mRNA levels were negatively correlated with systolic blood
pressure, whereas mRNA levels of the ou1 A-adrenoceptor and noradrenaline transporter were
positively correlated with systolic blood pressure, suggesting that increased activity of the sym-
pathetic nervous system may contribute to the elevated blood pressure of SHRs (37). Consis-
tent with increased synthesis of norepinephrine, tyrosine hydroxylase gene expression was
higher in the ventrolateral medulla oblongata of SHRs than that of WKY's (38). The concentra-
tion of norepinephrine was elevated in several brain areas of SHRs compared with WKYs,
including locus ceruleus, substantia nigra, and prefrontal cortex (3/), suggesting that the distur-
bance in noradrenergic function is widespread and not restricted to a particular part of the ner-
vous system. Increased norepinephrine is consistent with downregulation of B-adrenoceptors in
the frontal cortex of SHRs (39). Increased uptake by synaptosomal preparations of cerebral cor-
tex of SHRs may represent compensatory upregulation of the norepinephrine transporter in an
attempt to decrease the extracellular concentration of norepinephrine (39). An increase in nore-
pinephrine transporters would increase uptake of dopamine into noradrenergic terminals and
varicosities, which could deplete extracellular dopamine in the prefrontal cortex (40,41). The
results suggest that there is an imbalance between dopaminergic and noradrenergic neurotrans-
mission in the prefrontal cortex of SHR (42). Whereas dopamine release is decreased in the
SHR prefrontal cortex, norepinephrine concentrations are elevated, and the noradrenergic sys-
tem appears to be hyperactive (42).

5. GLUTAMATERGIC SYSTEMS

In addition to decreased autoreceptor-mediated inhibition of norepinephrine release from
SHR prefrontal cortex slices, glutamate activation of o-amino-3-hydroxy-5-methyl-4-
isoxazole propionate (AMPA) receptors caused greater release of norepinephrine from SHR
prefrontal cortex slices than WKY (43,44). Neural circuits that use glutamate as a neurotrans-
mitter were suggested to exert greater stimulatory control of norepinephrine function in the
prefrontal cortex of SHR (43,44). It is possible that, like dopamine, impulse-stimulated
release of norepinephrine is decreased in SHR, but this is compensated by reduced o2-
adrenoceptor-mediated feedback inhibition of norepinephrine release and increased glutamate-
mediated stimulation of release (43—45). This may increase the spatial and temporal
availability of released norepinephrine at postsynaptic and extrasynaptic receptors and thereby
return noradrenergic function to normal, but the same does not seem to apply to dopamine
(43—45).

The tonic dopamine concentration in the extracellular fluid appears to be regulated by glu-
tamate, which is present in micromolar concentrations in the extracellular space outside the
synaptic cleft (46-50). Glutamate inhibits dopamine release by activation of group II
metabotropic receptors (mGluR2/3) and stimulates dopamine release by activation of group I
receptors (mGluR5) on dopamine terminals in rat striatum (46,57). Dopamine release is also
increased by activation of AMPA receptors in rat striatum and stimulation of ventral tegmental
dopamine neurons (52-56). As suggested by Seeman and Madras (57), the common defect in
ADHD could be decreased extracellular dopamine levels. This deficiency could result from
increased expression of DAT, impaired dopamine synthesis or release, or any other cause,
including the possibility that regulation of extracellular dopamine by glutamate afferents
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from the prefrontal cortex, hippocampus, or amygdala is impaired. In vitro activation of
AMPA receptors caused similar release of dopamine from SHR and WKY nucleus accum-
bens core (54). However, glutamate-stimulated release of dopamine from the shell subdivi-
sion of SHR nucleus accumbens was significantly lower than from the core subdivision of
SHR (54). It is possible that, in addition to reduced stimulus-evoked release of dopamine,
low extracellular dopamine concentrations observed in SHR striatum (/6) may result from
reduced glutamate-stimulated release of dopamine in the shell subdivision of the nucleus
accumbens.

6. SECOND MESSENGER SYSTEMS

The disturbances in SHR do not appear to be restricted to a single neurotransmitter system.
Differences between SHR and WKY suggest that the fundamental defect in SHR affects several,
functionally distinct, neurotransmitter pathways. The disturbances of SHR can possibly be
attributed to defects in two major second messenger systems, namely, impaired cyclic adeno-
sine monophosphate (cAMP) formation (§) and impaired calcium influx into cells (58).

Horn et al. (59) showed that synaptic plasma membranes prepared from SHR cerebrum
have lower Ca®" adenosine triphosphatase activity than WKY. This implies that Ca®* is
removed at a slower rate from SHR cytoplasm than WKY; hence the concentration gradient
that drives Ca* into the cell is not as steep in SHR as in WKY. A lower Ca?* concentration
gradient may account for the decreased Ca?* uptake observed in cerebral cortex slices of
SHR compared to WKY (58). Decreased Ca’" influx could impair N-methyl-D-aspaitate
receptor function (58). Because neurotransmitter release is dependent on the influx of Ca?*
into presynaptic terminals and varicosities, an underlying disturbance in calcium metabolism
could cause compensatory alterations in the regulation of neurotransmitter release.

The hyperactivity observed in ADHD children has been suggested to be because of
increased cAMP levels in the prefrontal cortex and striatum (60). Increased expression of
Gio genes has been demonstrated in very young SHRs at 2 wk of age (8). Inactivation of Gic.
proteins by intraperitoneal injection of pertussis toxin into 2-wk-old SHRs delayed the devel-
opment of hypertension (6/). These results suggest that the increased expression of genes for
Gi proteins, with a consequent decrease in cAMP levels and impaired regulation of cellular
function, precedes the elevation of blood pressure and may contribute to the development of
hypertension and ADHD symptoms in SHRs. If striatal Gia proteins are also increased, then
activation of D2 receptors may give rise to enhanced D2 receptor-mediated inhibition of
dopamine release from SHR nucleus accumbens and caudate-putamen slices (20-22).

Downregulation of o2-adrenoceptors observed in the SHR central nervous system may
have been a compensatory response to increased Gio-mediated inhibition of adenylyl cyclase
in an attempt to increase stimulus-evoked release of norepinephrine (37).

7. NUCLEUS ACCUMBENS SHELL

In support of a deficit in the nucleus accumbens shell, giving rise to ADHD behavior in
SHRs, Papa et al. (26,27) found decreased calcium/calmodulin-dependent protein kinase 11
and reduced c-Fos expression only in the nucleus accumbens shell of SHRs and not the core
subdivision when compared to WKY's. The mesolimbic dopamine projection to the shell sub-
division of the nucleus accumbens is responsible for motivation; it determines the amount of
effort an animal is prepared to exert in order to achieve a reward. Hypofunction of the
mesolimbic dopamine system will impair the function of the mesocortical and nigrostriatal
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dopamine systems, by influencing dopamine release and the cortico-striato-thalamo-cortical
circuits that dopamine modulates. This could impair learning and expression of goal-directed
behavior, thereby contributing to the ADHD symptoms displayed by SHRs.

A deficiency in the mesolimbic dopamine projection to the nucleus accumbens shell will
impair dopamine release in the shell and thereby impair dopamine release in the nucleus
accumbens core and dorsal striatum, as these areas are controlled by an ascending spiral that
connects the striatum to the midbrain dopamine neurons (62). The ascending spiral circuit
regulates dopamine release and integrates information across functionally different parallel
cortico-striato-thalamo-cortical circuits (62). The nucleus accumbens is the interface
between the limbic system and the motor system (62,63). Limbic structures, such as the
orbital and medial prefrontal cortex, hippocampus, amygdala, entorhinal, perirhinal, and
anterior cingulate cortex, project to the nucleus accumbens and rostral medial caudate
nucleus (62,64,65). The nucleus accumbens projects via the ventral pallidum and substantia
nigra to the dorsomedial thalamus, which projects to the dorsolateral prefrontal cortex in an
ascending spiral (62,64). The dorsolateral prefrontal cortex, together with the posterior pari-
etal cortex, projects to the head of the caudate nucleus and rostral putamen, which, in turn,
project via the globus pallidus/substantia nigra to the ventral anterior nucleus of the thalamus
and from there to the supplementary motor, premotor, and motor cortex (62,64). The latter,
together with the somatosensory cortex, project to the rostral dorsolateral striatum and puta-
men, which project via the globus pallidus/substantia nigra to the ventrolateral nucleus of the
thalamus and back to the supplementary motor cortex, completing the ascending spiral
through which the nucleus accumbens shell influences behavioral expression (62,64).

8. VENTRAL TEGMENTAL AREA DOPAMINE NEURONS

Glutamate plays an important role in stimulating catecholamine release at the somatic
level. Disturbances at the level of the dopamine cell body may occur at a very early stage of
development, giving rise to subsequent impaired dopamine neuron function in terminal areas
such as the nucleus accumbens. The development of ADHD symptoms could be analogous to
the process of drug addiction. Children who have been exposed prenatally to drugs of abuse
exhibit ADHD-like behavior (66). Exposure to drugs of abuse increases the extracellular
dopamine concentration, which activates D1- and D2-like receptors in the ventral tegmental
area of the midbrain, which in turn increases glutamate-driven activity in dopamine-containing
neurons (67). The mechanism is suggested to involve increased AMPA receptor-mediated
excitatory transmission in ventral tegmental area dopamine neurons (67,68). Increased acti-
vation by glutamate initially causes sensitization of ventral tegmental dopamine neurons with
subsequent adaptations in the nucleus accumbens (68). The increased glutamate drive is sug-
gested ultimately to lead to pathophysiological conditions associated with high intracellular
concentrations of Ca?*, which gives rise to impaired function of ventral tegmental dopamine
neurons consistent with adaptation (68). Similarly, ADHD symptoms may result from adap-
tation to initially increased extracellular dopamine in the ventral tegmental area of the mid-
brain at a very early stage of development, giving rise to increased glutamate drive and
subsequent loss of function of dopamine neurons.

Inappropriate activation of ventral tegmental dopamine neurons by glutamate afferents
from the prefrontal cortex or other excitatory inputs could have increased dopamine release
from ventral tegmental dopamine neurons at an early stage of development, giving rise to
sensitization and subsequent impairment of ventral tegmental dopamine neuron function.
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Table 1

Summary of Major Differences Between SHR and WKY

85

Authors Differences between
names Date SHR age Test used SHR and WKY
Knardahl S, 1979 6 wk Open-field exploration ~ SHRs gradually became more
Sagvolden T active than controls
Myers MM, 1981 6and 10 wk  Norepinephrine uptake ~ SHRs have greater rates of
Whittemore SR, and receptor binding norepinephrine uptake and
Hendley ED studies decreased B-adrenergic
receptor density in the frontal
cortex
Linthorst ACE, 1990 4,8, and In vitro superfusion Decreased electrically stimulated
Van Den 12 wk release of [*H]dopamine from
Buuse M, SHR caudate slices.
De Jong W, Nomifensine did not influence
et al. the difference in release
between SHR and WKY
Tsuda K, 1990  adult In vitro superfusion Inhibitory effect of
Tsuda S, o2-adrenoceptor agonist on
Masuyama Y, [*H]norepinephrine release
et al. from the medulla oblongata
slices of SHR significantly
less than WKY
Linthorst ACE, 1991 7-9 wk Trans-striatal brain Extracellular striatal dopamine
De Lang H, dialysis concentration was lower in
De Jong W, SHR. D2 receptor inhibition
et al. of dopamine release was
greater in SHR
Sagvolden T, 1992 6-7 wk, Free- and forced- SHRs were more active than
Hendley ED, adults exploration in open- controls in the open field.
Knardahl S field, plus multiple SHRs emitted more lever
fixed-interval presses during the extinction
schedules of component of the schedule
reinforcement/ than controls. SHRs became
extinction more active toward the end of
the session
Waultz B, 1992  adult Differentially SHRs received more reinforcers
Sagvolden T reinforced than controls as long as the

immobility requiring
the rat to remain
immobile at a
particular place in an
operant chamber in
order to obtain a
reinforcer

schedule did not require long
periods of immobility. The
total number of movements on
target of SHRs increased as
the schedule requirements
increased.

(Continued)
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Table 1
(Continued)
Authors Differences between
names Date  SHR age Test used SHR and WKY
Sagvolden T, 1992 adult Multiple fixed-interval =~ Psychomotor stimulants
Metzger MA, extinction schedules weakened control by
Schigrbeck HK, of reinforcement immediate reinforcers and
et al. strengthened control by
delayed reinforcers
Mook DM, 1993  adult Rewarded 12-arm SHRs varied their choices more,
Jeffrey J, radial maze making fewer repetition errors
Neuringer A than WKY's. When rewards
depended on variable
sequences of responses on two
levers in an operant chamber,
SHRs’ sequences were more
variable than those of WKYs.
WKYs learned to repeat more
readily than the SHRs
Sagvolden T, 1993  adult Free- and forced- SHRs were more active than
Pettersen MB, exploration plus two- WKYs in free exploration and
Larsen MC component multiple forced exploration open field
schedules of tests. SHRs were not
reinforcement with a overactive initially but activity
fixed interval 2 min increased toward the end of
signaled by the extinction period
houselight on and a
5-min extinction
signaled by
houselight off.
Kirouac G, 1993  Sand 15 D1 and D2 receptor Increased D1 receptor density at
Ganguly P wk autoradiography 5 and 15 wk of age, increased
D2 receptor density at 5 wk of
age
Linthorst AC, 1994 10 wk High-performance Homovanillic acid (HVA) and
van liquid the ratios DOPAC/dopamine
Giersbergen PL, chromatography and HVA/dopamine were
Gras M, (HPLC) lower in sham-treated SHR
et al. than in sham-treated WKY
De Jong W, 1995 4,8, and In vitro and in vivo No difference in blood pressure
Linthorst AC, 12 wk release of dopamine at 4 wk of age. Decreased
Versteeg HG release of [*H]dopamine from

SHR caudate slices of 4-wk-
old SHRs. Decreased
extracellular concentration of
dopamine in caudate of
8-wk-old SHRs

(Continued)
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Table 1
(Continued)
Authors Differences between
names Date SHR age Test used SHR and WKY
Russell VA, 1995 12-14 wk In vitro superfusion Electrically stimulated
de Villiers A, [*H]dopamine release was
Sagvolden T, lower in caudate-putamen and
et al. prefrontal cortex slices of
SHR. D2 receptor agonist
caused greater inhibition of
[*H]dopamine release from
SHR caudate-putamen slices.
D2 antagonist caused greater
increase in [*H]dopamine
release from SHR nucleus
accumbens slices
De Villiers A, 1995 12-14 wk HPLC Decreased homovanillic acid,
Russell VA, decreased homovanillic acid/
Sagvolden T, dopamine ratio, and increased
et al. norepinephrine in brain of
SHR
Horn JL, 1995  adult 45Ca’* uptake into Diminished “*Ca* uptake into
Janicki PK, synaptic plasma synaptic plasma membrane
Franks JJ membrane vesicles vesicles prepared from
cerebrum of SHR
Papa M, 1996 6wk Immunocytochemistry ~ Reduced Ca**/calmodulin-
Sagvolden T, dependent protein kinase II
Sergeant JA, (CaMKII) in nucleus
etal., accumbens shell of SHR
Watanabe Y, 1997 2 and 15 Dopamine transporter,  Increased dopamine transporter
Fuyjita M, Ito Y, wk D1 and D2 at 2 and 15 wk, increased D1
et al. autoradiography receptors at 15 wk in SHR
caudate-putamen
Marcil J, 1997 3-54d, Expression of Gic. Increased expression of
Thibault C, 2 wk, Gi-protein in SHR heart at 2
Anand Srivastava MB 4 wk, wk and older
and
8 wk
Papa M, 1997 6wk Immunohistochemistry  Decreased c-fos and zif/268 in
Sergeant JA, nucleus accumbens core and
Sadile AG shell of SHR
Papa M, 1998 6wk Immunohistochemistry ~ Reduced Ca?*/ CaMKII in
Sergeant JA, nucleus accumbens shell of
Sadile AG SHR.Decreased c-fos and

Zif/268 in nucleus accumbens
core and shell of SHR

(Continued)
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Table 1
(Continued)
Authors Differences between
names Date SHR age Test used SHR and WKY
Russell VA, 1998 12-14 wk In vitro superfusion Methylphenidate released less
de Villiers AS, [*H]dopamine from nucleus
Sagvolden T accumbens slices of SHR. D-
Amphetamine released more
[*H]dopamine from
caudate-putamen, nucleus
accumbens, and prefrontal
cortex slices of SHR. At low
concentration, in vitro
methylphenidate increase in
electrically stimulated release
of [*H]dopamine from
caudate-putamen, nucleus
accumbens and prefrontal
cortex, similar for SHR and
WKY
Berger DF, 1998  8-9 wk Operant discrimination ~ Hyperactive and behavioral
Sagvolden T task—two-component extinction deficit toward the
multiple schedule end of the extinction
reinforcement with component
2-min fixed interval
5-min extinction
schedule of water
reinforcement
Carey MP, 1998 4wk D1 and D2 receptor SHRs have higher density of D1
Diewald LM, autoradiography receptors in caudate-putamen,
Esposito FJ, nucleus accumbens, and
et al. olfactory tubercle which was
reversed by methylphenidate
treatment (3 mg/kg i.p., for
2 wk). Methylphenidate
treatment also downregulated
D2 receptors in these areas
Russell VA, 2000 4-6wk In vitro superfusion Depolarization-evoked release
Allie S, (resulting from electrical
Wiggins T stimulation or exposure to

high concentration of K*) of
[*H]norepinephrine from SHR
prefrontal cortex was similar
to WKY. a2-Adrenoceptor
mediated inhibition of
[*H]norepinephrine release is
decreased in SHR prefrontal
cortex

(Continued)
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Table 1
(Continued)
Authors Differences between
names Date SHR age Test used SHR and WKY
Russell VA 2000 4-6 wk In vitro superfusion Increased glutamate-stimulated
release of [*H]norepinephrine
from SHR prefrontal cortex
slices
Russell VA, 2000 12-14 wk In vitro superfusion Methylphenidate (3 mg/kg for 2
de Villiers wk) did not normalise the
AS, decreased electrically
Sagvolden T stimulated release of
[*H]dopamine from SHR
caudate-putamen slices.
Methylphenidate increased
endogenous dopamine
activation of D2 receptors in
WKY striatum but did not
alter D2 receptor function in
SHR
Sagvolden T 2000  Review Reanalysis of data Overactivity, motor
impulsiveness, and deficient
sustained attention in SHR
Russell VA 2001 4-6 wk In vitro superfusion Increased glutamate-stimulated
release of [*H]norepinephrine
from SHR prefrontal cortex
slices is antagonized by
CNQX, an AMPA receptor
antagonist
Lehohla M, 2001 4-6 wk NMDA -stimulated Decreased “3Ca?* uptake into
Russell V, uptake of *Ca’* into barrel cortex slices of SHR
Kellaway L brain slices in vitro
Christiansen 2002 2,4,6,8 Blood pressure SHR and WKY have similar
RE, Roald and measurement body weight. Mean arterial
AB, et al. 10 wk blood pressure was not
different at the age of 2 wk
but increased from 4 to 10
wk of age
Ueno KI, 2002 6 wk, Open-field exploration = Methylphenidate (0.01-1 mg/kg,
Togashi H, stroke-prone i.p.) significantly attenuated
Mori K SHR locomotor hyperactivity at
low doses
Reja 'V, 2002  adult Total RNA was Amount of 02A-R mRNA in
Goodchild reverse-transcribed central nervous system lower
AK, into cDNA followed in SHR and negatively
Pilowsky by quantitative correlated with systolic blood
PM fluorescence pressure.

(Continued)
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Table 1
(Continued)
Authors Differences between
names Date SHR age Test used SHR and WKY
detection polymerase Phenylethanolamine-N-
chain reaction methyltransferase,
for cDNA. noradrenaline transporter, and
o.1A-R mRNA levels
positively correlated with
systolic blood pressure in all
central tissue investigated
Reja 'V, 2002  adult Total RNA reverse- Increased tyrosine hydroxylase
Goodchild AK, transcribed into gene expression in the rostral
Phillips JK cDNA followed by and caudal ventrolateral
quantitative medulla oblongata of the
fluorescence brainstem of SHR. There was
detection polymerase a positive relationship
chain reaction for between systolic blood
cDNA pressure and tyrosine
hydroxylase gene expression
LiY, Anand- 2002 2wk Blood pressure Inactivation of enhanced
Srivastava MB measurement expression of G(i) proteins by
pertussis toxin attenuates the
development of high blood
pressure in SHR
Russell VA 2003 4-6wk In vitro superfusion Glutamate-stimulated release of
[*H]dopamine from SHR
nucleus accumbens core is
similar to WKY core while
release from SHR shell
is lower than SHR core
Yang PB, 2003 8wk Automated activity Repeated administration of 2.5
Amini B, monitoring system mg/kg methylphenidate
Swann AC recorded horizontal elicited locomotor

activity, total distance
traveled, rearing,
stereotypic
movements,

and number of
discrete movements

sensitization in
Sprague-Dawley and WKY
rats but not in SHR. Repeated
administration of 10 mg/kg
methylphenidate induced
locomotor tolerance in
Sprague-Dawley and WKY
rats but variable response in
SHR

SHR, spontaneously hypertensive rat; WKY, Wistar—Kyoto rat; DOPAC, 3,4-dihydroxy-phenylacetic acid;
i. p., intraperitoneally; AMPA, o—amino-3-hydroxy-5-methyl-4-isoxazole propionate.

In support of this hypothesis, SHRs appear to have a disturbance in the regulation of mid-
brain dopamine neurons. The effect of psychomotor stimulant drugs was less pronounced in
SHRs than in WKY's, whereas psychostimulants strengthened control by delayed reinforcers to
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a greater extent in WKYs in fixed-interval schedules of reinforcement of bar-presses by water
(4). Furthermore, repeated administration of a dopamine uptake blocker, methylphenidate (2.5
mg/kg), elicited locomotor sensitization in Sprague-Dawley and WKY rats, whereas SHRs
were not affected by the drug (69). Similarly, a higher dose of methylphenidate (10 mg/kg) pro-
duced locomotor tolerance in Sprague-Dawley and WKY rats but not in SHRs (69). This is
consistent with in vitro findings where methylphenidate released significantly less dopamine
from SHR nucleus accumbens slices than WKY (22). Chronic methylphenidate treatment
(3 mg/kg for 2 wk) increased endogenous dopamine activation of D2 receptors in WKY stria-
tum but did not alter D2 receptor function in SHRs probably because regulation of the
dopamine pathway was already disturbed and D2 receptors were already upregulated (70).
These results suggest that the pathway that is affected by drugs of abuse is also the pathway that
is disturbed in SHR.

9. CONCLUSION

In conclusion, SHR provide a good model for ADHD symptoms. Disturbances that have
been identified in the central nervous system of SHR have provided insight into the possible
neurogenesis of the behavioral disturbances of ADHD. Evidence suggests that the most fre-
quently prescribed psychostimulants, D-amphetamine and methylphenidate, alleviate ADHD
symptoms by blocking dopamine reuptake, which increases dopamine availability at postsy-
naptic and extrasynaptic receptors not only following impulse-triggered release of dopamine
from mesolimbic, mesocortical, and nigrostriatal dopamine nerve terminals, but also following
glutamate-stimulated release of dopamine from mesolimbic terminals in the nucleus accum-
bens shell. The nucleus accumbens shell plays an important role in the integration of afferent
signals from limbic areas of the brain, particularly the amygdala, hippocampal formation,
prefrontal cortex, and cingulate cortex. Transmission of these signals to motor areas of the
brain is modulated by mesolimbic dopamine input, which gives rise to reinforcement of
appropriate behavior (71). The evidence is consistent with a deficiency in the dopaminergic
sytem contributing to the behavioral disturbances of SHR.
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The Roles of Norepinephrine and Serotonin
in Attention Deficit Hyperactivity Disorder

Robert D. Oades

1. INTRODUCTION

Norepinephrine (NE) belongs to the chemical group of the catecholamines and is also known
outside the Americas as noradrenaline. Serotonin, an indoleamine, is better described chemically
as S-hydroxytryptamine (5-HT). Together with the catecholamines dopamine (DA) and
epinephrine (adrenaline), they are known as the “monoamines.” These monoamines have an
agent role in transmission between neurons—often in the synapse between neurons and their ele-
ments in apposition, sometimes between release and receptor sites that are further apart. Then
the role is more reminiscent of hormonal communication. Both roles are subsumed as neuro-
transmission. These transmitters are located in well-characterized, similar neural pathways
throughout the vertebrates.

This chapter is essentially concerned with the roles of NE and 5-HT in the central nervous
system (CNS) and how characteristics of 5-HT and NE transmission could contribute to the
principal features of attention deficit hyperactivity disorder (ADHD). This review starts with
the basic aspects of monoamine biochemistry and neurochemical anatomy and proceeds over
mechanisms of function (animal research) to investigations of their role in the neuropsychol-
ogy and nosology thought to underlie ADHD. However, throughout these considerations it
should not be overlooked that both 5-HT and NE pathways are widely distributed peripher-
ally with functions additional to those considered here.* It is also important to bear in mind
in the ensuing discussion of NE and 5-HT function that many of the effects simply attributed
to the activity of one or the other monoamine are, through multiple interactions, additionally
dependent on another monoamine.

2. BIOCHEMISTRY

5-HT and NE synthesis depends on the availability of the amino acids tryptophan and phenylala-
nine, respectively. Tryptophan is hydroxylated in the rate-limiting step by tryptophan hydroxylase
to the precursor 5-hydroxytryptophan (5-HTP) prior to conversion to 5-HT by decarboxylation.

*For example, 5-HT has a prominent role in pulmonary and renal blood flow, as well as the enteric autonomic
system (smooth muscle contraction): NE, released from postganglionic sympathetic neurons, also actively modu-
lates vasoconstriction/dilation, especially heart and smooth muscle function (also the uterus, intestine, bronchi,
and iris). In addition NE modulates insulin secretion and several metabolic activities (note also that NE is the pre-
cursor to epinephrine synthesis in the adrenal medulla).

From: Attention Deficit Hyperactivity Disorder: From Genes to Patients
Edited by: D. Gozal and D. L. Molfese © Humana Press Inc., Totowa, NJ

97



98 Oades

For NE synthesis, phenylalanine is hydroxylated to tyrosine prior to the rate-limiting hydroxylation
to L-3, 4-dehydroxy-phenylalanine (Fig. 1). Decarboxylation then produces DA, which can be
dehydroxylated to NE. Many studies examining the effects of enhancing or depleting NE make use
of the crucial role of tyrosine hydroxylase (TOH) and dopamine (3-hydroxylase (DBH). Studies of 5-
HT depletion often use diets free of tryptophan for examining the effect of reducing 5-HT activity.
Thus it is not surprising that dietary effects on the availablity of factors needed for transmitter syn-
thesis have been part of the agenda in some ADHD studies.

Breakdown (catabolism) occurs following postsynaptic uptake of the neurotransmitter,
when the transmitter remains unused in the synapse, or after presynaptic reuptake when not
stored in vesicles. In detail the NE and 5-HT catabolic pathways can differ. Several enzymes
are involved in both. But primary is the oxidation process (monoamine oxidase [MAO]). For
5-HT this leads to 5-hydroxy-indoleacetic acid (5-HIAA; Fig. 2); for NE there are many
intermediates resulting from the activities of several enzymes.

Three trends emerge from metabolic studies that help the interpretation of clinical results.
First, the primary products of stimulated central NE synthesis are mostly 3-methoxy- and
dihydroxy-phenyl-glycol (MHPG, DHPG), whereas extraneuronal products also include
metanephrine (MN) and normetanephrine (NMN) (/). As these latter metabolites, along with
vanillomandelic acid (VMA), do not cross the blood-brain barrier, peripheral measures of
these metabolites likely reflect peripheral sources. Second, these metabolites (e.g., NMN,
VMA), often measured peripherally, can be excreted partially, after further metabolism, as
homovanillic acid (HVA). This leads to some confusion over identifying the relative roles of
NE and DA activity. Third, NE and 5-HT are the preferred substrates for MAO type A,
whereas tyramine, tryptamine, and DA are the preferred substrates of MAO type B; however,
the separation of function between these two isoenzymes is not tight (e.g., selective inhibitors
of both MAO-A [clorgyline] and MAO-B [selegiline] can reduce 5-HT catabolism).

3. CNS PATHWAYS
3.1. Norepinephrine

In the 1950s, pioneer work demonstrated NE to be a chemical transmitter that has its cells
of origin in the brain stem (2,3). The locus ceruleus (LC; A6) is located in the dorsolateral
pontine tegmentum just lateral to the fourth ventricle (4,5; Fig. 3). It and the nearby A5, A7
nuclei (subceruleus) give rise to NE fibers innervating the forebrain (dorsal noradrenergic
bundle), diencephalon, cerebellum, and local brainstem nuclei. Some fibers also descend in
the spinal cord (6). A more ventral bundle with fibers from the nucleus tractus solitarius (A2)
also innervates the diencephalon and a number of subcortical limbic regions (7). The LC in
humans is about 15 mm long and in adults including some 40,000-60,000 NE-containing
cells. Of interest for animal models, there is much similarity between the LC in humans and
that of the rat—even if the latter contains only 3% of the number of neurons in the human
LC. Other transmitting agents, such as neuropeptide Y, galanin, and y-aminobutyric acid
(GABA) may also be colocalized in these neurons.

To understand the function of the NE system it is important to appreciate that there is
much dendrite branching locally within the LC and axonal branching between widely sepa-
rate areas innervated by the same neuron (8). If one considers the vast areas of cortex
innervated it may be that as few as 5% of transmitter-containing varicosities are located in
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Fig. 2. Serotonin (5-HT) metabolism: Biochemical pathways showing the synthesis and break-
down of 5-HT.

conventional synapses (9). Most of the transmitter released has its effect at a distance from
the end of the axon. The densest input is to the laminae III and IV (10). o.-1 and o.-2 receptor
types that can be pre- or postsynaptically located are distributed more across the superficial
laminae, whereas [ sites may be found in most cortical laminae (02a have a primarily
frontal, o2b a more thalamic, and o2¢ a brainstem distribution).

3.2.5-HT

5-HT was first demonstrated in the CNS of cats and dogs about 50 yr ago (/7,12). The devel-
opment of fluorescence histochemistry 10 yr later led to the description of the basic components
of the 5-HT projection system (/3). In succeding decades the development of antibodies and of
immunohistochemical (/3) and immunocytochemical methods led to the current understanding
of the cell body origins and their heterogeneous termination patterns (/4). For 5-HT there are
nine cell groups (B1-B9). B1-B5 are small cell groups located in the midline from the mid-pons
to the caudal medulla (Fig. 4). They project locally and down the dorsal and ventral horns of
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Fig. 4. Representation of the serotonin (5-HT) projections ascending in the medial forebrain bun-
dle from the dorsal and median raphe nuclei in the brain stem. Branching occurs above the thalamus to
the limbic system, basal ganglia and cerebral cortices. 5-HT projections descend to the spinal cord
from the raphe magnus and obscurus in the ventrolateral medulla. (Taken from ref. /5 with permission
of the NY Academy of Sciences.)

the spinal cord. More significant for the current discussion are B6 and B7 (the dorsal raphe
nuclei) that lie along the floor of the fourth ventricle near the LC, and ventrally the B8 group (the
median raphe) on the borders of the pons and midbrain. The dorsal raphe is the larger group but
along with the median raphe, both contain neurons using other transmitters (e.g., DA; 15).
There is a fairly broad overlap for the forebrain innervation from these two nuclei. The
emphasis is on the neostriatum and frontal lobe for the dorsal raphe (with a decreasing gradi-
ent over the more caudal cortical regions), whereas the median raphe projects more to dien-
cephalic and limbic structures. Output from the median raphe relays not just to the
hippocampus, but extends to the cingulate and fairly evenly through the parietal and neighbor-
ing cortices. The sensory and motor cortices show a mixed pattern, some with much 5-HT

Fig. 3. Anatomical location of the locus ceruleus (LC) and the ascending pathways: (A) bilateral
brain stem locations of the LC in a horizontal section of the human brain (with the cerebellum just
behind); (B) sagittal view from the side through a rat brain with arrow pointing to the norepinephrine
path deriving from the LC above; (C) diagram of the ascending and commissural pathways arising
from the LC in the rat brain. Innervation of the hippocampus proceeds via the fornix, whereas that of
the medial and dorsal cortex passes through the cingulum with anterior cortex innervated by the rostral
extension of the medial forebrain bundle. Adapted from refs. 4,5 with permission from Elsevier.



ADHD: NE and 5-HT 103

innervation (e.g., auditory and somatosensory cortex) and some with less (e.g., motor cortex).
Some areas receive high and low patches of input (visual cortex). There are morphologically
two quite different forms of innervation, although their functional relevance remains obscure.
The one with fine axons and small varicosities (inclusions) is found throughout cortical termi-
nal regions, and is largely of dorsal raphe origin. The other is coarser with a large beaded
form, is more sparsely distributed (mostly frontoparietal and hippocampal regions) and mostly
of median raphe origin (/5-17). 5-HT1a binding sites are found as autoreceptors, as well as
postsynaptically on cholinergic neurons, and those using amino acid transmission. It is note-
worhy that 5-HT?2a sites are frequently found on DA and NE neurons (see refs. /8 and 79).

4. INTERACTIONS BETWEEN MONOAMINES

4.1. 5-HT-NE Interactions

Many central effects of monoamines are modified by activity in pathways releasing other
monoamines. Indeed, some of the autonomic effects of 5-HT of central origin are exerted via
5-HT2a receptors on processes of the NE networks arising in the N. tractus solitarius (20).
Interactions between the brainstem nuclei work both ways. NE can facilitate 5-HT release
(e.g., via -1 binding sites; 21,22), although 5-HT can reduce NE activity (23,24). This latter
effect can occur in the brainstem via 5-HT1a sites potentiating local NE inhibitory feedback
(25). However, in the cortices, NE usually inhibits 5-HT release (via o-2 receptors; 26),
whereas 5-HT can facilitate or reduce NE release (5-HT2a [heteroceptor] or 5-HT2c binding
sites [autoreceptors] depending on their pre-/postsynaptic loci; 27,28).

4.2. 5-HT-DA Interactions

Many of the central effects of 5-HT arise via modulation of activity in DA paths. Often the
levels of DA and 5-HT metabolites in samples of cerebrospinal fluid (CSF) drawn from
healthy subjects are highly intercorrelated (29). Indeed, in ADHD children high levels of 5-
HIAA and HVA decreased together in those reponding to psychostimulant treatment (30).
Thus it is not surprising to learn that increases of amphetamine-induced locomotion (3/) and
the associated induced release of DA (32) are modulated by 5-HT at 5-HT2a receptors: both
effects are suppressed by 5-HT2a antagonists. Other ADHD-like features modeled in animals
show DA/5-HT interactions. Shifts of attention and stimulus-reward learning, facilitated by
methylphenidate, are impaired by reduced 5-HT synthesis (33). A separate psychostimulant
action on reinforcement—the amphetamine-induced enhancement of response for condi-
tioned reward—is suppressed by 5-HT stimulation (at mesolimbic 5-HT1b sites; 34).

Reverse influences of DA on 5-HT activity should not be overlooked. Neonatal damage to
DA systems leads to large increases of 5-HT in the basal ganglia and cerebellum, though not
in the cortex (35). There are potential consequences of such interactions in terms of treatment.
Impulsivity in ADHD has a basis in the reponsiveness of 5-HT neurons (36; Subheading 8.1.)
and the stimulation by 5-HT2 agonists of premature responses in rats performing a choice
task can be brought under control with DA antagonists (37).

A number of receptor sites underlie these mechanisms. Currently the 5-HT2a/2c sites are
among those that are better understood. 5-HT2a sites are often located on neurons with pro-
jections ascending from the ventral tegmental area (38) and modulate active DA transmission,
whereas 5-HT?2c sites affect tonic DA outflow (39). Agonism at these two sites suppresses,
whereas antagonism stimulates DA outflow. This action is better documented for mesocorti-
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cal sites with 5-HT?2a, and for mesolimbic sites with 5-HT2c sites (40-42). Effects of the
5-HT1 receptor classes on DA release are less well-understood (26,43).*

4.3. NE-DA Interactions

NE activity modulates the stimulation by amphetamine of DA release (46). But the mech-
anisms seem to differ between subcortical and cortical areas. In mesolimbic regions NE o-1
sites are needed for amphetamine to raise DA levels and elicit locomotion (e.g., 1b-knockout
mice; 47). 0.-2 agonists decrease mesolimbic DA levels, whereas 0.-2 antagonists are without
effect (48). Mesolimbic DA release is also influenced by NE at B-sites (49). But, in cortical
regions a-1 sites can interfere with DA D1 function (50) and blocking -2 sites can raise DA
levels like DA D2 antagonists (5/; see Subheading 9.2.).

In cortical regions the interactions are complicated by an extra mechanism that has conse-
quences for understanding ADHD treatment. Considerable extrasynaptic levels of DA are
likely to interact with the numerous extrasynaptic DA receptors. But, this DA can also be taken
up and cleared by NE transporters (52). So it is not surprising that chronic imipramine blockade
of these sites leads to a downregulation of D1 sites (53). Clearance of DA by both DA and NE
transporters has been confirmed (54). But, further, a comparison of NE-innervated cortices with
those receiving more or less DA innervation has shown that in both cases NE and DA levels can
be reduced by 0-2 agonists (e.g., clonidine) and increased by o-2 antagonists (e.g., idazoxan;
55). This demonstrates the corelease of DA from NE transporters. Thus, uptake and release of
DA was recorded at NE uptake sites in the cortices (but not the basal ganglia). Inhibition of NE
transporters influences both mesocortical NE- and DA-dependent functions.

5. DEVELOPMENT
5.1. Norepinephrine

Catecholamine synthesis in the brainstem is in place in the middle of the second month of
gestation. This matures up to around 13 wk in parallel with the development of the ascending
pathways (medial forebrain bundle) that penetrate the cortical plate at this time (56). Animal
studies suggest that development lags behind that for DA at first, but overtakes it later (57).

Rodent and primate studies suggest that basal and stress-induced NE activity soars prepu-
bertally, but falls back in adolescence, whereby changes in those reared away from their
mother are less marked (58-60). Cortical -2 receptors are evident before o-1 sites, but the
latter expand postnatally while the a-2 concentration levels off. In puberty a-1 levels fall
more than o-2 concentrations (6/). Efficient control of NE function is mirrored by transporter
mechanisms that also decline through puberty but rise again somewhat on attaining adulthood
(62,63). These developmental changes are reflected in 24-h urine collections in human sub-
jects (64). Compared with 8- to 12-yr-old children, in groups of younger and older teenagers
NE levels fell by approx 40% and its metabolite (MHPG) by two-thirds (implying a halving of
turnover activity). Yet by 20 yr of age levels of both substances had again increased by a third.

It is not clear whether there are gender differences in the development of the NE system.
In contrast in the DA system a more marked overproduction of D2- and D1-like receptors

*Differences between reports likely reflect separate site-specific presynaptic roles on newly synthesized vs
basal DA levels, which in turn may vary between brain regions. For example, 5-HT1a sites are mostly presynaptic
in the brainstem, but postsynaptic in many projection areas. Thus, the presence of 5-HT'1a sites on dendrites in the
VTA suggests a disinhibitory role (44), whereas 5-HT1b mesolimbic sites facilitate DA release (45).
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between birth and puberty is reported for males. Indeed, in rodents mesolimbic D1 binding
appears to remain elevated in males (65).*

5.2.5-HT

Reports on the 5-HT system in animals show that the fine-axon system develops steadily
from birth, with the fibers gradually concentrating in the first three layers of the cortex. The
larger, more beaded neurons develop later, but they also innervate the first three cortical lay-
ers and are forming pericellular innervation arrays by adolescence (66). 5-HT turnover
remains relatively steady early in development although DA activity is rapidly increasing.
However 5-HT activity, sensitive to stressors, may be depressed, for example, by rearing in
isolation (67,68). CSF measures taken from premature neonates to 6-mo-old infants broadly
confirm a large increase of DA metabolism although 5-HT turnover remains steady (69).
Across this age range the HVA/5-HIAA ratio doubled. This should not disguise, of course,
that there is a large continuing prepubertal development of the 5-HT innervation of limbic
and cortical areas in terms of binding sites and activity. However, the pace is moderate by
comparison with the DA system (60,70).

Human studies (platelet binding, postmortem reports) suggest that from the age of 10 yr,
and certainly from adolescence, 5-HT turnover and binding for 5-HT2a and transporter sites
decrease markedly (7/-73). Indeed, an associated downregulation of 5-HT2a sites has been
monitored electrophysiologically (74). Concordant with this a drop of 50% or more was
noted for 5-HT and its metabolite in urinary measures between 8- and 12- and 14- and 17-yr-
olds (64). This resulted in a halving of turnover rates, which only partially recovered in
young adults. In summary, the cortical innervation by 5-HT neurons is basically in place by
birth, hyperinnervation is evident during childhood, and this is cut back over puberty and
adolescence. Details of the timing and localization of spurts and pauses are notable for
numerous examples that are not in phase with DA developments. This provides many sen-
sitve moments when environmental influences could disturb the balance of DA/5-HT
interactions with largely unknown consequences.

6. EVIDENCE FOR MONOAMINERGIC CONTRIBUTION
TO ADHD—GENETIC STUDIES

6.1. Norepinephrine

Ten years after Hechtman’s review (76), studies are only starting to get under way to test her
argument that genetic influences on NE will inform on ADHD. Genetic studies of features
important to NE transmission and relevant to the ADHD condition have been few. They have
concentrated on the o-2a site for which NE has high affinity (where increased binding has been
related to stress and frontal lobe cognition [77,78]) and the reuptake site, which if blocked (like
the o-2a site) will lead to a decrease of neuronal firing (79). Metabolic enzymes (DBH, Catechol-
O-methyl transferase [COMT], and MAO; Fig. 1) have also received some attention. MAO
activity, relevant for the breakdown of all the monoamines, has been inversely related to the
expression of personality features thought to be relevant for groups or subgroups of ADHD
subjects (e.g., impulsiveness, aggression, and sensation-seeking; see discussion in 80).

*This difference may be further exaggerated by a leftward bias in males compared to a rightward bias of D1
binding in females. However, with maturation there is a decrease in the asymmetry in terms of DA and its
metabolism (75).
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A study using a so-called “line-item” approach to the a-2a receptor (approximately the
inverse of more conventional studies with single base-pair polymorphisms) found an allele
associated with clusters of symptoms relevant to ADHD along with oppositional and conduct
disorders (87). In contrast to this, another allele the study examined related to anxiety and
schizoid features. Studies focusing on this receptor seem promising. In contrast to the situa-
tion with DA, first reports on several polymorphisms relating to the NE transporter (NET1)
have drawn a blank (82,83). There is no evidence as yet that the NET is relevant to the heri-
tability of the ADHD phenotype.

COMT activity is relevant to both DA and NE metabolism (Fig. 1). There is a low activity
allele with methionine substitutions that is reported to be preferentialy transferred in male
Han Chinese with ADHD, whereas the high-activity form with valine substitutions was
more common in the females (84). Although there is support for the transmission of the
valine form in Israeli triads (85), in view of negative results from three other countries, the
situation remains controversial.

Several polymorphisms have figured in studies of the genetic transmission of DBH (also
for TOH), but there is little evidence for preferential transmission in ADHD (see ref. 86)
and none for linkage (87). Consideration of MAO heritability also seems irrelevant to
questions concerning the roles of NE and 5-HT in ADHD. Associations were reported from
a case-control study of ADHD with comorbid externalizing problems (88) but earlier
reports of relationships to novelty-seeking have not been replicated (89).

6.2. 5-HT

Little is known in relation to mental health about the genetic bases of the 22 or so subtypes
of 5-HT binding sites currently known. Most studies have concentrated on the following:

1. Variants of the 5-HT1 class of receptors (especially 5-HT1b).

2. The 5-HT2 class (because of an association with DA release and motor activity /45], and an asso-
ciation of 5-HT2a blockade with reduced impulsivity in animals /90] and “harm avoidance”* in
healthy adults [91]).

3. The transporter (5-HTT). For 5-HTT there are some features (alleles) that are transmitted and
associated with a risk for ADHD (92,93). Compared with a long form of the allele there is a
short form with less efficient transcription efficency and diminished 5-HT uptake.

Temperament contributes strongly to the normal response to novelty. The challenge of
novel stimuli, as in the form of a stranger, naturally can lead to anxiety in the very young. This
is important as temperamental or internalizing coping responses characterize ADHD children
with very different comorbid problems. It is therefore of some interest that more anxiety was
recorded to strangers in infants homozygous for the short form of the 5-HTT-linked promoter
region (LPR) length polymorphism, but less anxiety was observed in those with genotypes
including one or more copies of the long form (94). Auerbach et al. (95) also reported that
infants homozygous for the short form were less easily distressed and tended to be more with-
drawn, needing a longer latency to smile. Yet it may emerge that the absence of the short form
characterizes vulnerability for a heritable form of ADHD (96), for if it is associated with
higher thresholds for provoking anxiety, it may coincide with the ease of risk-taking evident in
many ADHD subjects. One awaits the results from prospective infant studies with interest.

*Harm avoidance is one of three personality dimensions on the Cloninger scales. The other two dimensions,
novelty-seeking and reward-dependence, were not related to 5-HT2a binding in this study.
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With respect to 5-HT1b receptors, a recent report on 115 ADHD families using the trans-
mission disequilibrium test for a particular polymorphism (G861C) showed a tendency for
parental transmission of this allele, and in particular for paternal transmission to the child that
was affected (97,98). Quist et al. (99) had already pointed out a linkage disequilibrium of the
5-HT?2a receptor (polymorphism His 452Tyr allele) with ADHD in these families, indicating a
preferential transmission of the 452Tyr allele to the affected offspring. Although this was not
confirmed by Hawi et al. (97), data from a symptomatic adult group also suggest that the gene
for 5-HT2a sites played a role in the ADHD pathology recorded (/00). Clearly one is still too
close to the onset of such studies to be able to draw firm conclusions.

7. METHODS

Invasive methods for measuring transmitter activity in the CNS in vivo are available in
animals (e.g., dialysis probes, electrochemistry) and adult humans (e.g., position emission
tomography studies of ligand binding) but are not justified from an ethical standpoint in children.
Measures must be conducted peripherally. There are three possible points of access along the
route of elimination of excess monoamines and their metabolic products. These are the CSF,
blood (including plasma and platelets), and urine. Opinions differ widely on the extent to
which these peripheral measures can reflect CNS function. Somatic sources of 5-HT are par-
ticularly high. As there is no reason to suspect that in otherwise somatically healthy ADHD
children central systems are differentially impaired with respect to peripheral systems, crude
indicators may be sought in the comparison of baseline measures between groups. The effects
of challenges with monoaminergic drugs or environmental conditions on biochemical mea-
sures represent a good method for testing the functionality of NE and 5-HT pathways.

The extracerebral release of transmitters does not interfere with CNS transmission, as
there is a blood—brain barrier with a powerful pump that transports them from brain to blood.
What can cross the blood-brain barrier out of the brain and influence concentrations mea-
sured peripherally? Basically all the monoamines can pass with varying degrees of ease pas-
sively or actively out of CNS tissue (review, ref. /01), although as acid metabolites do not
equilibrate across the blood—brain membranes, they are sensitive to active transport mecha-
nisms (/01). These mechanisms of active clearance may contribute to differences reported
between blood or plasma and CSF measures. (Regions where the blood-brain barrier does
not so function include the circumventricular and subfornical organs, the choroid plexus, and
the area postrema of the medulla.) However, measures derived from venous blood and urine
often reflect challenges to the system, at least at a qualitative level. Peripheral and central
monoamine activities are often correlated: if the correlations are not good, they are still
strong enough to be relevant to the study of behavior (/03).

Some limits and influences on the study of monoamine activity from peripheral sources
should also be recognized. In most cases changes in a peripheral catchment cannot not be
attributed to over-or underactivity in any particular part of the CNS.* Further, it should not
be overlooked that just as the processes of synthesis, release, and uptake of transmitters
change with age, so do the characteristics of the blood—brain barrier (/04). These are poorly

*Usually blood samples for plasma or platelet analyses are collected from the arm. However, a series of stud-
ies compared venoarterial gradients form the left/right jugular, hepatosplanchnic, forearm, and cardiac vessels
and showed that it is possible to separate the contributions from various somatic organs, as well as cortical vs sub-
cortical contributions (e.g., /101,107-109).
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documented. The integrity of the blood—brain membranes may receive insult from illness and
their properties may be influenced by drug treatment. For example, it has been suggested that
neuroleptic treatment can increase permeability (105).

An alternative approach is with the use of models that represent the specific feature of
interest rather than the whole system. Relevant choices here include selection of the platelet
fraction from blood to examine receptor function: thus, the binding characteristics of platelet
5-HT transporters model precisely those of the central transporter (106). A rather different
type of model involves study of a particular breed of animal whose CNS responsivity resem-
bles in certain ways that of children with ADHD.

8. ANIMAL MODELS
8.1. Rodent

Two widely cited models come to mind. One proposes to “model” hyperactivity with
chemical lesion of DA pathways with 6-hydroxydopamine (usually using desipramine to pro-
tect NE terminals). The other compares some symptom dimensions shown by spontaneous
hypertensive rats (SHR) in comparison to their genetic controls, the Wistar—Kyoto strain
(WKY). In this second example, although largely peripheral NE systems contribute to the
dominant feature of hypertension, the changes do not leave central NE systems unaffected.
Further, 5-HT systems are also partly involved in the control of blood pressure.*

The strength of the lesion model lies in the reliable stimulation of increased locomotion.
However there is an overriding weakness. Although the lesion renders the system hypofunc-
tional in one sense, DA receptors become supersensitive to DA stimulation to produce the activ-
ity. This form of DA hyperactivity is not the basis for motor hyperactivity in ADHD subjects
where there is much evidence for a (relatively) hypo-DA function. Nonetheless, as both psy-
chostimulants and agents acting on other monoaminergic systems can calm ADHD patients
(see Section 10), it is important that not only methylphenidate antagonizes hyperlocomotion in
lesioned rats, but antagonists of 5-HT and NETs also reduce the locomotion elicited from
lesioned rats (710). Indeed, the 5-HT modulation is not limited to the transporter and DA D2
mechanisms. 5-HT2 antagonists (e.g., ritanserin) also prevent D1 stimulation of hyperlocomo-
tion arising from a lesion-induced supersensitive neostriatum (///). Clearly this most dopamin-
ergic of symptoms, motor activity, can also be modulated by activity of the other monoamines,
one way in psychopathology and in another way perhaps with succesful treatment.

What features pertinent to ADHD does the SHR model, which may also be influenced by
NE and 5-HT? The SHR explores more (//2), though activity can be context-dependent
(113), reminiscent of situational rather than pervasive hyperkinetic children. SHRs may learn
Hebb-mazes, active-avoidance tasks, and multiple reversals faster than controls (/14,115), yet
this sometimes reflects poor WKY performance (/13). Sometimes the SHR has difficulty with
passive avoidance, water-maze extinctions, longer-term working memory, and delayed
response learning (e.g., temporarily withholding response for gratification; /16,117). To a
degree these difficulties, especially the last one, do mirror some of the features of ADHD.

Unfortunately neither quantitative relationships of NE and 5-HT activity to SHR behav-
ioral function nor their responses to pharmacological challenge have been much studied. A

“Regulation of blood pressure by the nucleus of the tractus solitarius is upregulated by increased 5-HT turnover
in SHR (118); hypertension may reflect an increase of sensitivity to stimulation of 5-HT2 receptors (179,120).
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few reports suggest that NE and 5-HT systems function differently, but even here the locus of
control is poorly understood. Basal release of NE in slices of prefrontal cortex does not differ
between SHR and WKY rats (/217). The vesicular stores are not depleted. But brainstem, cor-
tical (/122), and even CSF levels (/23) of NE are higher than normal. These levels are man-
aged better after treatment with o-2 agonists that specifically reduce NE release (/217; see
Subheading 9.1.). Thus, autoreceptor-mediated control of NE release seems to be poorly reg-
ulated in the prefrontal cortex of SHRs (/24) even though synaptosomal NE uptake is also
reported to be higher in SHRs vs WKY controls (/25).

What about the 5-HT system? An analysis of amines and metabolites in the prefrontal cortex
and parts of the brainstem containing the LC and raphe (/22) showed a significant decrease of
5-HT turnover in the brainstem (and a nonsignificantly lower turnover in the cortex). Although
this may simply reflect the bases for hypertension, one should recognize the influence this
could have on mesocortical NE and DA activity (see Section 4). Further, considering the diffi-
culty that SHRs (and ADHD children) have in witholding response on interval schedules, data
consistent with the SHR neurochemistry just described comes from a study of blockade of NE
and 5-HT uptake on differential responding at low rates of response (a 72-s schedule; 726).
This study reported that a range of NE uptake inhibitors enhanced, whereas a range of 5-HT
uptake inhibitors impaired, the efficiency of witholding responses appropriate to the delays of
the schedule. One may conclude that the rodent model provides evidence for the “potential” for
NE and 5-HT control of higher (dys)functions relevant to ADHD.

In looking to the future, it is appropriate to introduce a potentially useful model based on a
new genetic variant of mouse, the Coloboma strain. Hyperactivity in this animal appears to
result from a reduction of SNAP-25, a protein that regulates presynaptic exocytotic cate-
cholamine release (/27). Unexpectedly, whereas DA utilization is low, calcium-dependent
NE concentrations are high. Also unexpected is that use of a neurotoxin specific to NE termi-
nals (DSP-4) reduces not only NE but also hyperactivity. This suggests a link between NE
transmission and motor activity, and prompts the search for other potentially relevant mouse
models that are suitable to study with genetic knockout techniques. One concerns neurexin
proteins involved in exocytotic mechanisms and in the binding to postynaptic neuroligins
(128). This promotes the coupling of impulse-related transmitter release to efficient postsy-
naptic docking. Arguably this mechanism in its (in)efficiency could make an important con-
tribution to aspects of the ADHD condition.

Last, in the absence of an established model of developmental processes leading to ADHD, a
brief mention is made of the potential for further study of the role of perinatal anoxia/hypoxia.
The model involves placing rat pups in a nitrogen atmosphere for about 25 min. After 3-9 wk
DA and 5-HT metabolism is unusually high in the hippocampus and neostriatum (/29), a fea-
ture that leads animals to make many errors on tests of sustained attention (/30). The stages of
arat’s development are difficult to equate with those of a child, but considering that major (dif-
ferential) changes of 5-HT activity were noted during development (See Section 5), closer
study could prove valuable. Another effect of anoxia is to alter CNS and peripheral levels of
neuropeptide Y (NPY) (/317). NPY is commonly localized in NE neurons; raised NPY levels
have been reported in many ADHD children (/32), as would be expected from raised NE lev-
els. Work with the SHR shows increased NPY binding, that NPY enhances the effects of -2
receptor agonism (e.g., vasoconstriction) and that whereas NPY administration decreases motor
activity in normotensive animals, it increases it in the SHR (/33,134). Clearly there are several
leads in the developmental hypoxia model and the SHR that should be followed up.
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8.2. Primate

Recent reviews on the contribution of transmitter systems to ADHD give prominence
to NE alongside DA, to the neglect of 5-HT and other candidates (/35). These views are
predicated on the undisputed role of impaired frontal activity in ADHD performance
where delayed reinforcement (/36), response inhibition, and error- (/37) and change-detection
were studied (/38). But the weight of the argument lies on a series of studies demonstrating
that stimulation of NE activity in monkeys, when catecholamines are depleted, enhances
working memory (WM) task performance: too little transmitter impairs, facilitated by «-2
stimulation; too much transmitter impairs, reflecting o-1 stimulation (where the low affinity
of a-1 sites for NE means that they are active at high NE concentrations; 77,139). Yet the
evidence for WM dysfunction rather than impairments of other executive functions in
ADHD remains equivocal. A few studies have reported impairments of digit/arithmetic
(140,141) and visuospatial span (/42—144). But the impairments are often small (~1
standard deviation; /45), more of a problem for those with comorbid reading/learning
difficulties (/46) or are found only where the task loads on attentional capacity (/47).
Indeed, many of the differences disappear after covarying for 1Q (/48) and with
increasing age (/49—151). It is doubtful if impaired WM performance is a salient part of
the neuropsychological profile of ADHD (/52) or contributes significantly to other
executive functions, such as planning (153,154).

It is therefore important to define the role of NE in tasks pertinent to ADHD. NE activity
relates to vigilance, signal-detection abilities, and attention-related processes. NE activity
can alter (tune) the signal to noise ratio improving attention to relevant stimulation (For
review, see refs. 10,155). A series of studies has shown that fluctuations of neuronal dis-
charge in the LC of monkeys correlate with performance on a continuous performance test
(CPT) of sustained attention (/56). These authors have shown that while phasic LC firing is
associated with good performance, elevated tonic discharge rates are associated with errors
of commission, decreased sensitivity (d"), and increased criterion levels for stimulus identifi-
cation (B decreased). The latter situation was improved by clonidine. Although clonidine
does not seem to help ADHD children on the CPT (the sedative action seems to dominate),
guanfacine can improve performance (/57). Nonetheless, although the monkey model pro-
vides some insight as to what could be happening in ADHD, it is not surprising that this com-
plex relationship is not mirrored in a simple relationship between MHPG and CPT
performance. Neither urinary nor plasma nor CSF levels of MHPG were related to CPT
errors of omission or commission (/58-160). However, the latter study (/60) did mention a
trend for a negative relationship between the HVA/MHPG ratio with d". This suggests there is
a potentially important imbalance between the two main catecholamine actors in ADHD in
the determination of ‘“currently” relevant stimulation. The question remains open whether
action at the a-2 receptor is the best way to “tune” the NE role in tuning in ADHD cognition.

9. EVIDENCE FOR MONOAMINE CONTRIBUTIONS
TO ADHD—NE AND 5-HT ACTIVITY

9.1. Evidence From Group Comparisons

Does the metabolism of NE and 5-HT differ between children with ADHD and those without
a psychiatric or medical diagnosis? The question is based on the following assumptions:
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1. Pathological-developmental factors affecting transmitters in the body will affect peripheral and
central metabolism similarly.

2. Transmitter metabolism underlies the expression of the behavioral and cognitive measures typical
of ADHD.

To a degree both assumptions are equivocal. The main limit to interpretation of the answer
(apart from the caveat over the sample’s source) lies with the knowledge that there are many
other factors involved in the efficient coupling of nervous activity to the appropriate postsy-
naptic response that have not been studied, and may not necessarily influence the metabolic
parameters as currently measured.

Analyses of CSF, blood compartments, and urine (Table 1) indicate that in the ADHD condi-
tion MHPG levels (NE metabolite) are usually lower than normal; less clearly, NE levels may
be increased. Overall this suggests a decreased turnover. There is a hint that other catabolic
pathways may be differentially affected (NMN levels). The severity of the core symptoms do
not influence the results (161,162). But, over the 4-5 yr from pre- to post-puberty when a num-
ber of symptoms regress, MHPG levels have been noted to increase or normalize (/63). Fur-
ther, some studies that deliberately contrasted subgroups find that several comorbidities
(independent of their nature) appear to counteract the metabolic decrease: e.g., in those with a
reading disorder (/59), and in 15 subjects with high levels of anxiety (not in table; /03).

The results for the 5-HT system are more limited, reflecting in part the methodological
issues (see Section 7). However, if one brings the separate findings together, there is an indi-
cation of an increase of 5-HT turnover, largely reflecting decreases in 5-HT levels (Table 1).
Nonetheless, as with NE, it must be recognized that there will be subgroups, however
defined, for which the effects associated with the core symptoms will be masked by other
features. One such example is shown by the contrast between ADHD boys brought up in
families with or without alcoholic fathers (/64). Those with this experience showed a larger
cortisol response to a challenge dose of fenfluramine than those without an alcoholic father.
This was interpreted as reflecting increased 5-HT receptor sensitivity.

Another example of the influences of comorbidity on 5-HT activity concerns impulsiv-
ity. Impulsive aggression (oppositional behaviors; 30,165) has been associated with low
plasma and CSF 5-HIAA and synaptic availability of 5-HT. This contrasts with the gener-
alization noted in the preceding paragraph. Intriguingly, Oades et al. (36) compared the
binding characteristics of the platelet 5-HT T with clinical ratings (impulsivity/distractibil-
ity, externalizing/ aggression) and the (in)ability to withhold responses on the stop—signal
task (cognitive impulsivity). Decreased affinity correlated with poor response inhibition
(cognitive impulsiveness) but not clinical ratings, even though the cognitive and clinical
indices of impulsivity were related. In contrast, aggressive behavior related to increased 5-
HT T affinity (see Subheading 6.2.: genetic control of 5-HT availability by the transporter
[HTTLPR]).*

Cognitive impulsivity might be expected to reveal itself on the CPT test of sustained attention
in the form of an increased rate of false alarms. However, as yet, both high (blood; /66) and low
levels of 5-HT (tryptophan depletion; /67) have been related to more errors of commission. But
d reflecting target sensitivity, was reported to decrease as the excretion of the 5-HT metabolite
increased (/60), which supports interpretations of the aforementioned platelet study.

“Reductions of binding site affinity should normally be offset by increased receptor capacity. If this does not
occur then more 5-HT remains available in the synapse.
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Table 1

Oades

Comparisons of Components of NE and 5-HT Metabolism in Urine, Blood, and CSF
Samples From ADHD and Controls.

Source  Hyperactives Controls Metabolite Monoamine Change vs controls Reference
Urine 9 6 MHPG none 232
Urine 7 12 MHPG & decrease & 233
NMN increase
Urine 13 14 MHPG NE none & 234
increase
Urine 15 13 MHPG decrease 235
Urine 10 10 MHPG increase 236
Urine 9 9 MHPG decrease 237
Urine 73 51 MHPG decrease 238
Urine 28 23 MHPG decrease 239
Urine 20 22 MHPG NE none & none 103
(2h) NMN, all increase
MN, VMA,
NMN/NE
Urine 15 16 DOPEG NE decrease & none 240
(1h)
Urine 13 13 MHPG/NE, NE decrease 241
MHPG, none & none
HVA/MHPG trend increase
Urine 14 9 MHPG/NE, NE trend decrease 132
MHPG, none & increase
Urine 15(37) 21 MHPG none 180
Urine 31 26 MN, NMN & none 186
NMN/NE
Urine X (severe) y (mild) VMA NE none & none 162
Serum 35 19 NE none 242
Serum 49 11 NE none 243
Plasma 12 11 NE trend increase 244
Plasma 8 (+RD) 14 (RD) MHPG decrease (if 159
no RD)
Plasma 14 9 NE trend increase 132
Plasma 35 (many NE none 161
vs few
symptoms)
CSF 29 (vs 20 MHPG trend increase 158
conduct
disorder)
Urine 13 13 5-HIAA/5-HT, 5-HT none, 241
5-HIAA, increase, &
HVA/5-HIAA decrease
decrease
Urine 14 9 5-HIAA/5-HT, 5-HT trend increase, 132
5-HIAA, increase, &
decrease

(Continued)
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Table 1
(Continued)
Source Hyperactives Controls  Metabolite =~ Monoamine Change vs controls Reference
Urine 15(37) 21 5-HIAA none 180
Blood 25 VS norm 5-HT decrease 245
Blood 49 11 5-HT none 243
Blood 70 VS norm 5-HT decrease 246
Serum 11 11 5-HT decrease 246
Platelet 17 75 5-HIAA none 241
Platelet 55 38 5-HT none 247
Plasma 35 (many 5-HT decrease 161
vs few
symptoms)
CSF 24 6 5-HIAA none 248
CSF 6 16 5-HIAA none 249
CSF 29 (vs 20 5-HIAA none 158
conduct
disorder)

Finally, another indication that there may be 2 ADHD subgroups differing in the sensitiv-
ity of the 5-HT system comes from neurophysiological study of the augmenting-reducing
response using event-related potentials. The N1/P2 component may increase (augment) or
decrease (reduce) in response to increases of salience (loudness of sounds). An augmenting
response is a feature of sensation-seeking (/68), and ADHD subjects who respond to
amphetamine (/69). Increasing stimulus intensity-dependence relates to decreasing 5-HT
activity (and vice versa; cf. effects of alcohol and lithium; /70). Among ADHD subjects who
do not respond to amphetamine, a reducing response to auditory stimuli is typical (/69). It
remains unclear how closely coupled 5-HT activity is with the augmenting-reducing phe-
nomenon. But, it would be worthwhile combining biochemical measures in ADHD subjects
with/without the conduct problems that are influenced by 5-HT activity with this paradigm.

9.2. Evidence From Pharmacological Treatments

The question addressed here is whether there is evidence that treatments that exert a
good effect on the ADHD condition also exert a minor or major effect by way of the NE
or 5-HT systems. “As noted 20 yr ago, the large number of efficacious drugs do not sup-
port any single neurotransmitter defect hypothesis” (/71). Here, we ask if there is con-
vincing evidence that NE and 5-HT should be ruled in, rather than out of any potentially
explanatory model for ADHD. Let us first consider the agents that have proved most effi-
cacious in the treatment of ADHD, the psychostimulants methylphenidate and
amphetamine (and pemoline; Fig. 5). Below, evidence from other agents with significant
effects on the NE and 5-HT systems that result in more modest but significant clinical
effects in patients with ADHD are considered.

The dominant effect of methylphenidate is to block reuptake of impulse-released DA at
the DA transporter, resulting in increased extracellular availability of DA (the oral dose to
block 50% of sites is about 0.25 mg/kg: /72). But it also binds to the NE transporter
strongly and the 5-HT T very weakly. Amphetamine binds with each monoamine trans-
porter and can raise extracellular levels by stimulating the release of extravesicular newly
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Fig. 5. The biochemical structure of five agents with therapeutic effects on attention deficit hyper-
activity disorder. Amphetamine, methylphenidate, and pemoline are psychostimulants that block the
presynaptic reuptake of monoamines, clonidine is an 0.-2 agonist at norepinephrine (NE) binding sites
(including somatic autoreceptors), atomoxetine relatively specifically blocks NE reuptake.

synthesized transmitter and blocking reuptake. The former mechanism is usually empha-
sized, as treatments that block catecholamine synthesis inhibit the effects of amphetamine
more than methylphenidate. (Caveat: the mechanism of stimulating the transporter to
release transmitter or block the reuptake varies with dose, and specific data vary with
measures made in vitro or in vivo; /73.) A modest degree of MAO inhibition has also
been reported. Pemoline (caveat: liver toxicity) will not be further discussed; its effects
are specific to the release and uptake of DA (174).

In preclinical studies in rodents, methylphenidate (0.75-3.0 mg/kg, intravenous) does
not increase motor activity or mesolimbic levels of DA, but it does increase extracellular
levels of NE (e.g., in the limbic system; /75). Similar doses of amphetamine (subcuta-
neous) increase limbic and frontal levels of NE to a greater extent (and release DA; 173).
Although higher doses (e.g., 20 mg/kg) of methylphenidate still release NE they do not
increase levels of 5-HT. Nonetheless, such pharmacological doses have been reported to
enhance 5-HT metabolite levels in frontostriatal regions (/76). In contrast, 2.5-3.0 mg/kg
amphetamine can raise 5-HT levels threefold and increase its metabolism (e.g., neostria-
tum; /77). Subchronic amphetamine treatment has been reported to sensitize brainstem
5-HT1a, but not 5-HT?2a sites (178).

Do the biochemical responses to the psychostimulants reflect expectations from the pre-
clinical results? First, care must be taken with the interpretation of results as the variability
between reports, whether from different or the same authors, can be marked for measures
taken from the CSF, plasma, or urine. Second, HVA levels, as noted above, can reflect
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peripheral NE metabolism,* and also tend to decrease/normalize after methylphenidate treat-
ment, whether or not the patients responded clinically (urine, /80; CSF, 30). Both studies
noted that although 5-HT metabolism was not necessarily high, levels tended to decrease
with treatment following corrections of high levels of DA metabolism and symptom
improvement.

The only clear result for NE, 5-HT, and their metabolites is that urinary MHPG levels
decrease after amphetamine (seven of seven studies) but not after methylphenidate treat-
ment (three of three studies; Table 14.1 in /87). VMA levels were also reduced after
amphetamine in three of three studies. For other metabolites, increases and decreases have
been reported and no clear pattern emerges. It is surprising that unequivocal changes of NE
levels are not usually recorded after methylphenidate treatment. At first sight it is enig-
matic that the frequently reported low turnover for NE in ADHD patients should be further
lowered in those who respond to psychostimulant treatment (/82). A possible explanation
derives from electrophysiological recordings in primates (/83). A parallel is drawn
between an overly tonic firing mode for the LC during poor CPT performance and the sus-
tained attention problems in ADHD. Low activity facilitates interactions with many stimuli
rather than focused attention. Stimulants decrease the tonic activity and facilitate a transi-
tion to a phasic firing mode. This counteracts the ‘hypoarousal’ in the system. The cou-
pling of information transfer is improved, even though the overall NE turnover rate
decreases further.

Raising the issue of arousal encourages mention of the biochemical support for the
concept of hypoarousal in ADHD from measures of adrenaline and phenylethylamine
(PEA). Adrenaline levels tend to be low in urine samples from ADHD children and the
adrenergic (and cortisol) response to stress is reduced (184—186).7 Adrenaline levels rise
with methylphenidate or amphetamine treatment (/87-189). This is consistent with the
simple concept of low levels of arousal becoming partially normalized by stimulant treat-
ment. PEA is a naturally occurring amphetamine-like derivative that results from decar-
boxlation of phenylalanine, a precursor to normal catecholamine synthesis (Fig. 1).
Levels are frequently found to be raised in a range of psychiatric, excited conditions (e.g.,
acute schizophrenia, bipolar disorder, some obsessive-compulsive and psychopathic con-
ditions) but reduced in depression (/90-193). They are lower in ADHD, even if PEA lev-
els are not significantly correlated with symptom severity itself (/80,194).
Psychostimulant treatments raise PEA levels (/95,196). PEA levels may reflect endogenous
homeostatic mechanisms for promoting catecholamine activity (e.g., like amphetamine,
PEA increases CSF levels of NE and DA in nonhuman primates [/97]). In summary,
although both psychostimulants lead to an increase of extracellular catecholamines, they
differ in the following:

1. On the mechanism at the transporter.

2. On its relation to impulse flow.

3. At clinically relevant doses, only amphetamine significantly influences 5-HT activity; yet it is
clear that specific effects of methylphenidate (and atomoxetine) at the NE T can bring about
significant changes in the activity of both catecholamines, especially in mesocortical regions.

“Peripheral NA metabolites were reported to be high in the ADHD urinary samples (179).

THowever, in highly anxious children, usually with internalizing problems, urinary adrenalin levels can indeed be
high with respect to patients without prominent anxiety (/80). Slightly higher levels of plasma adrenaline reported in
ADHD children (132) may likewise have reflected the cognitive testing that occurred around the same time.
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The relatively recent introduction of atomoxetine, a selective NE T inhibitor, as an efficacious
form of ADHD treatment merits attention; however, independent studies of the nature of the
improvement and biochemical effects remain sparse. In rodents it raises mesocortical NE and
DA levels threefold. Like methylphenidate it is without influence on the 5-HT system, but in
contrast it is without effect on nigrostriatal or mesolimbic catecholamines (/98). (Note that
methylphenidate also raises mesocortical NE and DA levels to a similar degree.) The focus of
attention on the mechanisms underlying its efficacy return to the role of cortical NE transporters
on the availability of both catecholamines (see Subheading 4.3.). Atomoxetine improves each of
the diagnostically important symptom clusters (inattention, impulsivity, and activity; /99), but
results of more specific tests of attentional abilities or of cognitive impulsivity remain unclear.

A range of well-known antidepressants can also positively influence ADHD symptoms
(e.g., MAO inhibitors, desipramine; for review, see ref. 200). In seven trials desipramine
(DMI), known for its blockade of NE uptake, is reported to modestly improve hyperactivity,
impulsivity, distractibility, and some limited aspects of learning (paired associates) and recall
(match to familiar figures; 201,202). Yet it has no apparent effect on the CPT measure of sus-
tained attention (202,203). Cardiac side effects discourage the use of DMI, but, as with other
“helpful” treatments, DMI can decrease NE excretion, along with its central and peripheral
metabolites (204). DMI may not so much alter basal levels of NE but increase those arising
from stimulus-coupled release of NE, a parallel to methylphenidate’s action (/0). Unfortu-
nately there is little information on dose-dependent biochemical effects or correlations with
the reported behavioral improvements.

Less well-documented are effects of DMI on the 5-HT system. This is surprising, as tertiary
antidepressants like imipramine, with an effect on the 5-HT transporter, exert modest
improvements like the secondary antidepressants (e.g., DMI; 205). Recently Overtoom and
colleagues (206) reported on a left-right discrimination test in ADHD children treated with
either DMI, methylphenidate, levo-3,4,-dihydroxy-phenylalanine (L-DOPA), or placebo. The
discrimination became a stop-signal test with a no-go tone rapidly following some of the dis-
criminanda. Methylphenidate treatment speeded reaction times and decreased omissions and
discrimination errors. That L-DOPA (promoting postsynaptic DA levels) had no effect does
not show that DA had no effect, as the synaptic mechanisms differ from the other agents
investigated. But it promotes speculation that methylphenidate was at least in part influencing
the NE system. More intriguing still is that inhibition on the stop-task improved only after
DMI treatment. Fortunately the authors recorded prolactin responses to treatment. These
decreased as expected after the two “DA” treatments, but increased after DMI. The supposition
that this was a 5-HT effect was confirmed by their finding that serum 5-HIAA levels decreased.
This seems to confirm the proposition (see Subheading 9.1.) that changes in the 5-HT system
may relate to cognitive impulsivity, whereas other attentional effects may reflect NE/cate-
cholaminergic activity.

Clonidine is not a treatment of first choice. This reflects its side effects (high blood pres-
sure, sedation, dizziness) and that its efficacy is largely restricted to oppositional problems
(e.g., aggression,* frustration tolerance, cooperation; 207). However, some improvements in
hyperactivity and impulsivity have been reported (meta-analysis, 208), especially when
coadministered with methylphenidate (209,210). Further, performance on some specific tests

*Relevant to the study of NE’s role in comorbid aspects of ADHD is that B-NE blockers also yield positive results
in treating problems related to aggression, despite potential cardiac problems with this form of treatment (275).
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of frontal executive functions can be enhanced (271), and response speed and errors on tests
of sustained attention improved with clonidine treatment (2/2). Two reports (213,214) con-
firmed the inhibitory effects of clonidine expected from preclinical studies by showing that
MHPG levels decreased in ADHD children and young adults. (The literature on hypertension
also shows falling NE concentrations.) It is therefore of interest to look at clonidine’s agonist
activity at o-2 NE receptors.

A direct action at o sites was assumed to underlie the enhanced growth hormone response
to a pharmacological challenge with clonidine (2/4). Although an increased receptor sensi-
tivity may be consistent with simple interpretations of clonidine’s inhibitory influence, and
perhaps that of guanfacine, the implication from platelet a-2 receptor binding is different
(216). This group used the platelet model of binding to predict stimulant response. They
found a generally low level of binding: ADHD children with relatively normal binding
responded to treatment, and those with low levels were nonresponders. However, other inter-
pretations of clonidine’s action are possible, and some expectations can be generated from
animal studies. Using systemic doses in the range of 0.1-1 mg/kg (and local treatments),
clonidine not only reduces NE release (in the brainstem and cortices) but reduces brainstem
and cortical 5-HT release (21,217). These studies show that -1 and o-2 sites exert opposite
facilitatory and inhibitory influences on 5-HT release. Further, of interest for the interpreta-
tion of the roles of mesocortical DA and NE (see Subheading 4.3.), the stimulation of
increases of cortical DA and NE (e.g., by clozapine treatment) can be prevented by quite
moderate doses of clonidine (0.015 mg/kg; 218).

In summary, clinical and preclinical work with clonidine show the following:

1. Limited but significant improvements in some areas of function relevant to ADHD.

2. Reduced 5-HT release could underlie the modulation by clonidine of aggressive and impulsive
behavior (15).

3. A mechanism for reduced NE release incurs reduced DA release, which could have both helpful
effects (e.g., on hyperactivity) and less helpful ones (e.g., on the appreciation of reinforcement).

In a similar vein, lowering NE release may enhance sustained attention performance
(212), and it may raise the degree to which o.-2 rather than o-1 receptors (with a lower NE
affinity) might assist cortical function (e.g., working memory and related executive func-
tions; 2/9). Nonetheless, hard evidence for binding differences in ADHD children is lacking,
and treatments aimed at the -2 receptor could be counter productive in the appropriate con-
trol of responses to stress.

Two of three open trials of guanfacine, an agonist at o-2 NE sites, found a modest
improvement of ratings of attention and impulsivity, with one demonstrating fewer errors on
the CPT (157,220,221). Controlled trials (vs amphetamine) in adult ADHD patients showed
comparable reductions of symptoms and even an improvement of the Stroop color-word
naming, so often impaired in childhood ADHD (222). In children with ADHD and comor-
bid tics teacher ratings improved in half the patients, who also performed a CPT more accu-
rately (223). Thus, a modest degree of success for Arnsten’s -2 NE hypothesis (/39)
appears to be realized, although with a certain risk of lethargy, bradycardia, and hypotension
the agent should perhaps be held in reserve for psychostimulant nonresponders.

Despite indications that some treatments may achieve therapeutic effects (e.g., impulsiv-
ity) by an action on 5-HT systems, direct attempts using agents with unequivocal effects on
5-HT metabolism have been largely without success (e.g., the precursor amino acid trypto-
phan [224], fenfluramine that facilitates 5-HT release [/87]; an agonist at 5-HT1a sites,
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buspirone [review: ref. 225]). It is sobering and important to note that although a particular
agent may reduce symptoms and alter monoaminergic metabolism, it is not known that the
metabolic changes are related to the psychopathological changes. The report of Donnelly and
colleagues (1/87) is salutary. Fenfluramine treatment (0.6-2 mg/d) had no significant thera-
peutic effect on ADHD boys aged 6-12 yr. However, urinary NE, MHPG, VMA, and
epinephrine all decreased significantly, as did plasma MHPG and platelet 5-HT levels. Yet
for those with impulsive aggression and delinquency there is a clear relationship with low
5-HT activity, be it expressed as reduced platelet binding of imipramine (e.g., 226), plasma
5-HIAA (165), or prolactin response to fenfluramine challenge (227).

10. GENERAL ISSUES

Early proposals that NE could have a causal role in ADHD, and hyperkinetic behavior in
particular (228), were based on the effect of amphetamine to reduce NE activity during
arousal. Now there is a widespread belief that children with ADHD are under- rather than
overaroused, yet there is an increasing consensus that NE function has something to do with
the symptoms (205). Evidence in this chapter shows that NE activity undoubtedly modu-
lates attentional mechanisms both directly (tuning signal-to-noise ratios) and indirectly (via
the control of mesocorticolimbic DA release). NE may influence other relevant behaviors
depending on their dependence on cognitive mechanisms (e.g., environmental stimulation
facilitating hyperkinesis) and the nature of the mechanisms underlying comorbid condi-
tions. Crucial mechanisms include the control of catecholamine availability in the cortex
(via the transporter) and phasic firing modes in the LC. Both of these should be targets for
treatment.

Common to a consideration of the relative role of NE and 5-HT in ADHD is the increasing
appreciation of a crucial role for the transporter in determining the availability of
monoamines. Thus, cortical NE Ts can release DA (55), the DA transporter is regulated by a
variety of substrates including 5-HT (229) and the NE T (compare knockout mice) modulates
the perception of reinforcement (230). This latter finding has implications for understanding
the aversion to accepting delays between response and reward, and the reinforcement gradi-
ents associated with the SHR and with ADHD subjects (231).

5-HT mechanisms are also relevant to the expression of features of ADHD by direct
(transporter-mediated reuptake mechanisms) and indirect mechanisms (modulation of DA
activity, especially in the initiation of behavioral responses). These have been underre-
searched in view of more clearly established relations of 5-HT activity to the expression of
externalizing responses more frequent in comorbid conditions. Now it is appreciated that 5-HT
activity has a role in information processing (modulating gain) and cognitive impulsivity.
The appreciation of these roles and the interactions of the three monoamines should make it
easier to tailor treatment to the particular individual (im)balance of the pattern of cognitive,
motivational, and motor bases to be found in a given patient.
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Intermittent Hypoxia During Sleep as a Model
of Environmental (Nongenetic) Contributions
to Attention Deficit Hyperactivity Disorder

Barry W. Row and David Gozal

1. INTRODUCTION

Attention deficit hyperactivity disorder (ADHD) is a clinically heterogenous neuropsychiatric
syndrome of persistent and developmentally inappropriate levels of hyperactivity, inattention,
and impulsivity, typically of juvenile onset. Research on this disease has been complicated by
the fact that the specific features and presentations of ADHD show substantial variability
between individuals, and that no single pathophysiological profile of ADHD has been identified
(1,2). Although the exact cause of ADHD is still unknown, both genetic and environmental
factors are now recognized to play a role in the development of the disease (3—5). Children who
suffer from sleep-disordered breathing (SDB) have been reported to experience learning dis-
abilities, hyperactivity, and impaired attention in much the same manner as children with
ADHD, suggesting that SDB and some forms of ADHD may share common pathophysiological
mechanisms (see Chapter 19). These findings in clinical populations with sleep disorders have
led to the hypothesis that exposure to intermittent hypoxia, such as that encountered in SDB,
during critical developmental periods is an important environmental contributor to the devel-
opment of ADHD-like behavioral problems, and may be particularly important in individuals
with a genetic predisposition to develop ADHD. In support of this hypothesis, data from
animal experiments has shown that exposure to intermittent hypoxia, the primary hallmark of
SDB, replicates many of the behavioral features of ADHD and may provide insight into the
neurobiological mechanisms underlying some nongenetic forms of ADHD-like pathology.

2. PATHOPHYSIOLOGY OF ADHD

The most generally accepted hypothesis of ADHD is that the behavioral manifestations of
the disease represent a dysfunction of frontosubcortical systems involved in attention and
motor behavior, particularly the dorsal prefrontal cortex (7,6,7). Evidence supporting a role
of the prefrontal cortex in ADHD has originated from findings indicating that ADHD patients
have similar behavioral symptoms as those with injuries or diseases of the prefrontal cortex
(PFC) (1,8-10). Additionally, animal studies have shown that lesions of the PFC lead to
ADHD-like hyperactivity and cognitive deficits (//,/2). However, because of the complexity
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of the frontal cortical circuitry, it is unclear whether ADHD represents dysfunction at the
level of the frontal cortex or in brain areas with frontal cortical projections. Functional and
structural neuroimaging studies have revealed abnormalities in both the frontal cortex and
striatum of ADHD patients, although there is some disagreement between studies on the spe-
cific locus of the abnormalities, presumably because no one region will be abnormal in all
patients (/3). Prefrontal cortical influences on planning, motivation, and cognition are largely
dependent on dopaminergic projections arising from the ventral tegmental area (VTA),
although noradrenergic systems arising from the locus ceruleus (LC) also play a role (/4-17).
The dopaminergic neurons arising from the VTA are organized into two major systems, the
mesolimbic and mesocortical systems. The cells of the mesolimbic system project primarily
to the ventral striatum (nucleus accumbens [NA] and olfactory tubercule), the nuclei of the
stria terminalis, the amygdala, the hippocampus, the lateral septal nuclei, and the frontal,
anterior cingulate, and entorhinal cortices. The projections from the NA to the PFC are
thought to be particularly important in ADHD, as this nucleus receives convergent input from
the amygdala, hippocampus, entorhinal area, anterior cingulate, and parts of the temporal
lobe and is thought to act as a gating mechanism for information from these regions (18,19).
Dopaminergic neurons in the mesocortical system originate in the VTA and project to the
neocortex, with the densest projection to the PFC (20,21).

Given the clinical complexity of ADHD, it is unlikely that a single mechanism underlies
ADHD in all patients, especially given that reviews of the neurobiology of ADHD have con-
cluded that no single pathophysiological profile exists (/,4). The majority of drugs that pro-
vide effective medication of ADHD, such as psychostimulants, tricyclic antidepressants, o2
adrenoceptor agonists, and dopamine transporter (DAT) blockers, act on catecholaminergic
systems (/). However, as many as 30% of children with ADHD do not respond favorably to
psychostimulant medications, raising the possibility that multiple biological factors underlie
ADHD (22). Although there is generalized agreement that ADHD is associated with dysfunc-
tion of frontosubcortical pathways controlling attention and motor behavior, a number of dif-
ferent hypotheses of ADHD, such as dysregulation of subcortical dopaminergic and
noradrenergic systems, disruption of the neuronal circuitry underlying executive functions,
behavioral inhibition, and/or reward processes, as well as generalized dysfunction of the pre-
frontal cortex and/or regions sending afferent projections to the PFC, such as the hippocampus
and NA, have all been proposed (2,6,23-27). None of the existing neurobiological hypotheses of
ADHD should be considered mutually exclusive, as the existence of direct connections
between the PFC, NA, and the hippocampus, as well as the existence of reciprocal connec-
tions involving the nucleus accumbens and the PFC, suggest that these structures operate as
an integrated unit (28). Evidence from human studies and animal models indicates that func-
tional disruption of the components of this circuitry elicits ADHD-like symptoms, and may
underlie the clinical heterogeneity of the disease. Therefore, a unitary causal model of
ADHD may be insufficient to account for the clinical complexity of the disease, and both
genetic and nongenetic factors may underlie different subtypes of this disorder.

3. ANIMAL MODELS OF ADHD

Animal models have been widely used to investigate the pathophysiology of ADHD,
primarily because of the fact that they allow experimental control of factors that may be
involved in/contribute to this condition. In addition, animal models permit avoidance of the
effects of existing comorbidities, previous drug exposure, family interactions, and other
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social and environmental factors encountered in human ADHD patients (29). Animal models
have typically attempted to replicate the primary behavioral symptoms of ADHD, such as
hyperactivity, learning deficits, and attentional disorders/impulsivity, although no single animal
model has been able to reliably replicate all aspects of the disease (29). The discrepancies
between the animal model and the human condition likely reflect the heterogeneity of the latter,
and therefore data from animal models should be interpreted with caution and used primarily
to investigate specific components of the disease.

The majority of animal models of ADHD have focused on naturally occurring or artificially
engineered genetic mutations that lead to abnormalities in catecholaminergic transmission
and/or regulation. Examples of such animal models include the spontaneously hypertensive
rat (SHR), the Naples High-Excitability rat (NHE), the dopamine transporter knockout
mouse (DAT-KO), and the coloboma mutant mouse, and have been the subject of extensive
reviews (29,30). Although these models have clearly implicated catecholaminergic systems in
ADHD, the central questions of exactly how these systems are dysregulated still remains
unresolved. Locomotor hyperactivity has been associated with hypodopaminergic and
hyperdopaminergic animal models, indicating that imbalances in dopamine (DA) systems
rather than the actual level of DA can produce behavioral and cognitive dysregulation
(31-35). The complex regulation of DA release may account for at least some of the obser-
vations of both increased and decreased DA activity in models of ADHD. DA release in
striatal regions occurs via two different mechanisms: a phasic DA release dependent on
excitation of DA cell firing, and a basal tonic DA release regulated by glutaminergic inputs
to this region (36). Grace (36) has proposed a model whereby the glutamatergic projections
of the PFC and the hippocampus affect the activity of subcortical DA systems. Decreased
glutaminergic input to the NA, because of either prefrontal or hippocampal disturbances,
may eventually result in reduced tonic DA release and decreased activation of DA autore-
ceptors that regulate the phasic release of DA. This results in decreased basal extracellular
DA, and ultimately a lower level of inhibition of DA release by presynaptic autoreceptors.
The absence of these local autoregulatory suppressive mechanisms will result in increased
phasic release of DA when bursts of action potentials reach the DA terminals. Thus, a
reduced tonic DA activity may coexist with an increased spike-dependent DA release
(37,38). Alternatively, increased tonic extrasynaptic dopamine is also required to regulate
dopamine release by activating D4 heteroreceptors that inhibit glutamate release from cor-
tical afferents in the striatum (30,39). Additionally, it should also be noted that the influ-
ences of other neurotransmitters on ADHD need to be considered, as both epinephrine and
norepinehrine are potent agonists of the D4 receptor (40,41), and that serotoninergic influ-
ences have been also been implicated (29). Taken together, the findings illustrate that the
behavioral symptoms of ADHD likely are owing to disruption of multiple neurotransmitter
systems.

Damage to the neuroanatomical systems involved in locomotor activity, learning, and
attention produce replicates many of the behavioral symptoms of ADHD. For example,
selective removal of forebrain DA projections in the neonatal rat, neonatal anoxia, hip-
pocampal X-irradiation, as well as exposure to environmental toxins have all been shown
to induce ADHD-like enhancement of locomotor activity coupled with learning impair-
ments and/or deficits in attention (reviewed in ref. 29). These findings clearly indicate
that exposure to environmental factors that disrupt the neuroanatomical circuity of brain
regions implicated in ADHD, such as the PFC and NA, as well as brain regions that exert
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modulatory effects on these structures, such as the hippocampus, may underlie some forms
of ADHD-like behavioral pathology, especially if these exposures occur during critical
developmental periods.

4. INTERMITTENT HYPOXIA AS A MODEL OF ADHD

The repeated episodes of upper airway obstruction during sleep and the resultant episodic
or intermittent hypoxia (IH) associated with forms of SDB, such as obstructive sleep apnea
(OSA), are thought to contribute to the cognitive deficits seen in these patients (see Chapter
19). Children who suffer from SDB and children with ADHD present similar behavioral pro-
files, suggesting that disruption of similar neuronal networks may underlie the functional
sequelae in both groups, at least in some cases. Hypoxia is a major pathological factor induc-
ing neuronal cell injury, neurodegeneration, and cell death that is frequent encountered in
neonatal and pediatric pathology (42). The brain is particularly vulnerable to hypoxia during
periods of maturation and development. Hypoxic episodes occurring during these critical peri-
ods have a serious impact on brain maturation with anatomical consequences ranging from
cell death to hampered differentiation of dendrites and axons, and to compromised outgrowth
and synapse formation (42—44). These anatomical abnormalities may underlie the behavioral
and psychological dysfunctions commonly observed after hypoxia. Although severe perinatal
and postnatal forms of hypoxia hypoxia/ischemia or prolonged anoxia are associated with cog-
nitive and motor impairments and, in some cases, death (45-47), epidemiological studies indi-
cate that milder forms of perinatal and postnatal hypoxias are associated with increased risk for
disorders, such as ADHD (48-50).

Disruption of the neuroanatomical integrity is a possible consequence of SDB. Neu-
roimaging studies have reported that adult patients who suffer form OSA, the most common
form of SDB, display gray-matter loss and alterations in markers of neuronal integrity
(51-53). The effects of IH on neural function can not be assessed in humans for obvious ethical
reasons. However, we have recently developed a rodent model of SDB that mimics the oscil-
lations in oxygenation during the sleep cycle usually seen in SDB patients. In this model,
adult male rats undergo exposure to an intermittent hypoxia profile consisting of alternating
90-s epochs of hypoxia (10% O,) and room air for 14 d during habitual sleep times. Such
exposure is associated with increased apoptosis and cytoarchitectural disorganization in the
hippocampal CA1 region and the frontoparietal cortex, which peak after 1 and 2 d of IH,
and decrease thereafter (54). Moreover, although apoptosis was extensively present in the
CA1 region, the CA3 region and dorsocaudal brainstem were virtually unaffected. Behav-
iorally, adult male rats exposed to IH display cognitive deficits consistent with impaired
functioning of the hippocampus and/or PFC (54-58). These findings were not unexpected
considering the effects of episodic/sustained hypoxia on brain function. For example, exper-
imental rats were exposed for 8 h daily to varying fractional concentrations of inspired oxy-
gen (FiO,) and carbon dioxide (FiCO,) for 35 d. These exposures consisted of brief (3-6 s)
episodic (twice every min), eucapnic (3.5% FiO, and 10% FiCO,, n = 6), or hypocapnic
(3.5% FiO, and 0% FiCO,, n = 14) challenges with hypoxia or room air (21% FiO, and
0.03% FiCO,, n = 15). Norepinephrine, DA, serotonin, and their metabolites in the hypotha-
lamus, hippocampus, and adrenal glands were measured by high-performance liquid chromatog-
raphy (HPLC). Spontaneous behavioral activity was assessed for 30 min by automated activity
monitors. Episodic hypocapnic hypoxia produced a decrease in DA turnover and eucapnic
hypoxia increased norepinephrine levels in the hypothalamus. Animals exposed to hypocapnic
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hypoxia also exhibited a consistent increase in horizontal (walking) and vertical (rearing) activ-
ity, as well as in total activity time. From these results, it would seem that episodic eucapnic and
hypocapnic hypoxia may affect metabolism of different neurotransmitters in the CNS (59).

There also appears to be a unique developmental window of neuronal vulnerability to IH
in the rat. Rat pups exposed to IH at 10-25 d of postnatal age display marked increases in
hippocampal and cortical apoptosis in comparison to both neonatal and adult rats (60). This
is consistent with previous findings that the juvenile rat is more susceptible to the effects of
hypoxia—ischemia (67,62). Exposure to IH during this unique period of susceptibility is also
associated with learning impairments and a gender-dependent behavioral hyperactivity in
male, but not in female, rats, displaying increased locomotor activity in the open field when
tested at 30 d of age (56). Locomotor hyperactivity was also observed in rat pups exposed to
intermittent hypoxia at 7-11 d of postnatal age and tested at 35 d of age, although no effect of
gender was observed in this study (58,63). The discrepancies in locomotor activity between
these two studies likely reflect differences in the degree and duration of the intermittent
hypoxia used in each study, as well as the age at which the animals were tested. The
enhanced locomotor activity observed in juvenile rats is in marked contrast to the absence of
altered locomotor activity the adult rat under similar exposures (Row and Gozal 2003,
unpublished observations).

Exposure to IH has long-term consequences as well. Adult males exposed to IH show
only partial recovery of learning after 2 wk of recovery (54). Juvenile rats exposed to IH
from postnatal day 7-11 display working memory impairments when tested at 65 d of age
as well as enhanced expression of vesicular monamone transporter (VMAT) and D1 DA
receptors in the striatum at 80 d of age (58). Although these findings clearly indicate that
IH has long-term consequences in the rat, it is unclear whether these changes are directly
owing to the IH, or represent compensatory changes brought about by damage to other
neural sites (64).

The selective disruption of hippocampal and cortical neurons observed after exposure to
IH, particularly in the developing animal, has important implications for the development
of ADHD-like pathology. Because of their anatomical relationships and their established
role during working memory tasks, the PFC and hippocampal formation are functionally
associated (28). The PFC is involved in higher order functions, such as working memory,
attentional and executive processes, and the organization and planning of responses
(31,65). The hippocampus plays a role in some forms of selective attention, learning and
memory, and locomotor activity, and is also thought to play a major role in neurodevelop-
mental disorders involving dysregulation of dopaminergic systems, such as schizophrenia
(66—71). Both the PFC and the hippocampus innervate the NA, which plays an essential
role in integrating information from the limbic and cortical regions into goal-directed
behavior (28). The PFC, the hippocampus, and the NA all receive dopaminergic afferents
from the ventral mesencephalon (the VTA and the substantia nigra pars compacta [SNC]),
which plays a crucial role in the function of these structures (3/). In turn, these structures
all send direct or indirect projections back to the VTA and SNC, where the dopaminergic
cell bodies are located.

The ventral and dorsal parts of the vertebrate hippocampus are connected with different
sets of extrahippocampal structures. The ventral hippocampus primarily projects to the
amygdala, NA (predominately the shell), and the PFC, whereas the dorsal hippocampus pro-
jects primarily to the core of the NA (72). This suggests that the functions of the ventral and



136 Row and Gozal

dorsal hippocampus, as well as the effects of ventral and dorsal hippocampal manipulations,
may differ, although the difference in projections may be partially offset because of strong
intrahippocampal projections. Hippocampal-dependent learning has been shown to be more
vulnerable to dorsal hippocampal lesions, although the anatomical data suggest that locomotor
activity may depend more on the ventral than on the dorsal hippocampus (68,73—77). How-
ever, consistent differences between the effects of ventral and dorsal hippocampal lesions
have not been demonstrated. Complete or partial hippocampal lesions produce hyperactivity
in rats (68,78-81), as well as rendering them more susceptible to the locomotor-stimulating
effects of dopamine agonists. Pharmacological manipulation of both the dorsal and ventral
hippocampus have been shown to modulate locomotor activity in the rat; however, the effects
are more pronounced in the ventral hippocampus (82). Ventral hippocampal activity appears
to be linearly related to locomotor activity, primarily resulting from the effects of the sub-
stantial projection of the ventral hippocampus to the VTA (68). In contrast, both pharmaco-
logical deactivation and stimulation of the dorsal hippocampus have been found to increase
locomotor activity. The hyperactivity following ventral and dorsal hippocampal lesions illus-
trate that hippocampal activity is important to inhibiting locomotor activity, and that both the
ventral and dorsal hippocampus are involved. However, studies suggest that locomotion is
primarily driven by ventral hippocampal activity, and that the dorsal hippocampus plays a
modulatory role (reviewed in ref. 68).

Regulation of DA in the NA by the direct hippocampal-NA projections has been pro-
posed as one of the mechanisms by which the hippocampus modulates locomotor activity in
the rat (83,84), although the hippocampal projections to the PFC and the VTA are also
involved (28,72,85,86). Traditionally, the ventral hippocampus has been presumed to have a
greater influence on midbrain dopaminergic neurons; however, the strong dorsal and ventral
intrahippocampal connections make this distinction gradual rather than absolute. Nevertheless,
the strong projections of the dorsal hippocampus to the core of the NA indicate that behav-
iors mediated by this structure, such as delay aversion, may be especially sensitive to dorsal
hippocampal disruption (32). Hippocampal lesions remove the prominent hippocampal
projections to the NA (83,84). Hippocampal lesions reduce dopaminergic innervation of
forebrain sites, including the NA (87). These alterations in locomotor activity observed after
hippocampal damage are consistent with the idea that the hippocampus in involved in
inhibitory control of physiological and behavioral processes, such as the dopaminergic
tonus of the NA (79).

One of the potential mechanisms of neuronal damage in IH involves the neurotransmitter
glutamate. During transient ischemia or hypoxia, increased glutamate release occurs in the
synaptic cleft and can lead to overstimulation of glutamate receptors. These receptors, and
more specifically N-methyl-D-aspartate (NMDA) receptors, have been extensively impli-
cated in neuronal excitotoxicity (88,89). Rats exposed to chemical hypoxia with carbon
monoxide displayed an immediate and significant increase in glutamate release, followed
days later by neuronal damage in the frontal cortex (90). Additionally, significant reduc-
tions in NMDA receptor immunoreactivity are observed within the cortex and CA1 region
following IH (54). This is consistent with the hypothesis that a chronic, slowly evolving
glutamate excitotoxicity is one of the factors that underlie the structural and behavioral
consequences of intermittent hypoxia. Glutamate excitotoxicity has been implicated in
hypoxia/ischemia-induced neuronal damage, as both hypoxia and ischemia will induce
increased release of excitatory amino acids, such as glutamate, that can potentially lead to



IH and ADHD 137

excessive activation of ionotropic NMDA receptors, eventually resulting in programmed
cell death (97-96). Coupled with previous findings that alterations in NMDA NR2 receptor
subunit expression, as well as reductions in NMDA glutamate receptor binding sites, were
observed in the hippocampus following hypobaric hypoxia and that NMDA receptor
antagonists exert a neuroprotective effect in hypoxia/ischemia-induced neuronal damage
and oxidant tissue injury (97—-100), it is suggested that NMDA glutamate receptor express-
ing cells within the hippocampus appear to be especially vulnerable to IH. The structural
and neurobehavioral consequences of IH exposure in the adult rat involve a number of
interrelated pathways, namely glutamate excitoxicity, oxidative stress, mitochondrial dys-
function, upregulation of proinflammatory mediators, and altered regulation of pro- and
antiapoptotic gene cascades (54,55,57,101-104).

The increased release of glutamate during hypoxic conditions and the parallel increases
in oxidative stress may have important implications for cell survival. For example, the lipid
peroxidation product 4-hydroxy-2,3,-nonenal (4HN) has been shown to directly modulate
NMDA channel activity, causing increases in NMDA-induced intracellular Ca’* levels, as
well as being associated with increased phosphorylation of the NR1 receptor subunit, sug-
gesting that such compounds may play a role in the pathological responses of neurons to
oxidative stress by directly acting on glutamate receptors (/05). This is consistent with the
hypothesis of a vicious cycle in which NMDA receptor activation by glutamate leads to
generation of reactive oxygen species, which, in turn, will enhance the release of glutamate,
as well as inhibit its reuptake and inactivation, ultimately leading to cellular death
(106—-108). Murata and colleagues (109) have recently demonstrated that administration of
the NMDA receptor antagonist MK-801 in conjunction with a free-radical scavenger attenu-
ated the neurotoxicity associated with hypoxia/reoxygenation even when treatment was
administered during reoxygenation, suggesting that the combination of increased glutamate
release and free-radical production that occurs with reoxygenation may be responsible for
the observed neuronal damage. This is consistent with observations that even when the
magnitude of the hypoxic exposure is insufficient to induce marked increases in neuronal
apoptosis when administered as a sustained paradigm, substantial increases in programmed
cell death and gliosis develop when the hypoxic exposure is administered in a cyclical fash-
ion (54). Thus, it seems that the intermittent nature of the hypoxic stimulus, rather than the
level of hypoxia per se, may trigger a differential array of tissue responses that underlie the
observed cellular damage and subsequent behavioral impairments. The cellular damage that
occurs in response to IH likely involves a number of interrelated pathways that include
mitochondrial dysfunction, excitoxicity, oxidative stress, and altered regulation of pro- and
antiapoptotic gene cascades. The repeated reoxygenations that occur in IH may serve to
deplete or compromise the innate defense mechanisms of the cell although failing to appro-
priately recruit inducible defense processes, ultimately resulting in increased vulnerability
and apoptosis within sensitive brain regions. This may be especially important in the juve-
nile animal, as age-dependent changes in the balance of between proapoptotic and antiapop-
totic members of the Bcl and caspase 2 gene families, as well as increased expression of
NMDA receptors during development have been observed (88,110).

In conclusion, our working hypothesis suggests that exposure to IH is detrimental to the func-
tioning of hippocampus, PFC, and related subcortical structures. Additionally, the existence of a
unique period of susceptibility in the developing animal indicates that exposure to intermittent
hypoxia insults may have important consequences in the development of ADHD-like pathology,
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and that IH paradigms may be useful in the elucidation of specific mechanisms underlying
particular aspects of ADHD-associated manifestations.
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The Psychological Evaluation of Attention Deficit
Hyperactivity Disorder in School-Aged Children

A Clinical Approach Based on Recent Practice Guidelines

Dean W. Beebe

1. INTRODUCTION

Through the early 1990s, the evaluation and treatment of attention deficit hyperactivity
disorder (ADHD) was often directed by the theoretical orientation and professional experience
of each clinician. Though important empirically driven clinical guides were published (e.g.,
ref. [), their impact was diluted by the sheer volume of clinical approaches that largely
ignored the growing research literature. Thankfully, recent years have witnessed the develop-
ment and dissemination of well-articulated practice parameters that are guided by research
and the consensus of recognized experts. These include guidelines for the assessment of indi-
viduals with ADHD published by the American Academy of Child and Adolescent Psychiatry
in 1997(2), the National Institutes of Health in 1998 (3), the American Academy of Pediatrics
(AAP) in 2000 (4), and the Institute for Clinical Systems Improvement in 2003 (35).

The goal of this chapter is to translate these practice parameters into a practical approach
for the everyday clinical work of psychologists, psychiatrists, social workers, and other mental
health professionals who work with school-age children. To allow for a focused discussion of
issues related to ADHD, the chapter assumes that the reader has a reasonable foundation in
child clinical assessment. Readers who are interested in broad discussions of child clinical
assessment are referred to excellent texts by Sattler (6) and Merrell (7). Although data-
driven, this chapter will not represent a comprehensive review of the research literature; for
this, the reader is referred to the wealth of information found in the balance of this volume, as
well as other comprehensive texts (e.g., 8). The reader is also directed to other chapters in this
volume for research on treatment approaches; this chapter will focus on assessment. Finally,
for brevity purposes, emphasis will be placed on work with school-age children, who repre-
sent the largest group seen for ADHD assessment (§). Readers who are interested in adult
ADHD are referred to recent books by Resnick (9) and Goldstein and Ellison (/0). Those who
work extensively with preschool children are referred to work by Connor (/17), Shepard et al.
(12), and McGoey et al. (13).

This chapter follows a proposed sequence of assessment steps, summarized in Fig. 1 and
illustrated further in tables and brief case vignettes throughout the chapter. The assessment
steps are presented for heuristic value and, though following a logical progression, should

From: Attention Deficit Hyperactivity Disorder: From Genes to Patients
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Intake
* crisis management, triage

\ 4

Generate Problem List
« prioritized list of major family concerns

Assess for Core Features of ADHD
« interview with parents/caregivers
* “narrow-band” questionnaires

h 4

Assess for Comorbid Conditions
« interview with parents/caregivers
* “broad-band” questionnaires
« assess for commonly associated features

\ 4

Gather Historical, Contextual Information
» medical history and status
 developmental history and status
« immediate environment and social history
« history of the problem
« family psychiatric history

Assess for Differential Diagnoses
« presence of psychotic disorder or PDD?
» symptoms better explained by another condition?

\ 4

Child Interview
* behavioral observations
« interview and questionnaires, if appropriate

Collateral Contacts and Observations
« contact with teachers, other caregivers
« direct classroom observation

h 4

Decide on the Need for Further Evaluation
» medical follow-up
« psychological follow-up

Case Conceptualization, Recommendations
» diagnosis
« analysis of functional impairment
« treatment planning and recommendations

Fig. 1. Overview of a procedural heuristic for the assessment of suspected ADHD.

not be viewed as immutable. Clinicians are welcomed to change the order of the steps as they
adapt the recommendations presented here to their own practices.

2. STEP 1: INTAKE

An often overlooked step in the assessment process occurs at the time of initial telephone
contact with the family. This step is sometimes undertaken by the assessing clinician, but
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central intake workers often fill this role in larger group- and clinic-based practices. Key deci-
sions made at this step include the appropriateness of the referral, the “fit” with services and tal-
ents available within the practice, and the procedural route the referral will follow. Presenting
concerns of parents” of children with ADHD include not only inattention, impulsivity, or
hyperactivity, but also anger management difficulties, disrespect, aggression, poor conduct, dis-
organization, oppositionality, “laziness,” “immaturity,” poor school performance (often in con-
trast to what is perceived to be a bright child), and frequent teacher complaints. As with any
mental health referral, an important consideration is whether the child or family is in acute crisis,
as in cases of potential imminent harm to the child or another person, or in the immediate threat
of life-altering events (e.g., school expulsion, legal action). In these cases, the “routine” han-
dling of the chronic disorder, such as ADHD, must be set aside in favor of immediate crisis
intervention (5).

3. STEP 2: GENERATE THE PROBLEM LIST

Although surprises abound in mental health assessment, in cases where ADHD is present,
a solid intake process will have raised relevant concerns prior to the first clinic visit. Even in
these cases, however, it is prudent to ask for a broad overview of the presenting concerns,
often in list form. Overlooking this step places the clinician at risk for missing areas of concern
that are important for diagnosis and treatment, prematurely biases the clinician toward a
diagnosis that may be inappropriate or insufficient, makes the erroneous assumption that the
clinician knows more about the situation than does the family, and misses a valuable
opportunity to develop rapport early in the process. Asking the family to rank or prioritize
their concerns can further provide structure and direction for the subsequent clinical inter-
view in a way that resonates with the family’s perspective.

Case I: Johnny, age 7, has such significant impulsivity and other behavior problems
that his mother fears that even if he does not hurt himself (he has impulsively run
through glass panes and fallen off of a high deck), she may resort to abuse in an effort
to gain control of the home. The intake worker sets up an “emergency appointment”
with a clinician, and provides guidance on acute support services, including a 24-h hot-
line and emergency admission procedures. Thorough assessment of Johnny’s possible
ADHD can wait until the crisis is managed.

Case 2: In reviewing the intake materials for a new client, a young clinician notes that the
parent has expressed concerns about a child’s ability to pay attention. Fresh out of a sem-
inar on diagnosing ADHD, he begins the clinical interview with direct questions about
ADHD. The family, a bit taken aback but eager to obtain help, goes along. It is not until
the last 5 min of the session that the clinician learns that the family is actually more con-
cerned about the possibility of a learning disability, and that the child’s behavior problems
seem to be most evident during arithmetic lessons and homework. Valuable time and
opportunities have been squandered by an errant, if well-intentioned, clinical approach.

* 1t is acknowledged that family structures differ tremendously. The general term “parent” is used here for
ease of presentation, but refers more broadly to primary caregivers and guardians.
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4. STEP 3: ASSESS FOR CORE FEATURES OF ADHD

For the purpose of this chapter, it is assumed that concerns about attention, impulse
control, or activity level figure prominently in the problem list. In this case, the clinician
should inquire further regarding these core features of ADHD, avoiding a simple recitation of
Diagnostic and Statistical Manual for Mental Disorders (DSM-1V) criteria at first to obtain a
more complete picture of the nature, frequency, severity, pervasiveness, and duration of
symptoms. The prevailing diagnostic criteria according to the DSM-IV (/4) are reviewed
elsewhere in this volume. In short, DSM-IV requires the ‘“childhood onset of adaptive
impairment due to significant inattention, impulsivity, or hyperactivity that persists at least
six months. These symptoms must be present across multiple situations and must not be bet-
ter accounted for by another mental disorder.”

Table 1 provides broad questions that can be stated in a conversational tone to elicit
information relevant to DSM-IV criteria. Following these are more specific questions that
can be used to further “flesh out” a diagnosis, especially when the clinician is having difficulty
eliciting useful information with broad questions. Although a conversational tone is impor-
tant to build and maintain rapport, in the end it is important to ask enough specific questions
to be able to address the diagnostic criteria (8). Sattler (6) recommends a progression from
open-ended questions to close-ended questions over the course of the interview; the more
open-ended questions allow the parents the most freedom to express their concerns and
perspective, whereas close-ended questions may be necessary to understand whether specific
diagnostic criteria have been met. Readers who prefer a more structured interview format,
as well as students who are just learning how to interview with DSM-IV in mind, are
directed to Rogers’ extensive review of empirically established structured child clinical
interviews (15).

Several parent- and teacher-report questionnaires have been developed that directly
inquire about the key features of ADHD. “Narrow-band” ADHD forms that focus primar-
ily on ADHD symptoms are more effective in assisting diagnostic decisions than are
“broad-band” indexes that cover a wide array of symptoms (4). Comprehensive reviews
of narrow-band questionnaires are presented elsewhere (8,/6—18), but the most common
will be listed here. Several authors have provided simple translations of ADHD items into
questionnaire formats, such as Barkley’s Disruptive Behavior Disorders Rating Scale (16)
and DuPaul and colleagues’ ADHD Rating Scale (/9). Others have developed more com-
prehensive behavior questionnaires, from which relevant narrow-band subscale scores
can be derived. These include the attention and hyperactivity subscales from the Behavior
Assessment System for Children (20), the attention subscale from Achenbach’s Child
Behavior Checklist and Teacher Report Form (27), and the ADHD Index and Hyperactivity
subscale from the Conners Parent Rating Scales and Teacher Rating Scales (22). Each of
these questionnaires has strong psychometric qualities and offers both parent and teacher
report forms.

Standardized narrow-band questionnaires and questionnaire subscales have several selling
points. In contrast to clinician-constructed questionnaires or nonstandardized interviews,
standardized questionnaires have established psychometric properties. Well-characterized
normative data can help address exactly how unusual a child’s behaviors are for his or her
age (or gender). This is especially important in differentiating the extreme and impairing
behaviors that characterize ADHD from more common developmental variations, such as
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Table 1
Sample Questions for Core Features of ADHD

Broad, conversational questions
*  You mentioned that he/she has problems with [inattention/being overactive/acting without
thinking...]. Can you tell me more about what you see?
e Can you provide examples?
e Has this gotten him/her into trouble? In what situations?
e What happens because he/she (fill in behavior)? What is the impact?
e Are there times when this isn’t a problem? Tell me more about those times.
e How long has this been a problem? When did you first notice it?
*  What do members of your family (his/her teacher, etc.) think about this behavior?

Follow-up/specific questions
* Does he/she have problems paying attention to certain things? What things?
e Is he/she easily distracted?
¢ Does he/she make careless mistakes at school, at home, or in other situations?
e Isit hard for him/her to remember what you or his/her teachers say?
e Does it seem like he/she does not listen to you or his teachers? When does he/she listen?
e Does he/she have problems following instructions?
e Does he/she have problems following through on things?
* How organized is he/she? Is his/her locker, desk, bookbag, bedroom, or playroom a mess?
* Does he/she avoid tasks that require him/her to pay close attention?
e Does he/she lose things a lot? Are worksheets, assignments, books, or coats unintentionally
left behind?
* Does he/she get into trouble for fidgeting, squirming, or having problems sitting still?
* Does he/she get into trouble for running around or climbing on things when he/she shouldn’t?
e Is he/she able to stay in his/her seat at school, home, restaurants, church, or other places?
* Does it seem like he/she just can’t slow down or stay in one place?
e Can he/she play quietly? Doing what?
e Can he/she stick with an activity without switching quickly? Which activities seem to be hard
to stick with?
* Does he/she interrupt, talk out of turn, or blurt out answers at school?
e Does it seem like he/she never stops talking?
*  How does he/she do with waiting his/her turn in games or lines?
* Does he/she butt into games or conversations?
* Does he/she usually think before acting, or act before thinking?
e Does he/she end up doing dangerous things without thinking, like jumping from heights or running
into the street without looking? Is he/she thrill-seeking or just not thinking?

the high activity level and short attention span that occurs in very young children (see also
ref. 4). Such questionnaires are also readily understood by a wide variety of parents and
teachers. Finally, they can be completed outside the testing office, and are especially useful
for obtaining the perspectives of caregivers and teachers whom the clinician may not other-
wise contact.

Nevertheless, diagnostic decisions cannot be made based on questionnaires alone (5).
Questionnaires, no matter how well-developed, are prone to rater/observer biases, idiosyn-
cratic item interpretation, rater-specific tolerance levels for certain behaviors, and the degree
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to which the rater actually knows the child. Like all clinical assessments, the diagnostic eval-
uation of a child with suspected ADHD involves integrating information from multiple
sources, assessing the reliability and validity of these sources, and drawing conclusions
based on the weight of the evidence.

One key limitation of the behavioral questionnaires is that they rarely address the
environmental contingencies that surround problem behaviors. Using the ABC (antecedents-
behaviors-consequences) model of describing environmental contingencies, the clinician
should conduct an analysis of the circumstances and consequences surrounding problem
behaviors. A related limitation of band-questionnaires is that, by design, most focus
on symptoms of ADHD, not the functional impairment caused by these symptoms. Signs of
impairment, not symptoms, are the primary cause of most referrals and mediate the long-
term adverse effects of ADHD (23). As such, while inquiring about the specific symptoms of
ADHD, it is equally, if not more, important to determine the environmental contingencies
and functional impact of these symptoms.

It can be informative to ask about the situations in which the child does not seem
impaired. This reframing of the ABC model may provide insight into potential environmental
interventions, or alternative hypotheses for the meaning of problem behaviors (e.g., impul-
sivity that is present only in anxiety-provoking or highly stimulating situations). In other
cases, it can initiate an educational process for the parents. Some parents assume, for exam-
ple, that a child who can watch television or play video games for hours cannot have ADHD.
In fact, the attention span required for such activities is often quite brief, and the reinforce-
ment the child experiences while doing so is immediate and powerful (4). Television and
video game programmers earn their living by maintaining people’s attention; in some ways,
they may be better at behavior modification than many psychologists!

It is important to inquire about the child’s behaviors across multiple contexts (2). Not only
is this required to make a formal diagnosis, but it can provide additional insight into the envi-
ronmental contingencies that prompt, perpetuate, or suppress problem behaviors. The diag-
nosis of ADHD does not require impairment across all situations—in fact, the degree and
nature of impairment often vary across settings—but impairment must be present in multiple
settings. Typically, but not always, the greatest impairment arises in situations that place high
expectations on the child to regulate his or her attention and behavior, but which are charac-
terized by a low degree of external structure and support in doing so. Because of this, it is
especially important to ask about behaviors and performance at school, where the greatest
concerns are often seen.

Case 3: The parents of Mark, age 8, come to the office at odds. His mother is frustrated
with frequent teacher complaints of off-task behaviors, as well as her own experience
of his grabbing at objects while shopping and his apparent inability to complete home-
work at an age-appropriate level. However, when she forces him to sit with her and go
through each homework item one by one, he learns well. Mark’s father, who works sec-
ond shift and sees him mostly during the weekend, observes that he has boundless
energy, but that this doesn’t get him into trouble around the house. He questions the
motives and competence of the teacher and has difficulty supporting his wife when he
has not seen the same problems.
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The clinician is cautioned to take into consideration ethnic and cultural issues at this and
other steps in the assessment process. ADHD assessment is not unique in this respect, and the
reader is referred to Suzuki et al. (24), Sattler (6), and Merrell (7) for guidelines for culturally
sensitive assessment. Reid (25) has provided one of the few comprehensive reviews of the
use of ADHD behavior rating scales across cultural groups. Although the data have been
“weak and inconsistent” on whether the disruptive behavior disorders, including ADHD,
vary in true prevalence across racial or ethnic lines within the United States (26), certain sub-
populations do tend to score higher on ADHD questionnaires than others (79,25,27,28). Also,
it is clear that, across countries, the apparent prevalence of ADHD varies dramatically (29).
One key concern with all disruptive behavior disorders is the degree to which a behavior is
socially accepted. Barkley (/6) recommends that if a parent from a minority group endorses a
specific symptom, the clinician should follow up with: “Do you consider this to be a problem
for your child compared to other children of the same ethnic or minority group?” Although
helpful, such add-on questions do not fully address the issue of cross-cultural awareness.
When working with families who differ from the dominant European-American culture (on
which both DSM-IV and most standardized questionnaires and interviews were based), the
clinician is cautioned that the language used to describe behaviors, and the significance and
meaning attributed to a given behavior, are at least partially culturally determined (25).

5. STEP 4: ASSESS FOR COMORBID CONDITIONS

It is estimated that as many as 70% of children with ADHD may also be diagnosed with
one or more comorbid psychiatric conditions (2,30). As summarized in Table 2, children with
ADHD show much higher rates of a variety of other conditions than is present in the general
pediatric population.

The problem list generated above provides a good launching point for inquiring about
comorbid conditions. Each problem on the list should be explored, with an eye toward means
by which core features of ADHD might influence the presence or manifestation of the other
reported problems (and the converse situation). Thorough discussion of the assessment of
each potential comorbid condition extends beyond the bounds of this chapter. For initial
guidance, however, Table 2 provides sample screening questions to be used when the clini-
cian suspects the presence of several of the more common comorbid conditions. Obviously,
the clinician is not limited to these questions, and should consider the full range of poten-
tially comorbid disorders when reviewing the presenting problem list.

Broad-band questionnaires can be an important adjunct to interviews in assessing for the
presence, nature, and severity of comorbid pathology, and have been endorsed for such use in
multiple practice parameters (2-5). Commonly used broad-band questionnaires, such as the
Child Behavior Checklist/Teacher Report Form, Conners Parent and Teacher Rating Scales,
and Behavior Assessment System for Children can alert the clinician to areas outside the core
symptoms to focus on further. As with their narrow-band counterparts, their strengths include
strong psychometric support and convenience, but they also share the potential biases inher-
ent in any questionnaires.

In clinical practice, when the question of ADHD arises, I typically request that at least one
parent and at least one teacher who know the child well complete both a broad band question-
naire and narrow-band ADHD instrument. When possible, forms are mailed out and received
prior to the first interview. The combined information can provide a powerful launching point
for dialogue, even during the initial session, and can prompt discussion of areas that might
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Table 2
Population and Comorbidity Rates for Common Comorbid Conditions
and Sample Screening Questions

Pop. Rate in
Condition rate ADHD Sample screening questions

Oppositional- 2-16% 35-50% * Does he/she openly defy you or a teacher, actually saying
defiant “no” or ignoring you?
disorder * Does he/she seem annoyed easily? What sorts of things
bother him/her?
* Does he/she seem to annoy other people on purpose?
Who? Where?
e Does he/she seem angry, “hot-tempered,” resentful, or full
of spite?

Conduct 2-3% 14-50% * Does he/she lie a lot? About what?
disorder * Does he/she get into physical fights? Has he/she used
a weapon?
e Has he/she hurt or tried to intimidate people or animals?
e Has he/she ever stolen or damaged other people’s things?
Tell me more about what happened.

Anxiety 9% 20-34% + Does he/she seem nervous or anxious? How can you tell?
disorders e Are there times when he/she seems panic-stricken or
“frozen” by anxiety?
* Are there certain things or situations that he/she is very
afraid or nervous around, or tries to avoid?
 Is he/she very shy, more than other children the same age?
* Does he/she repeat certain actions over and over, like

a ritual?
Depression/ 2-8% 15-20% * Does he/she seem to feel sad, blue, or down? How can
dysthymia you tell?

 Is he/she irritable, cranky, or moody?
e What does he/she do for fun?

Are there things he/she used to enjoy but doesn’t anymore?
e Does he/she talk about hurting him/herself?

Has he/she actually tried to do so?

Bipolar 1% Unclear e« Are there times when he/she seems to think he/she can
disorder do anything or be anything?

e Are there times when he/she is unusually energetic,
almost “high,” but without drugs?

e Are there times when he/she hardly sleeps but seems not
to be affected by it the next day?

* Does he/she seem to have thoughts that come so fast he
or she could not keep up with them?

Learning 2-10% 10-25% + Even when he/she is paying attention, is it hard for
disability, him/her to learn?
cognitive e Are there certain subjects that he/she just doesn’t seem
delay to get?

(Continued)
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Table 2
(Continued)
Pop. Rate in
Condition rate ADHD Sample screening questions
e How does he/she do with (reading/writing/arithmetic)?
How about (fill in another academic subject)?
e Has he/she ever been classified as having a learning
disability or educational handicap? Tell me more.
Tourette’s/ <1% 11% * Does he/she have certain movements that happen often
tic disorder but are not intentional? For example, blinking, making
an odd face, shrugging, or moving an arm the same
way a lot?
* Does he/she make noises without meaning to, like
grunting, sniffing, or saying certain words?
Substance Varies Varies * Do you suspect that he/she smokes, uses drugs,
abuse by age by age or drinks alcohol? What makes you suspect this? How

much do you think he/she does this?

From refs. 2,14,30,44,52-55.

have been overlooked in the initial problem list. They can also form the foundation for discus-
sion of concerns raised by one party (e.g., a parent) but not another (e.g., a teacher).

Although not in themselves diagnostic, associated features of ADHD should also be
assessed. These include poor social skills, motor coordination problems, low sense of self-
esteem or self-efficacy (particularly around schoolwork), and poor “executive functioning”
(e.g., difficulty dealing with changes in routine, poor emotion regulation, poor planning, disor-
ganization, poor self-monitoring) (§). To supplement the clinical interview, the Behavior Rating
Inventory of Executive Functioning (BRIEF) (3/) has parent and teacher-report questionnaire
forms that provide information on multiple aspects of executive functioning in daily life, and
can be a useful complement to narrow-band ADHD scales and broad-band psychopathology
screeners. Similarly, Barkley (/,8,16) has advocated the use of questionnaire screeners for
social skills deficits (e.g., the Social Skills Rating System /32]) and the pervasiveness of behav-
ior problems (Home and School Situation Questionnaires //,8,16]). Although beyond the scope
of this review, even more comprehensive questionnaire batteries can be constructed, if needed,
to examine issues of parental psychological functioning, marital adjustment, p