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Abstract

Against a background of (a) increased drinking behavior in children with attention-deficit hyperactivity disorder
(ADHD); (b) the parallel between some behaviors associated with ADHD and hypertension; (c) the use of the
spontaneously hypertensive rat as a model for ADHD; and (d) similarities in the changes of neuropeptide Y (NPY)
and catecholamine in studies of hypertension and drinking, NPY, catecholamines and electrolyte balance were
compared in the plasma and urine of healthy children and those with ADHD. Drinking was monitored during 3 h of
neuropsychological tests over 2 days in 14 ADHD and nine healthy children. Patients drank four times as much water
and showed twice the levels of NPY found in controls. In controls there were positive and in patients there were
negative relationships for NPY with drinking and restless behavior. Patients’ plasma levels of norepinephrine (NE)
and epinephrine were slightly elevated, but urinary levels of NE and the serotonin metabolite were markedly
increased. Urinary excretion rates for sodium (not potassium), phosphate and especially calcium were decreased in
patients even after covarying for less urine production in the ADHD group. NPY levels were inversely related to
calcium excretion and drinking was inversely related to circulating sodium. Increases of drinking and circulating NPY
in ADHD children and decreased electrolyte excretion may reflect a common disturbance in metabolic homeostasis.
© 1998 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

In 1987, in the context of a workshop on atten-
tion-deficit disorder in children (Sagvolden and
Archer, 1989), RDO was asked about the basis of
the widely remarked but scarcely documented
increased drinking behavior of this group of chil-
dren (I. Colquhoun, personal communication).
The lack of study of this phenomenon is one
reason why we decided to monitor the thirst of a
group of children with attention-deficit hyperac-
tivity disorder (ADHD) during a neuropsychologi-
cal study and explore some potential physiological
correlates.

With regard to the potential biological con-
comitants of this behavior, it had already been
suggested (Oades, 1987) that there may be as-
pects of the interactions between angiotensin II
(AID) and norepinephrine (NE) that are relevant
to ADHD symptoms. Animal studies have shown
that mutual interactions between All and NE are
integral to the control of thirst, drinking and
cardiovascular regulation (Fontes et al., 1994; Xu
and Herbert, 1994; Fregly and Rowland, 1995).
AIl and neuropeptide Y (NPY) interact in
medullary nuclei including the noradrenergic Nu-
cleus Tractus Solitarius (Aguirre et al., 1992).
NPY activity has also been implicated in cardio-
vascular regulation, the increase of drinking and
enhanced sodium excretion (Dumont et al., 1992).
As it would be difficult to record meaningful
indices of central AII activity from peripheral
measures, but NPY, which is frequently colocated
with NE in noradrenergic neurons (Dumont et
al., 1992), can be assayed as a marker for neuro-
blastoma (Rascher et al., 1993), we decided to
look at indices of NPY and catecholamine activity
in the drinking behavior of ADHD and healthy
children.

Two aspects of the function /dysfunction of NE
and NPY add to the interest in their measure-
ment in ADHD children. First, abnormal activity
of NE and NPY contributes to the characteristics
of the spontaneously hypertensive rat (Sato et al.,
1995) that itself is studied as a putative animal
model for ADHD (Oades, 1989; Sagvolden et al.,
1993). Children with hypertension may show 50%
increases of NPY, and children of parents with

essential hypertension can show changed platelet
alpha-2 binding and increased sodium retention
even with normal blood pressure (Lettgren et al.,
1992). Second, hypertensive adult humans, where
increased NPY may mark increased sympathetic
nervous activity (Erlinge et al., 1992), show some
behavioral features that are reminiscent of the
ADHD syndrome [e.g. increased restlessness when
medication is withheld (Rascher, personal com-
munication)]; furthermore, increased locomotor
activity in hypertensive adults is associated with
increases of NPY production (Pruszczyk and
Chlebus, 1995) and these subjects may also be
slightly impaired on verbal learning and memory
(Schmidt et al., 1991).

Finally, we decided to monitor electrolyte ex-
cretion that can reflect mechanisms operating in
the control of thirst and blood pressure. [In ex-
treme cases, urinary measures of electrolytes and
creatinine reflect changes associated with blood
pressure regulation (Guyton et al., 1981).] These
were compared with clinically routine measures
taken from blood samples from the patients.

2. Methods
2.1. Subjects and procedure

From the original sample of 16 children with a
primary diagnosis of ADHD (DSM-III-R and
ICD-9) and 16 age-matched healthy controls,
there were 14 patients who were given the revised
ICD-10 diagnosis F90.x (AD) and nine healthy
control subjects (CN) that also provided blood
and urine samples for analysis. The AD group
were all inpatients and naive to medication. Sub-
ject characteristics and problem ratings on the
Conners short parent—teacher scale (CPTQ, here
rated by parent and nurse) are shown in Table 1.
Mean Tanner ratings of secondary sexual devel-
opment for all subjects was 2.0 or less. Cases with
secondary diagnoses that were comorbid with the
primary diagnosis of ADHD included conduct
disorder (F91.x, n = 4), social and emotional dis-
turbance (F92.x, n = 4), enuresis—encopresis
(F98.x, n=1), speech (F80.x, n=1) or motor
developmental disorder (F82.x, n = 2).
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Table 1
Subject characteristics (mean and S.D.)

Group n Gender Age Weight  Education  SPM CPTQ Items/ Restless®  GFT®
(% male)  (years) (kg (years) 1Q* (mean) 10
CN 9 56 10.6 40 114 0.67 7.2 29.1 43.1
Range, 8.9-12.1  +6 +1.0 +10.7  +0.28 +1.9 +16.4 +5.2
AD 14 93 9.8 37 96™* 1.83* 9.4* 53.2% 56.8*
Range, 6.5-14.3  +11 +24 +152  +0.76 +1.0 +13.7 +13.1

Note. There are no significant differences for gender, age, weight and education.
*Raven’s Standard Progressive Matrices performance (non-verbal 1Q).
®Percent movement-contaminated trials removed as artifact in event-related potential records.

“Gottinger complex figure-copying task.
*0.008 > P > 0.001 (two-tailed t-test).

This report considers group differences and
correlations first for plasma measures and
drinking, second for urinary electrolytes, third for
urinary monoamines and lastly considers the dif-
ferences recorded in a small group of five patients
given low doses of psychostimulant medication
for 2-8 weeks (10-30 mg/day methylphenidate,
median 20 mg/day).

2.2. Procedure

A battery of neuropsychological tests were pre-
sented on two separate days with a 24-h urine
sample collected on the day between tests (e.g.
Oades et al., 1996a,b; Oades and Miiller, 1997);
this battery usually included the measurement of
event-related potentials where the presence of
movement artifact (> 65 wV) was taken as an
additional measure of restlessness [Table 1; Oades
et al., 1996b; n =32 ten-year-old children (nor-
mal, Tourette and AD subjects), mean artifacts
45 + 19, Conners 1.5+ 0.7, r = 0.5, P =0.01].

There was a pause after each test when it was
suggested that the subject could turn away from
the computer to rest the eyes and have a drink of
water while the experimenter prepared the next
test. Test sessions together lasted on average for
3 h (182.5 +83.8 min; range, 45-343 min). A
previously measured volume of water was pre-
sented in a normal drinking glass and the volume
controlled at the end of the session. Fluid intake
was not controlled in the period immediately prior

to the test but on questioning was found to have
consisted usually of approx. 200 ml of liquid taken
with breakfast over 1 h before. The duration of
the test session was recorded to the nearest
minute. Testing followed the approval of the pro-
tocol by the clinic management, the agreement of
the clinic staff in each individual case and the
cooperation, understanding and consent of the
child and legally responsible adult.

2.3. Biochemical measures

Blood samples, obtained between 08.00 h and
09.00 h in the morning in 10-ml EDTA-prepared
monovettes, were taken on ice to the laboratory
for preparation and analysis [details in Rascher et
al. (1993)]. Briefly, the sample was diluted with
1% trifluoroacetate solution and extracted with
pre-washed octadecasilicyl cartridges using a
methanol-tricthylamine buffer at pH 4 (Sep-Pak,
Millipore). The eluate was dried in a vacuum
centrifuge and redissolved in phosphate buffer for
assay. Synthetic porcine NPY (Bachem
Biochemica) coupled to bovine thyroglobulin was
used for immunization. (Complete cross-reactivity
with human NPY has been established.) The anti-
serum was incubated for 48 h prior to a further 48
h with ’I-NPY (Amersham). Antibody-bound
and free labelled NPY were separated after
adding albumin over dextran coated charcoal. The
sensitivity was 3 fmol /tube (< 1.4 fmol /ml), the
intra-assay coefficient of variance was < 7%, and
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the coefficient of variance between assays was
approx. 15%. Based on 35 young adults and chil-
dren aged down to 0.1 years, normal mean levels
of NPY varied from 1.8-2.4 fmol /ml. Abnormal
levels of NPY were reported with these methods
in children with neuroblastoma [median 15.2
pmol /1 (Rascher et al., 1993)] and in children and
adults with chronic renal failure [5.3-5.9 pmol /1
(Bald et al., 1997)].

The urine sample collection has been described
elsewhere (Oades et al., 1994, 1996a). Briefly,
dopamine (DA), norepinephrine (NE), serotonin
(5-HT) and their metabolites (homovanillic acid,
HVA; 3-methoxy-4-hydroxyphenylglycol, MHPG;
and 5-hydroxyindoleacetic acid, 5-HIAA) were
measured in 24-h urine collections (low
monoamine diet) on the day between the first and
second neuropsychological tests. Acidified sam-
ples were frozen until analysis with ion exchange
liquid chromatography and fluorescence detec-
tion. Volume-adjusted measures were expressed
as ng/g creatinine per m? body area to correct
for general somatic metabolic rates and large
variations of body size.

Sodium and potassium in urine were analysed
by flame emission spectroscopy with a lithium
reference and calcium with atomic absorption
spectrophotometry [Beckman, Fullerton, CA
(Trudeau and Freier, 1967)]. Using a Hitachi 704
automatic analyzer, inorganic phosphate was de-
termined by ultraviolet detection using the molyb-
date reaction, and creatinine was measured with
the picric acid reaction using modified fixed-time

Table 2

kinetics. The variability between samples ranged
as follows: sodium, 3-10%; potassium, 0-13%,
calcium, 1-15%; phosphate, 3—-17%; and creati-
nine, 2-13%. In the patient group, routine blood
samples were also analysed for sodium, potas-
sium, calcium and chloride.

2.4. Data treatment

Group comparisons of simple measures (e.g.
body weight, creatinine) were made with #-tests,
but multiple comparisons (e.g. behavior,
monoamines, electrolytes) were made with sepa-
rate MANOVAs. As the data did not all show a
normal distribution, results were checked with the
non-parametric Mann—Whitney U-test and all
cases where alpha was cited as attaining 5% or
better were confirmed. Pearson-rho correlations
were calculated and trend relationships are
recorded (0.1 > P > 0.02), but clear correlations
are described as such if they attained the 2%
level of significance or better.

3. Results
3.1. Plasma measures and drinking

AD patients did not differ from controls on
age, weight, gender ratio or education, but did
show a lower performance IQ, were poorer in
copying complex figures and were significantly
more restless (Table 1). Analyses of variance of
plasma NPY, catecholamines and drinking behav-

Mean (+S.D.) plasma levels of epinephrine (Epi), norepinephrine (NE), NPY and water consumption in patients with attention

deficit disorder (AD) and controls (CN)

Group Epi NE NPY Drinking Na* K* Ca®* Cl™ Creatinine
(pg/ml) (pg,/ml) (fmol /ml) rate (ml/min) (mM /1) (mg/1)

CN 81.7 481.9 271 0.5 - - - - -

S.D. 86.4 246.6 0.79 0.6

AD 111.9 735.5 4.15% 2.3%% 138 4.4 2.4 104 7.3

S.D. 86.4 446.7 1.81 2.1 3 0.3 0.1 4.7 1.0

Note. Plasma electrolytes in patients did not correlate with NPY or catecholamines, but decreases of sodium (only) were weakly

associated with increased drinking (r = —0.54, P < 0.055).
F s =54, P=0.03; **F, (= 454, P=0.047.
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ior showed significant group differences (F, 5=
4.2, P =0.018) that were reflected by AD patients
drinking four times as much water as controls and
showing nearly twice the levels of NPY of con-
trols (Table 2). Plasma NE and epinephrine levels
were non-significantly higher in the study group.

In controls, NPY levels correlated positively
with restlessness and the rate of drinking (r = 0.79,
P<0.012; r=0.75, P<0.02), while, unexpect-
edly, in the AD group, both measures correlated
negatively (restlessness: r = —0.64, P < 0.036;
drinking: r= —0.53, P <0.06). In AD, but not
controls, plasma NE levels correlated inversely
with overall CPTQ ratings (r = —0.74, P < 0.037).

In both groups, plasma NE and NPY levels
tended to be associated with each other (r=
0.56-0.59, 0.09 > P > 0.06), but only in the AD
group were plasma epinephrine levels clearly and
positively correlated with NPY (r=0.73, P <
0.007).

3.2. Urinary electrolytes

AD and control subjects did not differ in the
concentration in urine of creatinine, an indicator
of general metabolism (1.12 vs. 1.14 g/I; t=
—0.09, P =0.9). However, AD subjects produced
less urine (612 vs. 870 ml /day; t = —2.2, P = 0.04)
and thus less creatinine per day (592 vs. 922
mg/day) and less creatinine in relation to their
body weight (16.6 vs. 22.8 mg/kg per day; ¢ =
—3.3, P=0.004).

A MANOVA for the concentrations of the four
electrolytes showed a trend for lower calcium
levels (P =0.075) that was significant after co-
varying for creatinine concentration or urinary
volume (F,,, =3.3, P=0.043; one-way analysis:
F,;=06.1-6.8, P=0.018-0.024; Fig. 1).

However, there were group differences in the
urinary production of four electrolytes per kg body
wt. (F, 5= 16.6, P<0.003). Daily excretion rates
were lower in AD subjects for sodium (F ;s = 4.3,
P=0.05), calcium (F=239, P<0.0002) and
phosphate (F = 5.5, P = 0.03; Fig. 1). With creati-
nine production (or urine volume) as covariate,
only the calcium reduction was significant (F, ,
=7.7, P=0.01). Sodium and phosphate levels
were not significantly decreased (P < 0.1).
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Fig. 1. (a) Electrolyte concentration in urine in control (CN)

and ADHD children (AD); and (b) electrolyte production (per
kg per day) in control (CN) and ADHD children (AD).

Urinary volume and electrolyte measures were
not correlated in controls, and calcium and creati-
nine levels were not correlated with urinary
volume in the AD group (P = 0.4-0.65). The ex-
cretion of other ions showed variable relation-
ships with urinary volume (Na™: r=043, P=
0.16; K*: r=0.60, P=0.038; P;: r=0.66, P=
0.019).

In both groups NPY levels were inversely but
non-significantly related to electrolyte excretion
rates: for calcium concentration in the AD group
this became significant (r= —0.61, P <0.027).
Electrolyte measures tended to be negatively re-
lated to plasma catecholamine levels (P = 5-10%)
in AD patients, but not in controls.

In control but not AD subjects, drinking behav-
ior correlated negatively with calcium excretion
(r=-0.79, P=0.011). Drinking did not corre-
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late with the excretion of other electrolytes. In
the AD group, increased drinking related weakly
to decreases of plasma sodium (r= —0.54, P <
0.055). But there were positive correlations for
the amount of drinking with the daily volume of
urine (r = 0.64, P < 0.02), creatinine (r = 0.6, P <
0.05), potassium (r = 0.6, P < 0.06) and phosphate
(r=0.7, P<0.0D.

3.3. Urinary monoamines

In the current small subject sample, measures
were consistent with but varied more widely than
in the larger group (Oades and Miiller, 1997). AD
patients showed more 5-HT metabolism (5-HIAA:
U=7, z= —26, P<0.01) and less NE
metabolism, with a buildup of NE levels (NE:
U=12, z= —-2.1, P <0.04; Fig. 2).

In controls urinary catecholamines correlated
with plasma NPY levels (e.g. NE: r=0.76, P =
0.04; DA: r =0.67, P =0.09) but not with plasma
catecholamine levels. Yet drinking was associated
with increased monoamine excretion and was
negatively correlated with the utilization of each

164 T N CN

(Units on X-axis)

Monoamines Metabolites & Utilization ratio

Adren HVA

ng Hg Mg

DA HVA/DA MHPG

monoamine (NE ,;: r= —0.8, P=0.02; 5-HT,,;:
r=—0.7, P=0.07, DA;: r= —0.75, P=0.04).
In contrast, in AD patients plasma NPY corre-
lated with no urinary measure, despite plasma NE
levels correlating more or less with all urinary
catecholamines (= 0.68-0.87, 0.09 > P > 0.01).
In contrast to values in controls, no AD urinary
monoamine measure correlated with drinking,
even though urinary volumes and creatinine were
positively related to drinking.

3.4. Effects of psychostimulant medication

Five patients received methylphenidate (10-30
mg /day; median, 20 mg/day). A comparison with
those not receiving medication with a Student’s
t-test showed no significant differences for plasma
measures; on medication, NPY measures slightly
decreased (4.36 + 2.0 to 3.78 + 1.5 fmol/ml, ¢ =
—0.55, P=0.59) while epinephrine and NE
slightly increased (96 + 92 to 142 + 76 pg/ml, t =
0.87, P=0.41; and 680 + 411 to 846 + 560, ¢ =
0.59, P =0.57, respectively).

NA MHPG/NA SHIAA  5HT SHIAA/SHT

ng/10 ug ng/100

Monoamines, Metabolites (/mg creatinine/m?) & Utilization
Fig. 2. Urine (24-h) monoamine activity in healthy control (CN) and ADHD children (AD).
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4. Discussion

Our initial hypothesis was confirmed by demon-
strating that a small sample of ADHD children
drank more water and showed higher circulating
levels of NPY than their healthy age-matched
counterparts. Unexpectedly, there tended to be
inverse relationships in the AD group for drinking
and restlessness with NPY levels: in contrast, in
controls, (low) levels of drinking and restlessness
correlated with (low) levels of NPY.

The increased water intake in AD children
could reflect a displacement behavior in that the
opportunity to drink was an activity proposed to a
particularly receptive subject group. However, as
the measures were undertaken on the basis of
previous observations, we explore here their po-
tential physiological correlates. Thus, the first
question raised is: if NPY is frequently colocal-
ized with catecholamine systems (Dumont et al.,
1992), which are themselves implicated in ADHD
(dys)function (Oades, 1987), what are the rela-
tionships of the monoamines to drinking behavior
and NPY levels?

Circulating levels of epinephrine and NE were
non-significantly higher in the AD group, and
significantly more NE was excreted, as previously
reported (Oades, 1987). While some studies re-
port no changes in NE levels, our and their data
point to a tendency for decreased utilization
(Pliszka et al., 1994; Hanna et al., 1996). Further-
more, we would agree with the arguments of
these authors that such increases of NE would
likely reflect a mild stress response. For both
groups, plasma catecholamines tended to relate
positively to NPY levels. However, although uri-
nary catecholamines were related to plasma NPY
levels in controls, there were no relationships for
NPY with urinary amine measures in the AD
group. This discontinuity between plasma and uri-
nary measures in patients but not controls is itself
indicative of a change of metabolism, an uncou-
pling of the NPY-catecholamine relationship in
ADHD vs. healthy children. This change is con-
sistent with findings from cases of hypertension
where increased epinephrine and NE levels re-
flect sympathetic activity (Fauvel et al., 1992).

A second question is: if physiological mecha-

nisms of thirst frequently reflect changes of elec-
trolyte concentrations, are circulating or excreted
levels of electrolytes different in ADHD patients
and related to their drinking behavior (or NPY
levels)?

Increased drinking in AD patients (not con-
trols) was correlated with an increased volume of
water excreted, with decreases of circulating
sodium, and with increased excretion of potas-
sium and, particularly, phosphate. Hence, the
thirst exhibited may have been genuine and an
attempt to counteract a water deficit, for it was
noted that AD patients produced less urine (and
sodium, calcium and phosphate). These changes
could obtain significance for CNS function, con-
sidering that manipulations of sodium balance in
animals have been reported to influence mesolim-
bic serotonin and dopamine utilization (Frank-
mann et al., 1994), transmitters for which
anomalous activity is reported for ADHD chil-
dren (Cook et al., 1995; Castellanos et al., 1996;
Oades and Miiller, 1997).

The changes recorded are unlikely to be merely
an artifact of inadequate urine collection as the
differences did not apply to potassium, the
monoamines measured in the same sample
showed differential changes, and creatinine levels
were adequate. The apparent water deficit may
have several explanations, including a lack of
compliance in one or two individuals despite col-
lection being overseen by staff on the wards. The
impact of this was reduced by covariance analysis.
Other partial explanations for a water deficit may
reflect general metabolic levels, stress and perspi-
ration, subclinical hyperthyroidism and hyperten-
sion.

A metabolic contribution would seem likely in
view of the clearly higher level of physical activity
in ADHD children. This contribution may have
been heightened due to an interaction with anxi-
ety symptoms recorded in our patients (see meth-
ods) and their sensitivity to the stress of a ‘test
situation’. (We consider it unlikely that drinking
rates recorded in the test should be simply ex-
tended to give 24-h intake levels, but may reflect
autonomic activation.) This line of reasoning leads
onto a possible contribution of increased thyroid
function that would be associated with increased
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cardiac output, vegetative function, and changes
of temperature and perspiration control (West,
1985). There have been several reports of altered
thyroid function in samples of ADHD children
(Elia et al., 1994; Hauser et al., 1997; Leo et al.,
1997). Indeed, we also found increased triiodothy-
ronine levels in a sample of children with conduct
disorder and ADHD symptoms (Dmitrieva et al.,
1998). The excess NE production in the current
study is consistent with this interpretation. Lastly,
one could postulate that drinking behavior in AD
patients reflects an appetite for specific ions for
which there is a metabolic requirement. It is
notable that plasma NPY levels had no relation-
ships with electrolyte excretion in controls, but
for calcium excretion (production and concentra-
tion) there was a negative relationship with NPY
levels in the AD group. There is a large literature
on the attribution of AD-like symptoms, possibly
arising from an allergic response to aspects of the
subjects’ diet (e.g. Egger et al., 1992; Carter et al.,
1993 and references therein). While there may be
points of overlap with the present study (e.g.
phosphate balance), we are not aware of empiri-
cal work that illuminates the present investigation
on water balance.

A comparison with five patients on psychosti-
mulant medication for 2—8 weeks showed no signs
of changes in levels of NPY with respect to
unmedicated patients. Thus there is no indication
that methylphenidate normalizes NPY levels.
However, it is of interest that levels were not
raised, as sub-chronic (but not acute) treatment
of rats with amphetamine is reported to have
increased circulating levels of NPY (Tessel et al.,
1985). The apparent difference in responsivity
may be attributable to the predominant effect of
methylphenidate on dopamine at the presynaptic
uptake site in contrast to a more marked effect of
amphetamine on NE, and that at the presynaptic
release site (Patrick and Markowitz, 1997).

Our preliminary conclusions are that (a) thirst
in ADHD children is related to aspects of their
psychopathology (e.g. restlessness, autonomic ac-
tivity); (b) this thirst relates to general metabolism
(decreased creatinine) and sodium homeostasis
(Iess circulating); but (¢) the ions most affected by
the change of metabolism are calcium and phos-

phate (decreased rate of excretion). Calcium
homeostasis was related to NPY (and -cate-
cholamine) metabolism which, according to
plasma levels, were likely to be increased in
ADHD children. Anomalous control of the water
balance in ‘hyperactive’ children is evident but
has received little attention. Studies directed at
disentangling potential causes from epipheno-
mena could advance our understanding of the
biological bases of the changed levels of activa-
tion characteristic of the ADHD syndrome.
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