0031-3998/88/2402-0238$02.00/0
PEDIATRIC RESEARCH
Copyright © 1988 International Pediatric Research Foundation, Inc.

Vol. 24, No. 2, 1988
Printed in U.S.A.

Regional Brain Glucose Utilization in
Adenylosuccinase-Deficient Patients Measured by
Positron Emission Tomography
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ABSTRACT. Regional brain glucose utilization was inves-
tigated by positron emission tomography with fluorodeox-
yglucose in three children with adenylosuccinase defi-
ciency. A consistent pattern was found in the three patients,
namely a marked decrease of fluorodeoxyglucose uptake
in all gray structures, with the exception of the cerebellum,
which was minimally affected. Anomalies predominated in
the cerebral cortex, particularly in the anterior regions;
they were less pronounced in thalamus and basal ganglia.
The observations suggest that positron emission tomogra-
phy may be a useful tool for the localization of the delete-
rious effects of metabolic diseases and for the investigation
of their pathophysiologic mechanisms. (Pediatr Res 24:
238-242, 1988)

Abbreviations

AICAR, aminoimidazole carboxamide ribotide

FDG, fluorodeoxyglucose

FWHM, full-width at half maximum

HPRT, hypoxanthine-guanine phosphoribosyl transferase
PET, positron emission tomography

PKU, phenylketonuria

S-adenosine, succinyl adenosine

SAICAR, succinylaminoimidazole carboxamide ribotide
S-AMP, adenylosuccinate

Adenylosuccinase deficiency is a recently described inborn
error of metabolism, the first reported enzyme deficiency involv-
ing the de novo synthesis of purine nucleotides (1). Adenylosuc-
cinase (adenylosuccinate lyase: E.C. 4.3.2.2.) catalyses two steps
in purine synthesis (Fig. 1). the conversion of SAICAR into
AICAR, and that of S-AMP into AMP. Affected patients display
psychomotor retardation accompanied by autistic features. The
enzyme defect is manifested by the presence in cerebrospinal
fluid, plasma, and urine of two normally undetectable com-
pounds, SAICAriboside and succinyladenosine (S-adenosine).
These are the products of the dephosphorylation, by cytosolic
5’-nucleotidase (2), of the two substrates of adenylosuccinase. As
in other inborn errors of metabolism affecting psychomotor
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development, the relationship between the enzyme defect and
the neurologic dysfunction is poorly understood.

Our study was undertaken as an attempt to gain insight into
the pathophysiology of the disease and to localize the regions of
the brain where the enzyme defect exerts its deleterious effects.
Inasmuch as glucose, with oxygen, is the main substrate of the
brain at all ages, regional uptake of a glucose analog in this tissue
provides an index of local neural function (3).

PATIENTS

The three adenylosuccinase-deficient patients A, B and C, were
described previously (1). At the time of study, they were aged
3.5, 7, and 5 vyr, respectively. The cardinal symptoms were a
profound psychomotor retardation (developmental age between
5 and 7 months with a slightly better gross motor performance),
accompanied by autistic traits. Since their original description,
patients B and C have developed a progressively more pro-
nounced muscular atrophy and growth failure, which became
apparent from the age of about 2 yr. Moreover, seizures have
appeared between 4 and 5 yr of age (4). X-ray CT-scan of the
brain revealed hypoplasia of the cerebellar vermis. Control stud-
ies were performed in 10 normal adult volunteers aged 20-22 yr
and in three children with normal IQ and minimal neurologic
symptoms (aged 5, 14, and 15 yr). Clinical diagnoses in those
cases were, respectively, hysteria (retrospective diagnosis), mild
behavioral anomalies of unknown origin, and well-equilibrated
temporal epilepsy. The results were also compared to those
obtained in a 17-yr-old girl with poorly equilibrated PKU, in
whom blood phenylalanine levels had been consistently higher
than 20 mg/100ml for several years and whose IQ was 60-70.
Informed consent was obtained from the parents in all cases.
The investigations were approved by the University Medical
Ethics Committee.

POSITRON EMISSION TOMOGRAPHY

Positron emission density data were collected with an ECAT
III (CTI) one-ring tomograph, with characteristics and perform-
ances as described (5). Measurements were performed with a
stationary ring, at an in-plane resolution of 9 mm FWHM. The
collimator aperture was set at 30 mm, resulting in a slice thick-
ness of 15 mm FWHM. Images were corrected for attenuation
by using an ellipse for approximation of the head’s contour, with
a uniform attenuation coefficient (u) of 0.09. Tests on adult
subjects showed that this procedure results in a maximal 5%
error in the attenuation correction. When an arterial input
function was available, images of emission density were trans-
formed into images of glucose utilization by using the operational
equations of Phelps et al. (6), with the following constants: k1 =
0.092; k2 = 0.14; k3 = 0.075; k4 = 0.0056; lumped constant =
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Fig. 1. Simplified pathway of purine metabolism. PRPP, phosphori-
bosyl pyrophosphate; Z7TP, AICAR triphosphate; JMP, inosine mono-
phosphate. Only the reactions that are mentioned in the “Discussion”
are shown: I, adenylosuccinase; 2, cytosolic 5’ nucleotidase; 3, AMP
deaminase; 4, adenylosuccinate synthetase; vertical bar, pathway of de
novo purine synthesis.

0.42. Regions of interest were defined on the images by reference
to common neuroanatomical hallmarks and to CT scans.

The three subjects were drug free for several days and fasted
for at least 2 h before the study. No premedication was given. A
sterile, isotonic solution of FDG (100-150 xCi/kg body weight)
was injected as a bolus in 30 s via a Teflon catheter inserted into
a forearm vein. For measurement of the arterial input function,
serial blood samples were taken from the radial artery, via a 24-
gauge catheter (Medicut) placed under local anesthesia with
bupivacain. Because of poor patient cooperation, arterial blood
samples could not be obtained in patients A and C. Plasma
samples were counted in a Berthold vy-spectrometer calibrated
against the PET tomograph. Plasma glucose was measured with
a Beckman glucose analyzer.

After the period of maximal FDG uptake (30-45 min), fluni-
trazepam (Rohypnol) was administered intravenously to allow
good positioning of the patient’s head. Tomographic slices were
oriented paralle]l to the canthomeatal line. Sequences of six to
eight images were collected at 10-mm intervals, starting from the
level of the cerebellum. With a slice thickness of 15 mm FWHM,
this method allows some overlap between adjacent sections.

RESULTS

Images of FDG uptake in patient B with adenylosuccinase
deficiency, in a control child, and in the poorly equilibrated PKU
patient are shown in Figure 2. Their comparison reveals a
profound decrease in FDG uptake in all cortical areas of the
adenylosuccinase deficient patient (Fig. 24). The anomalies
clearly predominated in the frontal cortical areas and decreased
progressively toward the posterior cortical fields. FDG accumu-
lation was relatively well preserved in the posterior cortical
regions, particularly in the visual cortex (areas 17 and 18). It
should nevertheless be noted that, owing to poor collaboration
of the subjects, the studies were performed with the eyes open.
Uptake in the thalamus and basal ganglia was also decreased,
albeit to a lesser extent than in the frontal cortex. The cerebellum
was minimally affected. Similar images were obtained in patients
A and C (not illustrated). The uptake map of the PKU patient
(Fig. 2C) disclosed some alterations in the frontal cortex, with
relative sparing of other cortical areas, basal ganglia, thalamus,
and cerebellum. The decrease in FDG uptake in the frontal areas
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was, however, much less prominent than in the adenylosucci-
nase-deficient patient.

Inasmuch as cerebellar FDG uptake was in the normal range
in the quantitative study of the most affected subject (patient B
in Table 2), and because all three patients displayed profuse
cortical alterations, the more common procedure of normaliza-
tion to a mean gray value (3) was replaced by normalization to
the cerebellum as in other cases of cortical pathology (7). These
“relative metabolic indexes” are given in Table 1. In the three
adenylosuccinase-deficient patients, they were decreased by 30-
40% in all areas when compared to the control children (p <
0.05 with Student’s ¢ test, for all regions). The alterations were
less marked when compared with the adult volunteers. In most
regions, the pattern of metabolic alterations was similar in the
three adenylosuccinase-deficient patients. However, patient B,
the oldest, displayed a more pronounced deficit in FDG uptake
in the frontal and in the frontomesial cortex. In the patient with
poorly equilibrated PKU, the anomalies of the normalized met-
abolic indexes were most pronounced at the level of the cortex,
particularly in the frontal lobes, whereas basal ganglia were
unaffected. Although the anomalies were clearly not as severe,
their distribution was reminiscent of that found in the children
with adenylosuccinase deficiency.

Table 2 shows the glucose utilization rates (in pmol/min/100
g of tissue) in the various brain regions of patient B, as compared
to control children, adult volunteers, and the PKU patient. In
accordance with the data of Table 1, glucose utilization in all
forebrain areas of the adenylosuccinase-deficient patient was
reduced by more than 50% as compared to the control children
and by at least 40% as compared to adult volunteers. Metabolic
rates for the cerebellum were within normal values defined in
the young adult subjects, although slightly lower (—! SD) than
those found in the control children. The glucose utilization rates,
as with the relative metabolic indexes, were much less decreased
in the child with PKU than in the adenylosuccinase-deficient
patient.

DISCUSSION

This study reveals consistent perturbations of cerebral FDG
uptake in three children with adenylosuccinase deficiency. The
alterations display a regional distribution. They predominate in
rostral cortical fields and decrease progressively toward posterior
cortical areas. The functional disturbances occur in the absence
of structural changes as defined on x-ray CT scans, which are
normal in the three patients, with the exception of some hypo-
trophy of the cerebellar vermis. In this respect, it is remarkable
that cerebellar glucose metabolism is surprisingly well preserved.
The study provides information about the repercussions of the
enzyme defect on regional cerebral function.

The observation that the concentration of the two succinyl-
purines, SAICAriboside and S-adenosine, is 10- to 20-fold higher
in the cerebrospinal fluid of the patients than in their plasma (1),
provides a strong indication that adenylosuccinase is deficient in
their brain. However, no further information about the enzyme
defect in this tissue is available. The predominance of the alter-
ations of the uptake of FDG in the anterior regions of the cerebral
cortex suggests that, either the deficiency of adenylosuccinase is
exclusively or predominantly located in these regions, or that the
consequences of the enzyme defect are most pronounced therein.

Several mechanisms have been proposed (2, 4) that could
account for the symptoms of adenylosuccinase deficiency: 1)
impairment of the synthesis of the metabolites that are normally
formed distally to the two adenylosuccinase-catalyzed reactions,
namely the adenine and guanine nucleotides and, hypothetically,
AICAR triphosphate, a newly discovered derivative of AICAR,
often abbreviated ZTP; 2) intracellular accumulation, up to toxic
concentrations, of SAICAR and adenylosuccinate, the substrates
of adenylosuccinase; 3) impairment of the purine nucleotide
cycle (8), composed of the enzymes adenylosuccinate synthetase,
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Table 1. Uptake of FDG in brain regions versus cerebellum of adenylosuccinase-deficient patients and controls*

241

“Normal” children

Adult volunteers

(n=23) (n=10)

Region Patient A Patient B Patient C (mean + SD) (mean + SD) PKU

1. Right frontal cortex 90.11 78.17 90.82 147.59 + 28.93 132.57 + 13.83 112.96
2. Left frontal curtex 94.85 78.43 9241 153.18 +£ 24.83 131.27 + 14.08 117.37
3. Right temporal cortex 83.31 89.58 86.52 126.75 + 25.11 113.45 + 12.01 119.92
4. Left temporal cortex 91.56 90.50 91.35 135.35 £ 15.10 115.60 + 9.41 124.73
5. Right parietal cortex 93.81 94.69 93.76 132.84 + 26.77 112.20 + 11.88 116.45
6. Left parietal cortex 90.72 97.86 93.47 131.45 + 24.84 110.08 * 14.64 119.95
7. Right visual cortex 108.55 114.12 105.94 144.05 + 19.87 129.50 £ 16.61 136.08
8. Left visual cortex 107.79 114.15 106.12 144 .98 + 18.69 127.75 £ 17.24 142.48
9. Right insula 88.46 85.09 89.29 131.00 + 22.34 117.57 + 9.68 116.22
10. Left insula 88.80 85.42 92.94 130.85 + 17.68 116.15 + 10.31 122.30
11. Right striatum 98.11 111.71 101.29 128.71 £ 8.01 121.64 + 12.36 133.73
12. Left striatum 96.98 106.10 105.36 129.18 £ 7.03 121.07 = 11.51 143.28
13. Right thalamus 85.08 83.38 81.17 111.64 + 5.84 115.19 £9.12 128.40
14. Left thalamus 35.43 83.34 83.81 11341 £291 115.48 + 7.91 131.56
15. Right frontomesial cortex 89.71 67.58 86.82 143.02 = 19.50 129.88 + 10.65 115.68
16. Left frontomesial cortex 86.54 68.21 86.93 146.64 + 18.81 128.72 + 11.01 117.23
Gray matter right hemisphere 91.97 89.48 91.70 137.65 £ 25.32 120.60 = 10.27 124.59
Gray matter left hemisphere 92.06 89.25 92.70 139.76 + 19.59 119.43 + 10.52 129.35

* Values are expressed in percent of FDG uptake in the cerebellum, which is little affected (see Table 2). Note: for each region patients A, B, and

C differ significantly from normal children (p < 0.05 in Student’s ¢ test).

Table 2. Brain glucose utilization in patient B and controls*

Normal children Adult volunteers

(n=23) (n=10)

Brain regions Patient B (mean + SD) (mean + SD) PKU

1. Right frontal cortex 23.70 61.39 £ 6.97 4448 £ 9.27 3941
2. Left frontal cortex 23.78 63.91 = 6.89 44.27 = 10.37 40.95
3. Right temporal cortex 27.16 52.55+4.13 38.24 + 8.86 41.84
4. Left temporal cortex 27.44 57.04 £ 9.59 39.18 £ 9.81 43.52
5. Right parietal cortex 28.71 5520 £ 6.17 37.90 = 9.20 40.63
6. Left parietal cortex 29.67 54.80 £ 7.07 37.21 £ 9.41 41.85
7. Right visual cortex 34.60 60.32 + 7.55 4340 £ 9.19 47.48
8. Left visual cortex 34.61 60.80 + 8.06 42.80 +£9.11 49.71
9. Right insula 25.80 54.69 + 6.80 39.87 £ 10.11 40.55
10. Left insula 25.90 5491 £7.90 39.57 £ 10.92 42.67
11. Right striatum 33.87 55.02 + 13.66 41.29 + 10.86 46.66
12. Left striatum 32.17 55.04 = 12.52 41.19 £ 11.15 49.99
13. Right thalamus 25.28 47.63 + 11.31 38.84 + 8.78 44.80
14. Left thalamus 25.27 48.54 £ 12.32 38.97 £ 891 45.90
15. Right frontomesial cortex 20.49 60.00 + 8.60 43.97 + 10.90 40.36
16. Left frontomesial cortex 20.68 61.70 = 10.22 43.46 + 10.16 40.90
17. Right cerebellum 30.46 41.60 + 10.90 3421 +9.27 33.30
18. Left cerebellum 30.17 42.30 £ 9.20 34.13 £9.90 36.48
Gray matter right hemisphere 27.13 57.30 £ 6.16 40.66 + 9.26 43.47
Gray matter left hemisphere 27.06 58.57 + 8.00 40.38 + 9.70 45.13

* Values shown are umol/(100 g-min) + SD.

adenylosuccinase, and AMP deaminase; 4) a direct toxic effect
of extracellular SAICAriboside and S-adenosine, the normally
undetectable dephosphorylated derivatives of the substrates of
adenylosuccinase. Owing to their structural resemblance with
adenosine, a putative neuromodulator (9, 10), this toxicity may
involve an interference with both receptors and uptake sites for
adenosine.

Our study suggests that the latter mechanism does not account
for the symptoms of adenylosuccinase deficiency. Indeed, the
regional pattern of the impairment of the uptake of FDG in the
patients does not correspond to the regional distribution of
adenosine Al receptors (11) and of adenosine uptake sites (12).
This conclusion is corroborated by studies (13) that have failed
to show an interference of SAICAriboside and S-adenosine with
the binding and uptake of adenosine in crude membranes of rat
brain cortex.

The observation that the alterations of FDG uptake in PKU
tended to parallel those seen in adenylosuccinase deficiency is
not unexpected. Metabolic disorders provoking psychomotor
retardation would indeed be anticipated to affect the cerebral
cortex more strongly, whereas basal ganglia and cerebellum
would be less vulnerable. That the alterations observed are not
entirely devoid of specificity, is evidenced by the recording of
different patterns in other metabolic brain disorders such as
HPRT deficiency with neurologic disease in which decreased
glucose metabolic rates were recorded in the basal ganglia (14),
where the activity of HPRT is normally highest within the human
brain (15).
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