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Hepatic Glycogen Synthetase Deficiency
Further Studies on a Family
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Dykes, J. R. W., and Spencer-Peet, J. (1972). Archives of Disease in Child-
hood, 47, 558. Hepatic glycogen synthetase deficiency: further studies on a
family. A family with hepatic glycogen synthetase deficiency originally studied in
1962, was restudied 7 years later. Blood glucose concentrations were measured after
glucagon administration, and both blood glucose and plasma cortisol were measured
during periods of prolonged fasting and isocaloric carbohydrate-free diets.
The twins on whom the original diagnosis was made had an improved ability to

maintain a normal blood glucose concentration, but still had episodes ofhypoglycaemia;
their ability to store glycogen in the liver remained extremely poor. Two sibs still
had both frequent episodes of hypoglycaemia, and a diminished capacity to convert
glucose to glycogen; their ability to store glycogen in the liver was variable. A third
sib was normal. No decrease in plasma cortisol concentrations was noted at any time
in any of the children.
An increase in blood lactate concentrations after oral administration of glucose, and

more particularly, of galactose, is a useful test in the differential diagnosis of hepatic
glycogen synthetase deficiency. For definitive diagnosis a liver biopsy with assay
of individual enzymes is essential.

Lewis, Spencer-Peet, and Stewart (1963) des-
cribed a family in which mentally retarded identical
twins had glucose intolerance, developed hypo-
glycaemia with convulsions after an overnight fast,
and gave an adequate blood glucose response
after glucagon administered 3 hours after a meal
but not in the fasted state. This last finding
focused attention on the process of formation of
liver glycogen, and a liver biopsy carried out on
one of the twins revealed normal concentrations of
UDPG pyrophosphorylase, phosphorylase, and
glucose-6-phosphatase, but scanty glycogen and
complete absence of activity of the enzyme glycogen
synthetase. Histological examination of the liver
biopsy sample revealed pronounced fatty change.
Two of the twins' sibs had fasting hypoglycaemia,

glucose intolerance, and poor glucose response to
glucagon in the fasted state.
At the time of the initial investigation it was not

clear why deficiency of glycogen synthetase alone
should bring about hypoglycaemia, and it was
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suggested that the absence of glycogen in the adrenal
cortex in the fasted state might diminish the pro-
duction of cortisol at a time when it was most
needed to stimulate gluconeogenesis. Further
studies have now been carried out on the family
(a) to see if the ability to prevent fasting hypogly-
caemia has improved with time, (b) to test out the
powers of gluconeogenesis and to estimate plasma
cortisol concentrations, and (c) to select a laboratory
test which would be helpful in the differential
diagnosis of the condition.
The glucose intolerance in the twins and two of

their sibs was attributed to the accumulation of
this sugar behind the block in one of its principal
pathways of metabolism, viz. its conversion to
hepatic glycogen. Since the glucose not utilized
for glycogen synthesis must be disposed of in some
other way, an overloading of the glycolytic pathway
with accumulation of lactic acid might be expected.
Hence in this paper an attempt is made to verify
this theoretical prediction by following the changes in
blood lactate concentration after the administration
of glucose, galactose, and glucagon. A comparison
is made with the blood lactate values following the
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Hepatic Glycogen Synthetase Deficiency
administration of these substances in other types
of glycogen storage disease, as described by Spencer-
Peet et al. (1971), and also with the changes in
blood lactate concentration after the ingestion of
galactose in normal children.

TABLE I
Lowest Blood Glucose Concentrations During a

Prolonged Fast at Different Ages

Lowest Blood Time of
Patient Age (yr) Glucose Lowest Glucose

(mg/100 ml) (hr)

June 13 58 20
John 11 25 4
Stephen 2 <5 15

(Case 2) 4 14 15
9 29 20

Dennis 2 <10 12
(Case 1) 4 20 20

9 43 20
Catherine 1 <5 16

3 23 19
8 23 8

Patients
The following members of the family were investi-

gated: (a) Dennis, Case 1, and Stephen, Case 2, born
in 1960, the identical twins on whom the original diag-
nosis was made; (b) the twins' elder sister, June, born
in 1956; (c) the twin's elder brother, John, born in 1958;
and (d) the twins' younger sister, Catherine, born in
1961.

Six normal children, aged between 10 and 14 years,
3 male and 3 female, volunteered as controls for the
blood lactate values after oral galactose.

Outline of Investigation

of fasting, and blood glucose and plasma insulin con-

centrations were assayed at intervals of 4 hours. Plasma
cortisol concentrations were measured at 4 and 16 hours.
Total urinary catecholamine output was measured
during the 20-hour period.

(2) Glucagon tests performed in 1964 and 1969.
Glucagon (0 * 02 mg/kg) was administered to each
subject intramuscularly, both 3 hours after a meal and
after a fast of 20 hours. Blood glucose, blood lactate,
and plasma insulin concentrations were measured before
injection and at 15, 30, 45, 60, 90, and 120 minutes
thereafter. The response rating in the glucagon tests
(see Tables II and III) is interpreted according to
the criteria of Spencer-Peet et al. (1971), viz: (1) normal
represents blood glucose increases >35 mg/100 ml;
(2) subnormal represents rises of between 15 and 35
mg/100 ml; (3) absent represents rises <15 mg/100 ml.

(3) 6-day period on an isocaloric carbohydrate-
free diet performed in 1964 and 1969. In each
subject during this period, blood glucose, plasma
insulin, and plasma cortisol concentrations were

measured twice daily at 07 45 hours and at 15 - 00 hours.
Total catecholamine output was estimated on 24-hour
urine specimens. Each diet was 1500 calories and
contained 25% protein by weight, the remainder being
fat.

(4) Oral glucose load test performed in 1961 and
1964. Each subject was given orally 2-5 g glucose/kg,
and thereafter blood glucose, blood lactate, and plasma
insulin concentrations were estimated half-hourly for
3 hours. The criteria for interpretation of the oral
glucose load test (see Table V) were those of Mosenthal
and Barry (1950) in which a 2-hour 'true blood sugar'
concentration > 100 mg/100 ml is interpreted as
indicating diminished glucose tolerance.

(1) Prolonged fast test performed in 1964 and (5) Galactose load test performed in 1964 and
1969. Each patient was subjected to a 20-hour period 1969. Each of the patients and controls was given

TABLE II
Glucagon Test 3 Hours After Meal at Different Ages

Initial Highest Initial Blood
Patient Age (yr) Blood Sugar Blood Sugar Response Rating Blood Lactate Lactate Peak

(mg/100 ml) (mg/100 ml) (mg/100 ml) (mg/100 ml)

June 6 80 150 Normal
1 8 108 247 Normal 12-1 12-1

! 13 61 165 Normal 11-3 17-5
John 4 Normal

6 75 125 Normal 6-6 7-7
11 123 127 Absent 35*0 35 *0

Stephen 2 52 102 Normal
(Case 2) 4 75 124 Normal 9*3 10*9

9 73 93 Subnormal 11*0 11*0
Dennis 2 60 94 Subnormal

(Case 1) 4 118 147 Subnormal 21-6 21-6
9 99 105 Absent 21*7 21*7

Catherine 1 Normal
3 62 112 Normal 15*3 15*3
8 73 84 Absent 81 100
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Dykes and Spencer-Peet
TABLE III

Glucagon Test 20 Hours After Meal at Different Ages

Initial Highest Initial Blood
Patient Age (yr) Blood Sugar Blood Sugar Response Rating Blood Lactate Lactate Peak

(mg/100 ml) (mg/100 ml) (mg/100 Ml) (mg/100 ml)

June 8 113 230 Normal 15 *0 15 *0
13 58 110 Normal 6-0 11*0

John 6 75 125 Normal 12*6 12*6
11 30 69 Normal 11*0 13*0

Stephen 2 14 18 Absent
(Case 2) 4 30 68 Normal 2-1 8-3

9 29 39 Absent 7 *0 11*0
Dennis 2 26 37 Absent

(Case 1) 4 52 66 Absent 2-8 6-1
9 43 59 Subnormal 7*0 12*0

Catherine 3 42 58 Subnormal 15 0 15 *0
8 27 85 Normal 12*0 15 *0

TABLE IV
Range of Plasma Cortisol Concentrations During
Prolonged Fast andPeriod of6 Days on Carbohydrate-

free Diet

Patient Age Plasma Cortisol Range*Patient ~~(yr) (~tg/100 Ml)

June 8 21*0-28*2
13 16-8-44-0

John 6 10*0-12*0
11 11 0-800

Stephen 3 13*9-27*5
(Case 2) 4 23*3-50*0

9 80-21 0
Dennis 3 17*4-26*0

(Case 1) 4 18*9-27*0
9 60-72-0

Catherine 2 9*2-32*0
3 27 0-37*3
8 130-36-0

*Normal plasma cortisol range 6-26 ,ug/100 ml at 09 00 hours.

orally 2-0 g galactose/kg, and blood total reducing
substance, blood glucose, blood lactate, and plasma
insulin concentrations were followed at half-hourly
intervals for periods of 3 hours.

Laboratory estimations. Total reducing sub-

stance in blood was measured on the Autoanalyser by
the Technicon modification of the method of Hoffman
(1937). Blood glucose was estimated by the Auto-
analyser glucose oxidase method of Morley, Dawson,
and Marks (1968). Plasma immunoreactive insulin
was measured by the method of Hales and Randle
(1963) using the radioactive iodinated insulin and the
Oxoid membrane filters from the Radiochemical Centre
at Amersham, and the pre-precipitated insulin antibody
supplied by Burroughs Wellcome, who also provided
the standard human insulin. Blood L-lactate con-

centrations were measured by the lactate dehydrogenase
method of Marbach and Weil (1967) as modified in the
Biochemica Test Combination Method Sheet. Plasma
11-OH corticosteroid (cortisol) concentrations were

determined by the fluorometric method of Mattingly
(1962), with the modification of Spencer-Peet, Daly,
and Smith (1965). Urinary catecholamine excretions
were estimated by the method of von Euler and Floding
(1955) as modified by Clough (1963).

Results
These are shown in the Figs. and Tables.
The plasma insulin and urinary catecholamine

concentrations were normal as tested.
June, the eldest girl, is probably normal since

the only abnormality in the results of any of her
tests was a single episode of hypoglycaemia during

TABLE V
2-Hour Blood Glucose Concentrations and Blood Lactate Peaks During Oral Glucose Load Test

Initial 2-Hour Initial Peak
Patient Age (yr) Blood Glucose Blood Glucose Tolerance Rating Blood Lactate Blood Lactate

(mg/100 ml) (mg/100 ml) (mg/100 ml) (mg/100 ml)

June 8 113 86 Normal 14-4 16 8
John 6 43 132 Reduced 14*6 26*4
Stephen (Case 2) 4 49 136 Reduced 9-8 29-0
Dennis (Case 1) 4 57 126 Reduced 10*8 23*2
Catherine 3 58 131 Reduced 9*7 22*4
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Hepatic Glycogen Synthetase Deficiency 561
TABLE VI

Differential Diagnosis of Glycogen Storage Disease by Various Tests

Hepatic Enzyme Defect PFasting Oral Galactose Load Fasting Glucagon Test
Hypoglycaemia

Blood Glucose Blood Lactate Blood Glucose Blood Lactate

Glucose-6-phosphatase Severe No rise Marked rise No rise Marked rise
(very large liver)

Amylo 1-6 glucosidase Moderate or severe Rise No rise No rise fasted (small No rise
rise after a meal)

Phosphorylase Mild or moderate Rise No rise Subnormal or normal No rise
rise even when
fasted

Glycogen synthetase (no Severe Rise Marked rise No rise fasted (small No rise
liver enlargement) rise when fed well)

Normal child Nil Rise No rise Brisk rise No rise

TABLE VII
Blood Glucose (mg/100 ml) at 07 45 On Each Day During 6-Day Period on Carbohydrate-free Isocaloric Diet

the 6-day period on the carbohydrate-free diet
(see Table VII).
As can be seen from Table I and Table VII,

John and Catherine had hypoglycaemia both during
the prolonged fast and the period on carbohydrate-
free diet. Tables II and III indicate that in 1969
their ability to store glycogen in the liver was
extremely variable, there being an inadequate
glucose response to glucagon 3 hours after a meal,
but an adequate one after a 20-hour fast.

Dennis and Stephen, the twins on whom the
original diagnosis was made, are much better able
to prevent hypoglycaemia under these test condi-
tions (Tables I and VII), but as can be seen from
Tables II and III their glucose response to glucagon
is inadequate both at 3 hours and at 20 hours
after a meal, suggesting that their ability to store
liver glycogen is still poor.

Discussion
Reduced synthesis of liver glycogen from blood

glucose alone does not explain fasting hypogly-
caemia, unless one also postulates that the infant
and young child are especially dependant on liver
glycogen for maintenance of blood glucose con-
centration due to inadequate gluconeogenesis.
Evidence for this comes from the work of Kaye
et al. (1961) who found the development of hypo-

glycaemia, ketosis, and raised FFA levels in almost
50% of infants who fasted for 24 hours. This
suggests that the production of steroids in infancy
is not adequate in many cases to maintain sufficient
gluconeogenesis to prevent hypoglycaemia, so that
the presence of adequate stores of glycogen in the
liver is essential for the homeostatic control of
blood glucose at this stage of life. Infants with
glycogen synthetase deficiency would thus be
particularly prone to hypoglycaemia. The enhanced
ability of the twins to prevent hypoglycaemia when
tested in 1969 (Table I) could be interpreted as
indicating an improvement in glycogen stores.
Certainly the normal plasma cortisol concentrations
found in these children (Table IV) do not support
the suggestion made in the earlier paper that gluco-
neogenesis is reduced because of an adrenocortical
lesion. None the less, Dennis and Stephen,
though they show some improvement, are still
not able to maintain fully adequate blood glucose
concentrations under stress (Tables I and VII).
This suggests either that children in this age group
are still dependent on adequate liver glycogen
stores to prevent hypoglycaemia or that, in this
family, there is some defect in one of the factors
(other than plasma cortisol values) involved in
control of gluconeogenesis. Whatever increase in
glycogen stores may have occurred with the passage
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Dykes and Spencer-Peet
of time, they are still not sufficient to produce a
normal glucose response to glucagon (Tables II
and III).
There is no obvious explanation for the results

of the glucagon tests performed on John and
Catherine (Tables II and III), but it may simply
reflect varying ability to store glycogen from time
to time and from child to child. This variability
perhaps is due to fluctuation in the concentration of
an inhibitor or activator of the glycogen synthetase
enzyme system rather than an actual absence of
production of the enzyme protein itself. Since the
original diagnosis was made in 1962, it is now
realized that the enzyme system is much more
complex (Smith, Taylor, and Whelan, 1968).
Hence abnormal fluctuation in one or more of the
controlling factors may be at fault in these children
and this might account for the variability in the
glucagon test results, the small quantities of glyco-
gen which were present in the original liver biopsy
(Lewis et al., 1963), and the possibility of an increase
in the quantity of glycogen with the passage of time.
Evidence for loss of normal enzyme control at this
point may only be obtained from the examination

BLOOD
LACTATE
mg/lOOmI
70-

50-

GALACTOSE

K

of fresh biopsy samples, collection of which is not
anticipated.

In conformity with theoretical prediction the
oral galactose load test gave more raised blood
lactate and glucose concentrations in John,
Catherine, Stephen, and Dennis than in normal
children (Fig. 1 and 2), suggesting that the glycolytic
pathway was being used as an alternative to glycogen
storage. However, there is no obvious explanation
for the larger overproduction of lactate after
galactose as compared to glucose in these 4 children
(Table V and Fig. 3).
Measurement of blood lactate concentrations

after administration of glucose, galactose, and
glucagon has been used in the differential diagnosis
of various forms of hepatic glycogen storage disease
(Femandes, Huijing, and van de Kamer, 1969;
Spencer-Peet et al., 1971). This latter study has
shown that deficiency of hepatic glycogen synthetase
gives a pattern of results in these tests which is
different from those found in other hypoglycaemic
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FIG. 1.-Range of blood lactate concentrations after
oral galactose in normal children and in children with

glycogen synthetase deficiency.
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Hepatic Glycogen Synthetase Deficiency 563
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FIG. 3.-Range of blood lactate concentrations after
glucose and galactose in children with glycogen synthetase

deficiency.

conditions associated with deficiencies of enzymes
involved in hepatic glycogen metabolism (Table VI).
However, significant numbers from the series of
children with evidence of hepatic glycogen storage
disease reported by Spencer-Peet et al. (1971),
while giving patterns typical of a particular enzyme
defect, were found to have normal amounts of this
enzyme when the latter was assayed in a liver biopsy.
Hence, certainty of diagnosis must still depend on
the satisfactory demonstration of an enzyme
deficiency in such material. Another approach
might be estimation of glycogen synthetase con-
centrations in red or white blood cells. Normal
quantities of this enzyme were found in the former
cells by Spencer-Peet (1964). Preliminary assays
on white blood cells have yielded conflicting results
(C. Toothill and J. R. Ridley, 1971, personal
communication).
The condition associated with deficiency of glyco-

gen synthetase activity seen in this family is very
rare. One other case described by Parr, Teree, and
Larner (1965) died within a few months of birth,
and had hepatomegaly and complete absence of
glycogen from liver, muscles, and adrenal cortices,
and absent activity of both glycogen synthetase and
phosphorylase in liver and skeletal muscles.
While both our own case (Dennis) and Parr's case
had fatty change in the liver, some of the features
of the two are different: the former was not diag-
nosed until the age of 15 months; he had no hepa-
tomegaly and there was some glycogen present in
the liver biopsy and normal activity of phosphory-
lase. On the other hand, Parr's investigations

were done on necropsy material which may have
accounted for the absence of glycogen and phos-
phorylase. On balance it seems likely that the 2
cases are not identical, and that the family described
in this paper may be unique in the world literature.
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their care; to Professor G. H. Lathe and Dr. G. L.
Lewis for their constant encouragement and help; to
the technical staff of the Department of Chemical
Pathology, Leeds General Infirmary, for assistance
with the assays; to Miss Diana Whitehead for secretarial
assistance; and to Miss Mary Brown and Mr. Robert
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