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1. INTRODUCTION 

Rats from the NZR/Mh strain have a genetical- 
ly-determined deficiency of phosphorylase b kinase 
activity in the liver which in homozygotes &d/g@ 
produces a poor activation of glycogen phosphory- 
lase and very high liver glycogen concentrations [I]. 
They also have low active glycogen synthase activi- 
ties [l] and previous studies on liver homogenates 

have shown an inhibition of glycogen synthase- 
phosphatase by high glycogen concentrations 
[2]. This appears to be the major control of glycogen 
synthesis in liver of gsd/g.sd and fed normal animals 
[2] rather than the control of glycogen synthase- 
phosphatase by active glycogen phosphorylase 
[3]. It is of interest to know if, and to what extent, 
glycogen synthase in gsd/gsd liver can be activated. 
Here, we describe the effects of glucose on the active 
forms of glycogen synthase and phosphorylase in 
hepatocytes from gsd/gsd and normal livers. In 
gsdlgsd cells with high glycogen levels, the activa- 
tion of glycogen synthase in response to 80 mM 
glucose was blunted despite the very low active 
phosphorylase activities and was inversely correla- 
ted with the glycogen content of the cells. The find- 
ings do not support the concept of phosphorylase 
inactivation being a prerequisite for activation of 
glycogen synthase [3]. 

7.3 mM glucose, 3.3 mM pyruvate, 2.3 mM gluta- 
mate with 0.3 mg/ml collagenase (Sigma Chemical 
Co., St Louis MO). After 30 min, the liver was 
minced and incubated for 15 min at 37°C in a 
medium containing 2.5 mM calcium, 25 mM glu- 
cose and 1.5% gelatin in the above buffer. The dis- 
persed cells were then filtered through gauze and 
washed 3 times with glucose-free incubation 
medium. 

Cell suspensions were diluted 1: 10 with incuba- 
tion medium and preincubated at 37°C for 15 min 
with constant oxygenation (100% 02) before incu- 
bation with glucose. Incubations were started by 
adding cell suspension to flasks containing glucose 
at lo-80 mM final cont. Following incubation, 0.5 
ml aliquots for assay of enzymes and glycogen were 
added to 0.5 ml 200 mM Tris-HCl (pH 7.8) con- 
taining 20 mM EDTA, 200 mM NaF and 20 mM 
cysteine and frozen in an alcohol/solid CO2 bath. 
Aliquots from each flask were also spotted on mil- 
lipore filter discs under suction and dried to con- 
stant weight for determination of a dry cell weight. 

2. MATERIALS AND METHODS 

Hepatocytes were prepared 141 from male rats of 
a Wistar-derived normal strain and the NZR/Mh 
strain. Livers were perfused with a calcium-free 
Krebs-Henseleit-Hepes buffer (pH 7.4) containing 

Enzyme activities and glycogen content were 
measured on samples after thawing. Sonication of 
the samples did not improve the yield of enzymes or 
glycogen. One freeze/thaw treatment gave identical 
yields of active forms of the enzymes compared 
with homogenization of the cell suspensions in a 
Dounce hand homogenizer. In comparison, 
75-85% of the inactive enzymes were recovered. 
Glycogen synthase was measured directly on the 
thawed cell homogenate as in [5]. Phosphorylase 
was measured on a 1:5 dilution of the cell homoge- 
nate in 200 mM glycerophosphate buffer, pH 6.1 
containing 5 mM EDTA, 200 mM NaF and 400 
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mM sucrose. Active phosphorylase was measured at 
37°C as in [ 11. Inactive phosphorylase was measured 
under the same incubation conditions but with- 
out caffeine and in the presence of 5 mM 5’-AMP 
and 10% 1:2-dimethoxyethane. The solvent activa- 
tion of inactive phosphorylase [6] gave the same 
results as activation by phosphorylase kinase. For 
all enzymes, 1 unit of activity was that amount 
which catalyzed the incorporation of 1 pmol sub- 
strate into glycogen/min. Results are expressed as 
units/g dry wt of cells. Glycogen was measured on 
an aliquot of the cell homogenate by an amylo- 
glucosidase method [ 11, and the values expressed as 
glucose equivalents. 

3. RESULTS 

The changes in the active forms of glycogen syn- 
thase and phosphorylase in response to various 
glucose concentrations are shown in table 1. Values 
for the total (active + inactive) activities of each 
enzyme are not shown as they remained constant 
for each group. In the absence of glucose, active 
glycogen synthase represented 2% of the total in 
normal and 0.8% in gsdlgsd hepatocytes, while ac- 
tive phosphorylase represented 34% in normal cells 
and 5% in gsdlgsd cells. In normal cells, basal active 
phosphorylase was high, but a significant decrease 
in activity was seen at 20 mM glucose (P < 0.001 
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Fig.1. Relationship between activation of glycogen syn- 
thase by 80 mM glucose and the glycogen content of 
hepatocytes from gsdlgsd (o), fed normal (0) and 24 h 
starved/24 h refed (0) rats. Cells were incubated with 

glucose for 10 min. 

compared with zero glucose) and was reduced by 
80% at 60 mM glucose. Active phosphorylase was 
very low in hepatocytes from gsdlgsd animals but 
the residual activity was still inhibited 80% by glu- 
cose. The activation of glycogen synthase was not so 

Table 1 

Response of hepatocytes from fed normal and gsdlgsd rats to glucose 

0 10 

Glucose (mM) 

20 40 60 80 

No. 6 4 5 6 6 6 
Active synthase 

Normal 0.13 0.17 0.23 0.67 1,36 2.06 
kO.01 kO.01 + 0.03 + 0.05 20.09 20.20 

gsdlgsd 0.06 0.08 0.14 0.18 0,25 0.30 
+0.01 +- 0.003 + 0.02 4 0.03 20.03 kO.02 

Active phosphorylase 
Normal 36.2 28.4 16.2 9.8 6.8 6.9 

k2.2 2 6.0 k2.4 k 1.6 kO.3 + 1.8 
gsd/gsd 5.4 4.3 2.5 1.8 190 1.0 

f 0.6 -r-o.7 20.4 20.4 kO.1 f 0.3 

Cells incubated with glucose for 15 min; values are mean 2 SEM and units/g dry wt 
cells 
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Fig.2. Active glycogen synthase (o) and phosphorylase (0) 
during incubation of cells with 40 mM glucose from (A) 
fed normal, (B) 24 h starved normal and (C) fed gsd/gsd 
rats. Number of animals are shown in parentheses. Re- 

sults plotted as mean with bars representing SEM. 

responsive to low glucose concentrations. Although 
a significant increase was seen with both types of 
cells at 20 mM glucose (P co.02 compared with 
zero glucose), the response at higher glucose con- 
centrations was far less in the gsdlgsd hepatocytes 
with only a 5-fold increase at 80 mM glucose com- 
pared with a 20-fold increase in normal cells. 

The activation of glycogen synthase by 80 mM 
glucose was inversely correlated (r = - 0.82, P 
< 0.001) with the initial glycogen content of gsd/gsd 
and normal hepatocytes (fig.1). There was no mea- 
surable change in glycogen concentration in any 
hepatocyte preparation after exposure to glucose. 
The relationship between the activation of glycogen 
synthase and inactivation of phosphorylase was 
studied during exposure of the cells to 40 mM glu- 
cose. In hepatocytes from fed normal rats (fig.ZA), 

active phosphorylase fell rapidly to a minimum at 2 

min whereas active glycogen synthase did not rise 
significantly until 3 min (P co.02 compared with 
initial values). In hepatocytes from starved normal 
rats (fig.2B) initial active phosphorylase activities 
were < %rd and active glycogen synthase activities 
4-times higher than those in cells from fed animals. 
However, the response to glucose was identical to 
that of the cells from fed animals with a rapid in- 
activation of phosphorylase and a delayed activa- 
tion of glycogen synthase. The starved cells did not 
tolerate exposure to 40 mM glucose for > 10 min as 
they showed loss of cell contents by a reduction in 
the dry cell wt/0.5 ml aliquot and a marked activa- 
tion of phosphorylase. In gsdlgsd hepatocytes 
(lig.2C), the initial activities of active phosphorylase 
were the same as the maximally-depressed ones in 
the fed cells. However, the residual activity was still 
reduced rapidly by glucose to almost zero by 3 min 
but despite the very low active phosphorylase activ- 
ities, activation of glycogen synthase showed a 
prolonged lag phase after glucose and did not rise 
significantly until 8 min (P co.05 compared with 
initial values). Again, no significant change in he- 
patocyte glycogen concentration was detected after 
the 16 min incubation. 

4. DISCUSSION 

The glucose effects on fed normal hepatocytes 
reported here support the concept of glucose di- 
rectly stimulating liver glycogen synthesis by acti- 
vation of glycogen synthase [7,8]. The mechanism 
whereby glucose achieves these effects, however, is 
debatable. Glucose is said to act by binding to active 
phosphorylase, producing a conformational 
change which renders the enzyme more susceptible 
to inactivation by phosphorylase phosphatase [9]. 
Active phosphorylase is considered to be a potent 
inhibitor of glycogen synthase-phosphatase from 
studies in vivo using fed animals [ 10,l l] and using 
isolated hepatocytes [ 12,131. Therefore, an inacti- 
vation of this enzyme is said to be required before 
stimulation of glycogen synthase-phosphatase and 
activation of glycogen synthase can occur [3]. How- 
ever, there are situations where this relationship 
does not hold, e.g., in livers of starved animals 
[ 12,141, hepatocytes from starved animals 18,151 and 
in vitro [ 16,171. Our findings with hepatocytes from 
gsdlgsd animals do not indicate that the activation 
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of glycogen synthase is controlled by active phos- 
phorylase. The gsdlgsd cells have a normal phos- 
phorylase, but the active form remains very low 
because of the phosphorylase kinase deficiency. 
Despite this, initial active glycogen synthase activ- 
ity was also very low and there was still an obvious 
lag phase in the activation of the enzyme by gluc- 
ose (tig.2C). In addition, the lag phase in the activa- 
tion of glycogen synthase in response to glucose in 
hepatocytes from starved animals with low active 
phosphorylase levels (iig.2B) is not consistent with 
phosphorylase control of glycogen synthase activa- 
tion. 

The smaller and slower response of glycogen 
laden gsdlgsd hepatocytes to glucose activation of 
glycogen synthase (table 1) and the correlation of 
glycogen synthase activation with glycogen con- 
centration in these and normal cells (fig. 1) strongly 
supports the concept of glycogen having a major 
role in the control of its own rate of synthesis as 
suggested previously for liver [2,18] and other 
tissues [ 19,201. 

Finally, it is of interest to note that, although the 
gsd/gsd hepatocytes have very low active phospho- 
rylase, the enzyme still responds rapidly to glucose. 
Preliminary results (not shown) indicate that this 
decrease can be reversed by glucagon, suggesting 
that the gsdlgsd rat may not have a complete ab- 
sence of liver phosphorylase b kinase. 
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