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Hepatic glucokinase (GK) is acutely regulated by
binding to its nuclear-anchored regulatory protein
(GKRP). Although GK release by GKRP is tightly
coupled to the rate of glycogen synthesis, the nature
of this association is obscure. To gain insight into
this coupling mechanism under physiological stim-
ulating conditions in primary rat hepatocytes, we
analyzed the subcellular distribution of GK and
GKRP with immunofluorescence, and glycogen de-
position with glycogen cytochemical fluorescence,
using confocal microscopy and quantitative image
analysis. Following stimulation, a fraction of the GK
signal translocated from the nucleus to the cyto-
plasm. The reduction in the nuclear to cytoplasmic
ratio of GK, an index of nuclear export, correlated
with a >50% increase in glycogen cytochemical
fluorescence over a 60min stimulation period. Fur-
thermore, glycogen accumulation was initially de-
posited in a peripheral pattern in hepatocytes
similar to that of GK. These data suggest that a com-
partmentalization exists of both active GK and the
initial sites of glycogen deposition at the hepatocyte
surface.
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INTRODUCTION

Glucokinase (GK) plays a critical role in glucose
homeostasis by catalyzing the phosphorylation of
glucose in both hepatocytes and pancreatic ]3
cells. The short-term regulation of hepatic GK is

governed by dynamic and reversible interactions
with the GK regulatory protein (GKRP), a nuclear
protein. [11 The association/dissociation of GK
with GKRP is determined by the exposure to cer-
tain hexose phosphates and other substrates such
that GKRP functions as a metabolic sensor (see
review by[21). Under basal glucose conditions, GK
is predominantly bound to GKRPTM within the he-
patocyte nucleus,[4] where it resides in an inactive
state until it is released and translocates to the cy-
toplasm. [21 Dietary intake influences the subcellu-
lar translocation of GK as well as the expression
of both GK and GKRP mRNAs. [5’6’71 Impaired GK
translocation, such as that observed in animal
models of type 2 diabetes,[8] may contribute to
altered hepatic glucose metabolism.
There are recent reports that the interplay be-

tween hepatic GK and GKRP impacts the acute
regulation of glycogen synthesis.[9,1] It has also

*Address for correspondence: C-349 Given Building, Department of Medicine, Division of Endocrinology, University of
Vermont, Burlington, VT 05405. Tel.: 802-656-2616, Fax: 802-656-8031, e-mail: tjetton@zoo.uvm.edu

173



174 T. L. JETTON et al.

been observed that both GKIlll and GKRP-defi-
cientI121 mice exhibit impaired glycogen produc-
tion. Furthermore, a recent study by de la Iglesia
et al. [13] demonstrated a very high control coeffi-
cient of the GK-GKRP protein ratio on glycogen
synthesis. However, there are few details on
the subcellular compartmentalization of GK and
GKRP trader conditions that favor glycogen depo-
sition. Nonetheless, glycogen synthase, the rate-

determining enzyme in glycogen synthesisI41 has
been found to undergo a glucose-stimulated
translocation to the hepatocyte surface coincident
with peripheral glycogen deposition. IxSl

Despite the well-accepted view that GK shuttles
from the nucleus upon substrate stimulation, there
are disagreements as to the subcellular disposition
of GKRP under these conditions. For example, pre-
vious reports have suggested that both GK and
GKRP translocate from the nucleus to. the cyto-
plasm upon stimulation with supraphysiological
glucose concentrations,I’161 but other studies using
cell-free systemsI31 and cultured primary hepato-
cytes[4] inclicate that GKRP remains associated
with the nuclear matrix after GK is released.
Notwithstanding, we have recently shown that
GKRP may not only function in the nuclear se-

questration of GK, but may also control nuclear
entry of GK. [171 To determine whether the translo-
cation of hepatic GK is spatially coupled with
glycogen deposition, and to gain a better under-
standing of the subcellular dynamics of hepatic
GK with GKRP, we investigated the interrelation-
ships between GK, GKRP and glycogen deposition
at physiological glucose concentrations in primary
hepatocyte cultures. We have devised a simple, re-
liable method to quantitatively analyze hepatic
glycogen in situ and compare those patterns with
GK immunoreactivity at the subcellular level.

MATERIALS AND METHODS

Hepatocyte Isolation and Culture

Primary hepatocytes were isolated from
overnight-fasted Sprague-Dawley rats (~300g)
using the recirculating collagenase-perfusion

method of Shiota et al. I81 Hepatocytes were
washed in Krebs-bicarbonate buffer (115mmol/

NaC1, 5.9mmol/1 KC1, 1.2mmol/1 MgCI2,
1.2mmol/1 NaHaPO4, 1.2mmol/1 NaaSO4, and
25mmol/1 NaHCO3), and suspended in
Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal calf serum supplemented with
100U/ml penicillin and 100g/ml streptomycin.
Cell viability was determined by Trypan blue
staining and was >95%. Hepatocytes were then
plated onto collagen type IV (Gibco)-coated
35mm microwell dishes (Mat-Tek Corp., Ashland,
MA) at a density of ~2.5 105/dish. After 3-4h at
37C in 5% CO2/95% air, the attached cells were
briefly rinsed and incubated with fresh media
(DMEM with 5.5mmol glucose with antibiotics
and lg/ml insulin) and incubated overnight.
The media was changed the next morning with
DMEM with 5.5mmol/1 glucose (basal medium),
and the hepatocytes were incubated for an addi-
tional 2h before substrate stimulation.

Isolated Liver Perfusion

Overnight-fasted rats (~300g), were anesthesized
and subjected to an isolated, non-recirculating
liver perfusion as described above in order to
compare subcellular glycogen deposition patterns
in isolated hepatocytes with those of intact liver.I181
The principles of animal laboratory care were
strictly followed according to the guidelines of
both the NIH and Vanderbilt’s Animal Care
Committee. Livers were equilibrated for 60min
with oxygenated (95% 02+5% CO2) Krebs-
bicarbonate buffer then subjected for 30min to
either 5.5mmol/1 glucose, 20mmol/1 glucose, or
5.5mmol/1 glucose +0.2mmol/1 fructose (n=3
livers for each condition). After the final 30min

perfusion, the liver samples were immersion fixed
in 4.0% paraformaldehyde/0.1mol/1PBS for 3h at
4C, and routinely processed for paraffin embed-
ding. Five micron sections were subjected to the
"PAS" staining procedure (see below).

Substrate-stimulation

Primary cultured hepatocytes were incubated
for either 30 or 60min in pre-warmed basal
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medium (DMEM with 5.5mmol/1 glucose),
basal medium supplemented with 0.2mmol/1
fructose, DMEM with 10mmol/1 glucose, or
DMEM with 10mmol/1 glucose and 0.2mmol/1
fructose. Following the stimulation period, the
hepatocytes were briefly washed in PBS
(10mmol/1 phosphate-buffered saline, pH 7.6)
and fixed in 4.0% paraformaldehyde/PBS for 20
min at room temperature.

Immunocytochemistry of Cultured
Hepatocytes

Following fixation, the hepatocytes were washed
three times in PBS for 10min, then permeabilized
in PBS with 0.1% Triton X-100 for 20min. The
cells were then blocked in 5% normal donkey
serum and 1.0% BSA/phosphate-buffered saline
(PBS) for l h. The hepatocytes were then incu-
bated for 12h in a 1:1000 dilution of sheep anti-
GST-GK serumI191 for detection of GK, a 1:1000
dilution of rabbit anti-rat GKRP serum[21 or
an equivalent mixture of the two for double-
labelling immunofluorescence. Following 3
15min washes in PBS with 0.1% Triton X-100,
the secondary antibodies were applied for lh at
room temperature. For quantitative analysis of
GK and RP, the secondary antibodies consisted
of either "ML’-grade (Jackson Immunoresearch,
West Grove, PA) donkey anti-sheep IgG-CY3 or

donkey anti-rabbit IgG-CY3, respectively (both
diluted 1:1000 in PBS with 1.0% BSA and 0.1%
Triton X-100). For double-labelling immunofluo-
rescence, the secondary antibodies consisted of
donkey anti-sheep-CY3 (1:1000) and donkey
anti-rabbit CY5 (1:500). Control experiments for
GK and RP antiserum specificity consisted of in-
cubations with equivalently diluted pre-immune
serum. Controls for secondary antibody speci-
ficity were as previously detailed. I211 After wash-
ing, the cells were mounted in Aqua-PolyMount
(Polysciences, Warrington, PA).

Western Blotting

To confirm antibody specificity in the recogni-
tion of GK and GKRP in hepatocyte samples,

immunoblot analysis of whole-cell homo-
genates of freshly-isolated hepatocytes was

performed as follows. Approximately 0.25ml of
the pelleted hepatocytes were added to lml
of the homogenization buffer (50mmol/1 tri-

ethanolamine-HC1, 100mmol/1 KC1, lmmol/1
DTT, 5% glycerol, 5% polyethylene glycol,
lmmol/1 EDTA, lmmol/1 EGTA, lmmol/1
PMSF, 1 g/ml Pepstatin A, llg/ml leupeptin,
0.02% NaN3, 0.5% Triton X-100 at pH .7.3),
homogenized with a Polytron Tissuemizer, then
centrifuged at 10,000g for 10min. 10g of
protein extract from the supernatant was
added to SDS sample buffer and resolved
by 12% SDS-PAGE. Following electrophoretic
transfer to PVDF membranes, the blot was
blocked in 5% non-fat dry milk and 0.1% Tween
20 in 20mmol/1 Tris buffered saline then
incubated with anti-GST-GK antiserum diluted
1:5000 in blocking buffer at 4C overnight.
Bound antibody was detected using "ML"-
grade horseradish-peroxidase-conjugated don-
key anti-sheep IgG (Jackson Immunoresearch,
1:10,000 in same buffer) and an enhanced
chemiluminescence method as detailed pre-
viously. [22] The same blot was washed and
repfobed with rabbit anti-GKRP serum di-
luted 1:5000, then incubated in "ML"-grade
horseradish-peroxidase-conjugated donkey anti-
rabbit IgG and developed by chemilumines-
cence detection.

Conventional Periodic Acid-Schiff (PAS)
Histochemical Staining for Glycogen

For the conventional PAS procedure, paraffin
sections of paraformaldehyde-fixed, routinely-
processed liver tissue from perfusion experi-
ments were hydrated to water and oxidized for
10rain in 0.5%(w/v) periodic acid, washed in
DW, then stained for 10rain in Schiff’s reagent
(Fisher Scientific, Pittsburgh, PA). Following
rinsing in 9.5%(w/v) sodium metabisulfite, sec-
tions were dehydrated and mounted in Per-
mount (Fisher). Transmitted light images were
re.corded on a Leitz Laborlux S photomicroscope
using Ektachrome 160 slide film.
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Fluorescent PAS Staining of Hepatocytes

A modified PAS technique was devised for the
fluorescence detection of glycogen in cultured
hepatocytes. This was accomplished by a 2min
periodic acid (0.5%w/v) oxidation step followed
by a lmin Schiff’s reagent staining (freshly fil-
tered) to yield a moderate to strong fluorescent
signal under appropriate laser excitation (see be-
low) which was not detectable via transmitted
light microscopy (i.e., typical magenta Schiff’s
staining). Control experiments included omis-
sion of either the oxidation or Schiff’s-staining
step and resulted in no detectable cytoplasmic
fluorescence.

Semi-quantitative Confocal Microscopy

Parallel dishes (in duplicate) of similarly-treated
hepatocytes were fixed and stained for analysis
of GK and RP immunoreactivity and for glyco-
gen by PAS fluorescence detection. Quantitation
was performed by laser-scanning confocal mi-
croscopy using a Zeiss LSM 410 (Vanderbilt Cell
Imaging Resource) to record GK- and GKRP-
CY3, and PAS-generated fluorescence (using
separate samples) using the 543nm excitation
line of a HeNe laser. For each field, the micro-

scope was focused to maximize the number .of
hepatocytes optically-sectioned through the mid-
die of the nucleus. All confocal imaging param-
eters were identical for each imaged field and a
minimum of 4 fields of 200 200m were cap-
tured for each variable thereby yielding ~25-92
ceils for subcellular analyses for each sample and
each stimulation condition. Grayscale images
(512 x 512 pixels) were transferred to a Power
Macintosh 8500 running NIH Image (v 1.59) for
image analysis.

Image Analysis

Image files for subcellular analyses were printed
to identify and number individual hepatocytes
suitable for quantitation. For each cell studied,
a 19 pixel diameter circle (349 pixels total),
which was approximately the area of an average

hepatocyte nucleus, was used to measure mean
pixel intensities (range 0-255 grayscale levels).
Only cells with their mid-nuclear region in focus
were counted. For GK and RP-stained cells, an
equivalent area of cytoplasm was sampled be-
tween the nucleus and cell surface thus allowing
comparisons of the changes in nuclear intensity
to changes in the cytoplasmic intensity (an in-
dex expressed as the nuclear to cytoplasmic
[N:C] ratio). Due to the limitations in volume
sampling in a single optical section, and the fact
that potential changes in nuclear GK signal
cannot be fully compensated for by a reciprocal
change in cytoplasmic intensity, we found this
method of nuclear-cytoplasmic sampling to yield
reproducible N:C ratio values and was more
time-efficient when compared to cell-outline
methods. Fluorescent PAS-stained samples were
imaged under equivalent conditions and sub-
jected to cytoplasmic intensity analysis using
the same sampling strategy as in the GK/RP-
stained samples. The lightly-fluorescent, PAS-
reactive Golgi regions were avoided in these
analyses to prevent overestimation of glycogen
signal. Field background fluorescence values
were subtracted from intensity values for each
cell. Thus, changes in the subcellular distribution
of GK and GKRP were expressed as corrected
mean N :C pixel intensity ratios, whereas changes
in the levels of PAS-reactive glycogen were
expressed as corrected mean cytoplasmic inten-
sities. Data presented in Figure 3 resulted from
cultured hepatocyte experiments performed from
a single isolation, but are representative of the
trends observed in GK/GKRP translocation and
glycogen deposition experiments under identical
conditions from other isolations. The student’s
t-test in Microsoft Excel was used for probability
(p) determinations whereby values of < 0.05 were
deemed significant.

XZ Scanning and Image Formating

For determination of the subcellular localization
of GK immunoreactivity and glycogen in hepato-
cytes under basal and stimulated conditions,
confocal scans in the XZ (depth) plane were
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obtained of representative fields in the XY di-
mension using the Zeiss LSM software. Densito-
metric scans of the XY images in the same plane
as the XZ images were obtained in NIH Image to
allow a graphical comparison of pixel density
with the actual XZ scan. All images were
converted to an Adobe Photoshop 4.0 format
then transferred to a Silicon Graphics Indigo
workstation running IRIS Showcase (v 3.3), or a
Macintosh G4 workstation running Adobe Illus-
trator 8.0 and printed on a Fujix Pictrography
color printer.

A

.,-55Kd

GK GKRP

~68 Kd

RESULTS

Subcellular Distribution of GK, GKRP
and Glycogen Under Basal Conditions

Overnight-cultured primary hepatocytes main-

tained in 5.5mrnol/1 (basal) glucose were ana-

lyzed by immunocytochemistry and confocal
imaging for GK and GKRP, and for PAS-
reactive glycogen with a modified fluorescent
method. Irnmunoblot analysis of a whole-cell
homogenate of isolated hepatocytes was per-
formed to determine the specificity of GK and
GKRP antisera used in these studies, and this
was confirmed by a single immunoreactive
band for each (Fig. 1A). Under basal glucose
conditions, both GK and GKRP were observed
in the nucleus of hepatocytes (Figs. 1B, C).
Higher magnification reveals an identical lo-
calization pattern of GK and GKRP within
the nucleoplasm of hepatocytes upon DNA
counterstaining (Fig. 1D). The fluorescent in-
tensities of the respective nuclear GK and
GKRP signals were generally similar, however,
there was cell-to-cell variation in their absolute
intensities attributable to isolation of primary
hepatocytes with sustained heterogeneity with
respect to metabolic zonation and glycolytic
enzyme content. [23]

The established fluorescent method for demon-
strating Schiff’s-type polyaldehyde stainingI241

yields a reaction product with a fluorescence
emission peak that is unsuitable for optimal

FIGURE GK and GKRP immunoreactivity, and PAS-fluo-
rescence in isolated hepatocytes cultured under basal glu-
cose conditions. A. Representative immunoblot analysis
of a whole-cell homogenate of freshly-isolated hepatocytes
demonstrating monospecificity of GK and anti-GKRP anti-
sera. The apparent molecular mass is indicated. B. Confocal
immunofluorescence image of a representative field of hepa-
tocytes immunostained for GK (red). The predominant stain-
ing signal is localized to the nuclei. C. Same field as in B
immunostained for GKRP (green). Incubations of cells with
pre-immune sera resulted in only low diffuse background
staining (not shown). D. Hepatocytes in situ fluorescently
stained for GK and GKRP with counterstained nuclei
(green). Colocalization of GK (red) and GKRP (blue) in hepa-
tocyte nuclei results in pink emission within the nucleo-
plasm, but it is clearly void from the heterochromatin and
nucleoli (green). E. Fluorescent PAS technique reveals low
levels of cytoplasmic PAS-reactive material. Hepatocytes
subjected to basal glucose and stained with either the modi-
fied-fluorescent or the conventional PAS technique revealed
no detectable staining when viewed by brightfield micros-
copy (not shown) (see Methods section for details). Scale bar
represents 20m.

quantitative confocal analysis. For this reason,
a modified PAS technique was devised and
used for the fluorescence detection of newly
synthesized glycogen. Control experiments for
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PAS-staining included omission of either the
oxidation or Schiff’s-staining step and resulted
in no detectable cytoplasmic fluorescence. Basal
glucose-cultured hepatocytes stained with the
modified PAS and visualized by laser confocal
microscopy resulted in very low levels of resid-
ual PAS-reactive polysaccharide (Fig. 1E). These
hepatocytes lacked detectable reactivity using
conventional PAS staining (data not shown) sug-
gesting that this baseline level of fluorescence
corresponds to glycogen depletion under these
basal glucose conditions.

GK and GKRP Distribution and Glycogen
Deposition Under Stimulating
Conditions

Since both glucose and fructose are potent
stimuli for GK release by GKRP in hepa-
tocytes I251 we tested the effect of 0.2mmol/

fructose, in the presence of either basal
(5.5mmol/1) or elevated but physiological
(10mmol/1) glucose levels. Either or both of
these substrates caused changes in both the
subcellular localization of GK immunoreactiv-
ity and the relative levels of PAS-reactive
glycogen (Fig. 2). Most hepatocytes exhibited a
reduction in nuclear GK fluorescence with a

corresponding increase in cytoplasmic signal,
especially towards the cell surface opposing
contacted cells (Fig. 2A). There were no sub-
stantial qualitative differences in the GK distri-
bution patterns between hepatocytes subjected
to the various substrate conditions, although
differences in the magnitude of nuclear
depletion were observed (see below). GKRP
immunoreactivity remained confined to the
nucleus under all stimulating conditions
(Fig. 2B), in agreement with prior studies. [4,12]

Confocal fluorescence imaging of PAS reactiv-

ity in 30min substrate-stimulated hepatocytes
indicated that glycogen was initially deposited
at the cell periphery (Fig. 2C). In hepatocytes
stimulated for 60min, glycogen, accumulation
was maintained at the cell periphery but
was also observed throughout the cytoplasm
(Fig. 2D).

FIGURE 2 GK and GKRP immunoreactivity, and PAS-fluo-
rescence in isolated hepatocytes cultured under substrate-
stimulated conditions. A. Confocal immunofluorescence
image of a representative field of hepatocytes immuno-
stained for GK (red). Although hepatocytes retain variable
levels of nuclear GK immunofluorescence, most exhibit in-
creased cytoplasmic staining, especially at their surfaces
(arrows). B. Same field as in B immunostained for GKRP
(green). Note that GKRP immunofluorescence is confined to
the nucleus. This pattern of GKRP staining was observed
among all substrate stimulation conditions. C. Fluorescent
PAS-staining of hepatocytes subjected to a 30min stimula-
tion by 10mmol/1 glucose showing a significant enhance-
ment in cytoplasmic glycogen deposition with considerable
accumulation at the cell surfaces (arrows). D. Hepatocytes
stained for glycogen following a 60min stimulation by
10mmol/1 glucose showing a further accumulation of glyco-
gen signal distributed at the surface as well as throughout
the cytoplasm. Scale bar equals 20 txm.

Semi-quantitative Analysis of GK
and GKRP Distribution and Glycogen
Deposition

To measure differences in the nucleocytoplasmic
redistribution of GK and GKRP, and changes in

glycogen deposition in stimulated hepatocytes,
we assessed the ratio of nuclear to cytoplasmic
(N:C) intensity from confocal images. Although
the recorded cytoplasmic intensity values reflect
only a portion of the total cytoplasmic area, we
determined that recording fluorescence changes
in an equivalent area of the cytoplasm as the
nuclear surface area (~350 pixels) was an ade-
quate representation of the trends throughout
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the entire cytoplasm as both perinuclear and pe-
ripheral cytoplasmic regions were sampled (see
Methods section for details). Upon substrate
stimulation there was a decrease in the GK N:C
ratio (Fig. 3A). Hepatocytes incubated under
basal glucose conditions exhibited a mean ratio
for GK of 3.75 0.12 (Fig. 3A). Hepatocytes incu-
bated for 30min in 10mmol/1 glucose, which ap-
proximates the post-absorptive plasma glucose
concentration in the portal blood,I251 showed a

significant (37%) reduction (2.36_ 0.05) in this
ratio. Fructose was found to strongly stimulate
GK translocation both at basal and high glucose
concentrations (Fig. 3A) (N:C ratio of 2.39_ 0.07
and 2.48_ 0.08, respectively), but in a manner
similar to high glucose alone.

Substrate-induced GK translocation occurred
within 30min, in agreement with a prior study. I41

In hepatocytes cultured for a total of 60min un-
der stimulating conditions, cultures containing

A
o GK HGKRP

5 ’,

ill .:.:.:. ::::::
o. 3

.:.:.:
0

5.5 mmol/I 10 mmol/I
glucose glucose

6 30 min

5.5 mmol/I

.1ucose2 mmol/I
fructose

= 160, 30 min B60 min

"’" 140’

._x-

20’

10 mmolll E 0

2 mmol/I
fructose

glycogen

5.5 mmol/I 10 mmol/I 5.5 mmol/I 10 mmol/I
glucose glucose glucose glucose

0.2 rnmol/I 0.2 mmol/I
fructose fructose

C GK 60 min

5.5 mmol/I 5.5 mmol/I 10 mmol/I
glucose glucose glucose

0.2 mmol/I 0.2 mmol/I
fructose fructose

hexose concentrations

FIGURE 3 Substrate-stimulated GK translocation is associated with glycogen accumulation as determined by quantitative
confocal fluorescence imaging. The relative distribution of GK immunoreactivity, GKRP immunoreactivity, and glycogen (PAS-
reactive fluorescence) for each substrate condition and incubation period was expressed as either the mean N :C ratio (in pixel
intensity) SEM (for GK and RP immunoreactivity) or as the mean cytoplasmic pixel intensity SEM (for glycogen). A. Sub-
cellular distribution of GK (dark bars) and RP (stippled bars) expressed as changes in the average nuclear to cytoplasmic ratio
(N:C ratio) after 30min stimulation. Values represent mean ratios+SEM (n 54- 74 cells assayed for each group). The N:C
ratio of GK fell by ~37% (p<3.44 5< 10-14) compared to basal glucose group, indicating translocation from the nucleus, whereas
the N :C ratio of GKRP did not increase (mean 4.51 _+ 0.22), and actually rose in the high glucose and basal glucose + fructose
groups. 13. Glycogen accumulation following substrate stimulation as compared at 30min (dark bars) and 60min (stippled bars)
as determined by changes in cytoplasmic pixel intensity (n 25 92 cells assayed each group). At 30min stimulation, only the
high glucose group exhibited a significant change in PAS fluorescence (p<3.2 10-7), whereas after 60min stimulation, all
groups displayed significantly increased PAS-reactive glycogen (p< 1.9 10-6). C. Subcellular distribution of GK expressed as
N:C ratios after 60min stimulation (n 58- 78 cells). The 10mmol/1 glucose-treated hepatocytes were not included due to
high cellular autofluorescence observed after 60min exposure in three separate experiments. Both the basal glucose + fructose
groups and high glucose+fructose groups showed significant decreases in the GK N:C ratio (p<2.03 5< 10-7 and 1.68 10-6,
respectively), whereas significant differences in the ratios of GKRP were not observed (not shown).
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fructose with basal or high glucose exhib-
ited even lower mean GK N:C ratios (1.92 +
0.04 and 2.08 +__0.06, respectively) (Fig. 3C).
However, when compared to their respective
control (2.94 + 0.12), these values demonstrate a
similar reduction of the GK N:C ratio as in the
30min stimulation group. Therefore, substantial
differences in the magnitude of GK translocation
between 30 and 60min of stimulation were
not observed. Furthermore, analyses of GK
fluorescence patterns in 60min-high glucose
alone-cultured hepatocytes resulted in dispro-
portionately high nuclear and cytoplasmic
intensities as the result of enhanced autofluores-
cence, therefore, those values were not included
in Figure 3C. Similar patterns of high cellular
autofluorescence were seen in 60min-"high glu-
cose only" cultured hepatocytes from two other
isolations.

Potential subcellular changes in GKRP im-

munoreactivity were also determined in 30min-
stimulated hepatocytes. The relative intensity of
the nuclear GKRP signal, when expressed as the
mean N:C ratio index (4.04 _+ 0.16 at basal glu-
cose), actually showed an opposite relationship
with hexose stimulation compared to that of
GK, as it increased (average 4.60) under those
conditions which maximally stimulate a reduc-
tion in the GK N:C (Fig. 3A). This is probably
due to enhanced recognition of the protein by
the GKRP antibody upon release of GK. The
predominantly nuclear pattern of GKRP im-

munoreactivity was maintained in stimulated
hepatocytes cultured for an additional 30min

(data not shown). This staining pattern is differ-
ent from the subcellular GKRP patterns reported
under supraphysiological glucose levels. I1,61

Semi-quantitative analysis of glycogen accu-
mulation, as determined by changes in mean cy-
toplasmic intensity, revealed maximal glycogen
deposition in hepatocytes exposed to 10mmol/1
glucose alone (Fig. 3B). At 30min, hepatocytes
subjected to high glucose exhibited a 45% in-
crease in PAS fluorescence over control hepato-
cytes. Interestingly, hepatocytes incubated in
the presence of fructose with either basal or high
glucose demonstrated no significant increase in

PAS-generated fluorescent signal in this short
timeframe (Fig. 3B). However, in hepatocytes
stimulated for 60min, there was significantly
more PAS-reactive glycogen accumulated than
was present at the 30 minute incubation
(Fig. 3B). When compared to the basal glucose
controls, 10mmol/1 glucose-cultured hepato-
cytes exhibited a 65% increase in fluorescence
intensity while the fructose-treated cells supple-
mented with either basal or 10mmol/1 glucose
showed an approximately 50% increase in PAS-
reactivity. Thus it appears that in rat hepatocytes
subjected to 10mmol/1 glucose alone there is

significant stimulation of GK translocation
within 30min (Fig. 3A), and they are conducive
to maximal glycogen deposition within both 30
and 60min incubation periods (Fig. 3B).

Subcellular Distribution of GK
and Glycogen upon Substrate
Stimulation

The distribution of GK and glycogen in basal
and stimulated primary hepatocytes were deter-
mined by scanning in the "z" (depth) dimension

using confocal microscopy and densitometry. In
hepatocytes cultured in basal glucose for 30min,
XZzplane confocal imaging and densitometric

scanning confirm that the predominant GK im-

munofluorescenc signal emanates from the nu-

clei, and not from a perinuclear site (Fig. 4A). In
the presence of basal glucose, cultured hepato-
cytes subjected to the PAS fluorescence proce-
dure and XZ-scanning demonstrated only a

weak fluorescent signal associated with the he-
patocyte cytoplasm and no signal in their nuclei
(Fig. 4B). Upon substrate stimulation, XZ-plane
imaging of hepatocytes exhibited decreased nu-

clear GK immunofluorescence and the appear-
ance of peripherally-oriented GK (Fig. 5A). This

compartmentalized GK signal is not entirely
random at the cell surface but often shows a

preference for the opposing face of adjacent
hepatocytes. Importantly, surface-oriented gly-
cogen deposition is observed in a pattern simi-
lar to that of GK upon substrate stimulation
(Fig. 5B).
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xy
scan

Glycogen Distribution in Perfused Liver

In order to validate the glycogen deposition pat-
terns observed in cultured hepatocytes in a perfu-
sion system with intact liver tissue, we performed
conventional PAS staining in rat liver sections
which were perfused with basal (5.5mmol/1) and
high (20mmol/1) glucose. Liver subjected to basal
glucose exhibited very low levels of PAS-reactiv-
ity (Fig. 6A), consistent with depleted glycogen
stores in most hepatocytes after an overnight fast.

FIGURE 4 Subcellular distribution of GK and glycogen in
unstimulated primary hepatocytes. Hepatocytes cultured
in basal glucose 30min. A. (Top) XY-plane (conventional)
confocal image of GK immunofluorescence showing strong .:
nuclear signal. The asterisk marks a nucleus and the
dashed line designates plane of optical section for refer-
ence in XZ scan below. Corresponding XZ-plane confocal
image (middle) referenced in XY (conventional flat)-plane
(dashed line). Densitogram of XY-plane image along
dashed line in upper panel (bottom). Note predominant
GK signal is associated with nuclei (* within peak in densi-
togram). B. Basal-glucose cultured hepatocytes subjected
to PAS fluorescence procedure. Note that only a weak fluo-
rescent signal emanates from cytoplasm. A nucleus is indi-
cated (*) for reference.

xz
scan

FIGURE 5 Subcellular distribution of GK and glycogen in
stimulated primary hepatocytes. A. XY-plane image of hepa-
tocytes incubated in 10mmol/1 glucose+0.2mmol/1 fructose
for 60min showing slightly decreased nuclear GK signal
but the appearance of surface-oriented GK (upper panel,
arrowheads). Asterisk marks a nucleus and dashed line
designates plane of section in XZ-plane (middle). Peripher-
ally-sited GK signal is not random but is often concentrated
at the opposing face of adjacent hepatocytes (arrowheads).
B. Substrate-stimulated hepatocytes stained for glycogen.
Surface-oriented glycogen deposition (upper panel, arrow-
heads) and a nucleus (*) are indicated for reference in
XZ-scan (middle). Note similar patterns of surface locali-
zation (arrowheads) for GK and glycogen in stimulated
hepatocytes.

FIGURE 6 Glycogen accumulation in hepatocytes in situ.
Perfused rat liver fixed, processed for paraffin embedding,
and sections stained with the conventional PAS procedure.
The central vein (cv) is indicated for reference. A. Overview
of liver from a rat perfused for 30min with 5.5mmol/1 glu-
cose following an overnight fast. Note that hepatocytes are
considerably depleted of PAS-reactive material. Inset shows
higher magnification revealing that residual PAS-reactive
material is non-glycogenic, but is attributable to basement
membrane glycoproteins of the sinusoidal endothelium (ar-
rows). B. Rat liver perfused for 30min with 20mmol/1 glu-
cose following a 30min basal glucose perfusion. Note that
PAS-reactive glycogen is not uniformly synthesized among
different hepatocytes. Higher magnification (inset) shows
that glycogen is initially deposited at the periphery facing
the sinusoidal space (arrows).
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Twenty mmol/1 glucose stimulated the deposi-
tion of PAS-reactive glycogen within a 30min
timeframe (Fig. 6B). Glycogen is non-uniformly
synthesized among different hepatocytes at this

early stage of stimulation and is often localized
towards the sinusoidal surface, a pattern consis-
tent with the peripheral patterns observed in cul-
tured hepatocytes under stimulating conditions.

DISCUSSION

Hepatic GK has been shown to reversibly
translocate between the nucleus and cytoplasm
in response to specific hexose substrates, and
this flux is coupled to glycogen synthesis by a

biochemical process in which there is little
morphological perspective. While the cellular
mechanisms mediating GK translocation are be-
ginning to be resolved, it is clear that under
basal glucose conditions GK is bound to GKRP
in the nucleus. We have performed studies di-
rected at determining the impact of hexose sub-
strate stimulation within the physiological range
on the subcellular localization of GK and its spa-
tial relationship with initial sites of glycogen
deposition as determined by PAS-reactivity. Our
results suggest that GK is released from nuclear-
bound GKRP in response to increased substrate
concentrations, that it translocates to a compart-
ment within the peripheral cytoplasm close to
the plasma membrane facilitating the channeling
of glucose into glycogen.

Subcellular Compartmentalization of GK
and GKRP in Hepatocytes

It has previously been shown that under basal
glucose conditions in a cell-free system, GK as-
sociates with the digitonin-stable matrix of the
hepatocyte. I251 However, upon stimulation with

glucose or small amounts of fructose, GK is liber-
ated into the cytosolic compartment. I251 These data
suggested that GKRP regulates GK by a reversible
interaction that anchors the enzyme to the insolu-
ble hepatocyte matrix. I31 The above observations
were extended by immunohistochemical studies

of hepatocytes demonstrating that GK was pre-
dominately located in the nucleus under basal
glucose conditionsI261 and that it co-distributes
with GKRP. [11

Although the functional relevance of the GK-
GKRP interaction in the hepatocyte nucleus is

well-accepted, there is some controversy regard-
ing whether GKRP also translocates from the nu-

cleus upon substrate stimulation and, hence, may
play an active role in the GK translocation. Both
GK and GKRP[271 were shown to translocate from
the nucleus to cytoplasm upon 20 or 25mmol/1
glucose stimulation in either isolated, perfused
livers Ill or primary hepatocytes. I161 In contrast to
these results, a study by a different group using
primary hepatocytes subjected to more physio-
logical, but high glucose levels (15.5mmol/1),
demonstrated that while GK reversibly shuttles
between the nucleus and cytoplasm upon sub-
strate stimulation, GKRP remained localized
within the nucleus. I41 Our studies, which have
made use of both liver perfusion experiments
(present study and unpublished observations by
T. Jetton and M. Shiota) and in primary hepato-
cytes (present study), suggest that immunohis-
tochemically demonstrable GKRP is retained
within the nuclear compartment under several
substrate stimulation conditions that mimic those
of the portal blood following a meal.

Alternative Roles for GKRP

Evidence is accumulating on additional roles for
GKRP besides simply the regulation of GK cat-
alytic activity. GK/GKRP cotransfection studies in

non-hepatic cell lines by our groupI71 and oth-
ers[281 suggest that nuclear localization of GK and
GKRP may be dependent on the presence of both
proteins. We have recently shown that GKRP may
not only function in the nuclear sequestration of
GK, but may also regulate nuclear entry of GK by
serving as a molecular chaperone. I171 For example,
entry of GK into the nucleus appears to be depend-
ent on binding and "piggy-backing" on GKRP,
instead of the use of a specific GK nuclear local-
ization sequence (NLS). Further, nuclear effiux of
GK is probably the result of nuclear pore complex
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recognition of a specific leucine-rich nuclear ex-

port sequence,I171 but at present, it is unclear if this
sequence operates in substrate-induced transloca-
tion in hepatocytes. Analyses of GKRP-deficient
mice have demonstrated an altered stability of GK
protein,[12,29] impaired glucose tolerance, and low-
ered glycogen synthesis. I121 In isolated hepatocytes
from these GKRP knockout mice, and in heterolo-
gous non-hepatic cell lines transfected with GK
alone,I7,281 GK is localized exclusively in the cyto-
plasm where it may be more vulnerable to degra-
dation. Thus, a function for GKRP in the nuclear
import of GK implicates an indirect stabilizing
role of this protein role for GK. In the current
study, we could not detect cytoplasmic GKRP in

hepatocytes under any conditions. However, we
cannot rule out the possibility that a small pool of
GKRP, perhaps associated with the nuclear enve-

lope, may have escaped detection. Our data sug-
gest that although GKRP is unlikely to have a

direct role in glycogen synthesis in the cytoplasm,
it probably exerts its. control over glycogen pro-
duction by regulating the active, translocatable
pool of GK.

Functional Significance of GK
Cytoplasmic Compartmentalization

There is mounting evidence that some key
enzymes of carbohydrate metabolism, long con-

sidered to freely diffuse with their substrates
throughout the cytoplasm may, in fact, be highly
restricted in their subcellular location by tran-

siently binding to the cytoplasmic matrix.I3,31

This binding may also involve flux between a
bound and free state depending on substrate
availability. The compartmentalization of certain

glycolytic enzymes into organized assemblies
may facilitate substrate channeling, whereby the
product of one reaction is directed, now as a sub-
strate, to the next enzyme in the assembly. [3-32]

We have found that within hepatocytes subjected
to substrate conditions mimicking portal blood
in the post-absorptive state, GK immunoreactiv-

ity is situated at a peripheral site near the plasma
membrane. However, we found that GK im-

munoreactivity is never localized on the surface

in a pattern superimposable with GLUT2
immunoreactivity. [331 Glycogenic PAS-reactivity
accumulates in glucose/fructose-stimulated he-
patocytes in a pattern resembling that of cell
surface-oriented GK, with the greatest signal
initially occurring near the plasma membrane.
Since this peripheral deposition of glycogen is
also observed in the intact liver during substrate
perfusion following a 24 fast, it is unlikely to be a
cell culture artifact. As both GK[34] and glycogen
synthase[151 have been previously localized to the
actin-rich periphery of hepatocytes, the cortical
cytoskeleton may provide a scaffold for these
proteins for both the efficient channeling of
glucose 6-phosphate between these enzymes in

glycogenesis.
In contrast to its actions in the cytoplasm, it is

not known whether GK plays any functional
role in the nucleus. Although it remains to be
proven, the available evidence indicates that
GK, when bound to GKRP, is catalytically inac-
tive. Toyoda et al., surmise that the removal of
GK from the cytoplasmic compartment may re-
duce the futile substrate cycle between glucose
and G6P. [26,27] Brown eta/. [4] have suggested that
the binding of GK to GKRP in the nucleus may
protect the enzyme from proteolysis and subse-
quent studies in GKRP knockout mice strongly
imply that this is the case. [12’29] Thus, nuclear
translocation of GK is probably a sequestration
mechanism that restricts glucose phosphoryla-
tion until the appropriate nutritional/metabolic
signals arise. On the other hand, one study
reports the existence of nuclear-associated glyco-
gen that co-distributes with several of its

metabolizing/regulatory enzymes. [351 Interac-
tions between glycogen and certain kinases may
exist at the level of the nuclear envelope sug-
gesting that a constitutive pool of glycogen may
play a scaffolding and sequestration function for
these enzymes. I351 Although we did not detect
PAS-reactive glycogen in nucleoplasm of hepa-
tocytes in the present study, we have observed
glycogen aggregates at the nuclear-cytoplasmic
boundary under stimulating conditions (T.
Jetton and M. Shiota, unpublished data). More
studies are warranted to determine if a residual
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pool of glycogen may have a role in GK nuclear
sequestration or translocation.

Physiological Significance of GK
Translocation

Agius et al. [91 have shown that glycogen synthetic
rates are maximal under those glucose concentra-
tions (5-10mmol/1) which stimulate release of
matrix-bound GK. Here we report that increased

glycogen deposition occurs under the same stim-
ulation conditions that induce maximal GK
translocation from the nucleus (i.e., 10mmol/1
glucose). In vivo studies on the starved-to-fed
metabolic changes in the rat liver have noted that
glycogen begins to accumulate lh following
refeeding, and continues to increase at a fairly
steady rate up to 24h. [36] In both primary cul-
tured hepatocytes and liver tissue sections from
fasted animals, glycogen staining, by the conven-
tional or modified (fluorescent) PAS technique is

virtually undetectable, consistent with the deple-
tion of glycogen reserves. Here we have shown
that glyc6gen accumulation can be cytochemi-
cally detected as early as 30min following sub-
strate stimulation. Although fructose was found
to be a potent stimulator of GK translocation
both at basal and high glucose concentrations,
within the 60min time course of the present
study, unexpectedly, the 10mmol/1 glucose-
treated hepatocytes exhibited the greatest glyco-
gen accumulation. In part, this may be explained
by enhanced activity of GK at 10mmol/1 glucose
resulting in a proportional increase in the sub-
strate glucose 6-phosphate (G6P) leading to ac-
celerated rates of glycogen synthesis compared
to the basal glucose/fructose-treated group. It is

noteworthy that the high glucose plus fructose-
treated hepatocytes failed to demonstrate an
additive effect on glycogen deposition.
The increased cytoplasmic GK immunofluo-

rescence observed at the cell periphery was simi-
lar to the pattern observed for newly deposited
glycogen suggesting that the peripherally-com-
partmentalized GK directly facilitates glycogen
synthesis. While all cytoplasmic GK is thought
to be kinetically active, surface-oriented GK

would logically favor efficient glucose phospho-
rylation at a localized site for rapid glucose
disposal into glycogen. This may involve the
activation and parallel translocation of glyco-
gen synthaseI151 by GK-generated G6P. I11 The

physiological relevance and potential interela-
tionships between glucose, fructose, sorbitol,
various sugar phosphates, and intermediates of
glycolysis in the modulation of GK activity
through GKRP is unclear. Nonetheless, it is be-
coming increasingly evident from analyses of
GK overexpression models both in vitro[371 and
in vivo[22] that hepatic GK leverages a much
tighter control over glucose homeostasis than
may have been previously thought. Thus, short-
term mechanisms for modulation of GK activity,
although likely to be complex, have probably
evolved to insure that a range of absorbed nu-
trients in the portal blood fine tune the rate of
glucose metabolism in the hepatocyte.

CONCLUSIONS

Our results suggest that GKRP, a nuclear an-

choring protein that sequesters and allosterically
inhibits GK within the hepatocyte nucleus under
basal glucose conditions, upon substrate stimu-

lation, releases GK proportionally according to
the concentration and nature of the specific sub-
strate. Once released, GK rapidly translocates
from the nucleus and becomes compartmental-
ized at the cell periphery where glycogen is

initially deposited promoting efficient glucose
channeling into the glycogen synthetic pathway.
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