The Cytoskeleton and the Regulation of Gluconeogenesis: A Hypothesis
Naomi Kraus-Friedmann

Previous data from our laboratory indicated a role for the cytoskeleton in the hormonal stimulation of gluconeogenesis. To
gain further insight into the role of the cytoskeleton in the regulation of gluconeogenesis, we performed further experiments
to examine the possibility that the cytoskeleton is involved in the glucagon-mediated changes in calcium distribution.
Perfused livers or isolated liver cells were pretreated with either cytochalasin B or colchicine, agents that disrupt microfila-
ments and microtubules, respectively. Pretreatment with either agent significantly decreased the glucagon-evoked efflux of
labeled calcium. Pretreatment with colchicine was more effective in blocking the influx of calcium into the cells than
pretreatment with cytochalasin B. These drugs also prevented the characteristic increase in O, uptake, which is usually
observed after glucagon administration. Thus, an intact cytoskeleton seems to be a prerequisite for the glucagon-evoked
changes in calcium distribution to occur. These changes in calcium fluxes were shown previously to be an essential link in the
chain of events leading to the metabolic effects of glucagon. Based on these results and on data obtained by others, a
hypothesis is presented here. The hypothesis presumes that the cytoskeleton plays a crucial role in the regulation of
gluconeogenesis. The hypothesis further assumes that the cytoskeleton influences gluconeogenesis in 3 ways: (1) by
influencing the process of calcium signaling; (2) by changing the rate of enzymatic reactions through association and
dissociation of enzymes with the cytoskeleton; and (3) by altering the position of intracellular organelles and the movements
of molecules. Each of these points is discussed separately. It is known that the intracellular environment exists as a dense
mesh in dynamic motion. According to our hypothesis, hormonal stimulation changes this environment by affecting the ionic
composition in the cytosol and the structure of the cytoskeleton. Motion and conformational changes by the cytoskeleton
play crucial regulatory functions, influencing metabolic processes.
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LUCONEOGENESIS IS the process by which the liver cytoskeletal elements. This association and dissociation of the

replenishes blood glucose as needed in cases such &mnzymes to the cytoskeleton plays an important role in the
fasting or in a low-carbohydrate diet. Gluconeogensis is horregulation of the rate of glycolysfs® The function of this
monally regulated; the physiologic stimulus for increased glu-clustering of enzymes is often described as “channeling,”
cose production is an increase in the level of glucagon. Insulimamely the positioning of sequential enzymes in the pathway in
suppresses the process. The pathway of gluconeogenesis dsfashion that facilitates the passage of substrates between
usually described in textbooks as consisting of enzymes preserizymes and thereby facilitates the enzymatic reaétiBe-
and interacting in the aqueous environment of the cytosol. Weztause some of the enzymes in the gluconeogenic pathway are
suggest that the regulation of gluconeogenesis involves thehared with the glycolytic pathway, the well-proven association
interaction between the enzymes of the pathway and the cyof the glycolytic enzymes with the cytoskeleton is an indicator
toskeleton. pointing to a possible role for the cytoskeleton in the regulation

One of the early studies pointing to the involvement of 4 gluconeogenesis.

the cytoskeleton in the hormonal regulation of metabolism is  The association of enzymes with cytoskeletal elements is not
the report by Tomomura et aiwhich suggests a role for the regtricted to carbohydrate metabolism. For instance, the trans-
cytoskeleton in the stimulation of glycogenolysis by glucagon. ,r of amino acids into the liver was shown to involve micro-
In that study, administration of either colchicine or cytochala- , jiesto The induction of tyrosine aminotransferase, a related
sins prevented the glucagon-stimulation of glycogenolysis,,nenomenon, was shown to depend on the organization of the
even though neither cyclic adenosine monophosphate (CAMPYyosyeletortz According to a recent study, the enzymes in-
formation nor the activation of protein kinase A (PKA) Were a4 in fatty acid translocation and ketogenesis are also

inhibited. More recently, it was reported that in response ©0associated with the cytoskeleton in the liveThus, the asso-

glucose admlnls’Frat!on, glycogen synthetase moves from th%iation between enzymes and the cytoskeleton may be wide-
cytosol to the actin-rich area below the plasma membfarie spread

gluconeogenic pathway is far more complex than the glyco- An important aspect of the regulation of gluconeogenesis

enolytic pathway. The enzymes of the pathway are situated in . . i :
g diff)e!renrt) ceIIuI)r:lr compar)t/ments. ThuF?s the B;irst and flux- and the topic of our hypothesis is the hormonal stimulation of

generating enzyme of the pathway, pyruvate carboxylase, iéhe pathway. In the liver, the physiologic stimulator of glucone-

intramitochondrial. The second specific enzyme of the path-
way, phospho-enolpyruvate carboxykinase, is cytosolic or in-
tramitochondrial, or both, according to the species. The last From the Department of Integrative Biology, The University of Texas
enzyme of the pathway, glucose-6-phosphatase, is anchored ffhoo! of Medicine, Houston, TX.

the endoplasmic reticulum. The compartmentalization of the Submitted March 1, 2001, accepted Ju'.y 16, 2001.
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ogenesis is glucagon (reviewed in Kraus-Friedfla@lucagon  disruption of the cortical F-actin layer resulted in the inhibition
acts by activating adenylyl cyclase and generating cAMP.  of glucagon-stimulated gluconeogene®isnd it seemed pos-
was shown in a number of cell types that cCAMP can alter thesible that the inhibition was caused by a defect in the calcium
structure of the cytoskeleton. For instance, the secretory reresponse. We set out to examine this possibility, and we present
sponse evoked by the administration of isoproterenol to parotidhe data here. The data support the notion that disruption of the
acinar cells is associated with changes in actin labéting. cytoskeleton impairs calcium response. The inhibition of the
the rat parotid gland, thg-adrenergic stimulation of calcium hormonally-evoked calcium fluxes results in the inhibition of
fluxes depends on an intact microfilamental systeridaso-  the metabolic effect$22
pressin in the kidney, where it acts by elevating cAMP levels, Inspired by these findings and by the many relevant reports
depolimerizes acti#® In rat bladder carcinoma cells, it was in the literature (unfortunately only a fraction can be cited), a
shown that elevation of cAMP levels is associated with changesypothesis is presented here. The hypothesis suggests that the
in the organization of F-actin, and these changes were preeytoskeleton plays a major role in the hormonal regulation of
vented by the prior administration of PKA inhibito¥sThus, in  gluconeogenesis. It is further assumed that the cytoskeleton is
different cell types, the actions of cAMP were shown to be bothinvolved in the regulation of the pathway in 3 ways: (1) by
dependent on and influencing the organization of the cytoskelaffecting calcium signaling; (2) by affecting the association/
eton. dissociation of enzymes to the cytoskeleton; and (3) by facili-
The exact mechanism by which cAMP affects cytoskeletaltating the movement of intracellular organelles and individual
elements is not known. It is generally assumed that, with somenolecules. Thus, this hypothesis relates to cellular events that
exceptions such as the cyclic nucleotide gated channels, whicbccur after the cells are stimulated by a hormone. It does not
do not require phoshporylation for activity, CAMP exerts its deal with secretory processes, such as hormone secretion. Hor-
influence by activating PKA. Indeed, there are reports thatmone secretion has been shown to be influenced by the cy-
indicate an interaction between PKA and the cytoskeleton. Fotoskeletor?* The hypothesis deals only with the acute regula-
instance, in the above studyjnhibitors of PKA activity pre-  tion of gluconeogenesis. Chronic stimulation, which involves
vented the cAMP-evoked changes in the cytoskeleton. In @&nzyme induction, is not discussed here, because it entails
recent study, the role of PKA anchoring during oogenesis indifferent regulatory mechanisms.
Drosophila was investigated by analyzing DAKAP200, a pro- This hypothesis is presented in the hope that it will generate
tein that contains a PKA-anchoring domain. According to thisfurther discussion and result in follow-up studies. Last, but not
study, the PKA-anchoring domain may be responsible for regleast, we hope that this article will contribute to the long-
ulating the subcortical cytoskeleton. The results provided evi-awaited revision of the way in which metabolic regulation is
dence that PKA localization is important and required for the presented in the textbooks. As pointed out recently by Ovadi
morphogenesis of specific cytoskeletal structdfé&hether or  and Sreré,”. . .current texts of general biochemistry still view
not this study in Drosophila is also relevant to mammalianmetabolism occurring by a series of independent enzymes
systems remains to be seen. In another study, the phosphorgispersed in a uniform aqueous environment. This notion has
lation of microtubule-associated protein 2(MAP2), a neuronalbeen shown to be deeply flawed by both experimental and
phosphoprotein, by PKA was investigated. PKA activity re- theoretical considerations. . .".
sulted in the disruption the MAP2-microtubule interaction in
Hela cells and promoted the translocation of MAP2 to periph-
eral membranes enriched in actiiThus, it is possible that the CALCIUM SIGNALING
activation of PKA is involved in the effects of CAMP on the  Calcium emerged as a regulatory and integrating element in
cytoskeleton. Also, a small, guanosine triphosphate (GTP)<cells with the appearance of the eucaryotic orgarfis@ne of
binding protein, Rho, is indicated to play a role in the organi- the characteristics of eucaryotic cells, which distinguishes them
zation of the cytoskeletot?:21 Whether this protein has a from procaryotic cells, is the presence of a dense, internal
function in the action of glucagon on the cytoskeleton is notfilamentous structure, the cytoskeleton. References for a few
known. An additional possibility is that the changes in the review articles dealing with the cytoskeleton are included
cytoskeleton are secondary to the changes in calcium conceiere26-30 Calcium interacts with the cytoskeleton in numerous
tration, which are associated with the effects of glucagon.  ways. One of the recently discussed and experimentally probed
In the liver, the stimulatory effect of glucagon on glucone- interactions between calcium and the cytoskeleton relates to a
ogenesis is associated with major changes in ion fluxes, includpossible role for the cytoskeleton in agonist-induced calcium
ing calcium influx, release, and the subsequent increase isignaling. Glucagon, the hormone in charge of the stimulation
cytosolic-free calcium levels. As described in detail in a pre-of gluconeogenesis, as well as cAMP, the mediator of the
vious report, this redistribution of calcium and the ensuingeffects of glucagon, were shown to alter calcium fluxes in the
increase in cytosolic-free calcium levels are an essential andlver. Thus, stimulation by glucagon was shown to be followed
integral part of the mechanism by which gluconeogenesis idy the influx of cations, including calciu@:34 This influx is
stimulated?? It was suggested in that report that the stimulation followed by the release of calcium from an intracellular store,
of gluconeogenesis by calcium is accomplished in 2 ways: (1and as the result of these changes, an increase in cytosolic-free
by increasing the activities of the Krebs cycle and oxygencalcium follows35 However, the entry of calcium is not a
consumption, thereby providing adenosine triphosphate (ATPprerequisite for the release, because release was shown to occur
and reducing equivalents to the process and (2) by influencingven in the complete absence of extracellular calduiwith
the activities of key enzymes. In an earlier study, we found thatespect to glucagon, there is a clear consensus as to the se-
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45Ca?* uptake in isolated liver cells
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Fig 1. The effects of glucagon (10~° mol/L) on the uptake of
calcium into the liver in the presence and absence of either cytocha-
lasin B (5 wm) or colchicine (10 um). The experimental design and the
method used are described in the Methods.

quence of ion fluxes. These changes in ion fluxes are an integral
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were taken. Subsequently, glucagon was added, and 5 more aliquots
were taken for the experimental values. The 5 measurements were
averaged. A minimum of 3 to 4 such experiments were performed for
each condition.

Measurement of°Ca®" Release

Livers from fed rats were perfused with KRB containing 3% albu-
min, Cohn fraction V, and 0.uCi *°C&", and the experiments
performed as described previouétyin the experiments in which the
effects of the drugs were tested, they were added at the start of the
perfusion and were present during the entire 90 minutes of perfusion.

Measurement of Gluconeogenesis

Gluconeogenesis was measured using cells isolated from overnight
fasted rats, as previously descrilféd® The cells were incubated in
KRB containing 3% albumin, Cohn fraction V, 5 mmol/L |-alanine, 10
mmol/L lactate, and 1 mmol/L pyruvate. Samples for glucose determi-
nations were taken after 60 and 120 minutes of incubation. Glucose was
determined with Sigma Diagnostic Infinity Glucose Reagent (proce-
dure #17-UV).

Protein determination was performed using the method of Brad-
ford46

Oxygen uptake in perfused livers was performed as described pre-
viously#” The drugs were perfused for 60 minutes before the addition
of glucagon.

RESULTS

part of the mechanism by which glucagon acts, because block- The data presented in Figs 1 and 2 show that disruption of
ing these changes results in the inhibition of the metabolicthe cytoskeleton prevents the usual responses to glucagon.

effects of glucagon, while eliciting such changes in ion fluxes
are sufficient to stimulate gluconeogenésis.

Relevant to our hypothesis were the observations made in
our previous study, which showed that cytochalasin D treat-
ment of perfused livers, which disrupted the cortical actin layer
below the plasma membrane, inhibited the glucagon-stimula-
tion of increase in glucose outpttThe mechanism underlying
this inhibitory effect was not clarified in the previous study. 120
However, because cytochalasins interact specifically with actin,
we assumed that the inhibition is due to the disruption of the §
cortical actin structuré33¢ Because the changes in calcium
fluxes are an integral part of the gluconeogenic response, it
seemed possible that the disruption of the cytoskeleton inter%
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feres with the initial redistribution of ions. This possibility was 80
especially likely, because various other calcium movements in®
the liver had already been shown to be influenced by the® 60 k-

cytoskeletor$”42 It seemed, therefore, imperative to clarify {'\@,
this question. We performed such experiments, and the result$
are presented here. First, the data are shown, followed by a_‘g 40
discussion of the relevance of the data to the hypothesis. CE’

c

METHODS

20
Measurement of°Ca?" Uptake

Isolated liver cells were prepared from fed rats using the collagenase
technique with some modifications as in previous stutfiéhe cells 0
were suspended in Krebs-Ringer bicarbonate buffer (KRB) containing
3% bovine albumin, Cohn fraction V, and 20 mmol/L glucose, with or
without drugs. The cells were incubated in Erlenmeyers placed in
shaking water bath kept at 33°C, gassed with a mixture of 95%nd
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Fig 2. The glucagon-stimulation (10~° mol/L) of the release of

5% CO, for 90 minutes*°C&* uptake was measured with the milli  japeled calcium from the liver in the presence or absence of either

pore method described by Keppens éf alith or without drugs. For  cytochalasin B (5 um) or colchicine (10 um). The experimental design
obtaining the control values, 5 aliquots, sampled every 30 secondsand the method used is described in the Methods.
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Thus, the glucagon stimulation of the uptake?8€a®" was  oped against such a channel, we demonstrated, using Western
inhibited by colchicine and reduced by cytochalasin B (Fig 1).blot analysis, that the channel protein is present in isolated rat
The glucagon stimulation of the release of preloatf¥e?™ liver plasma membrane fractiddIndeed, CNGCs were local-
was equally reduced by treatment with either of the drugs. ized to the plasma membrane in every cell type in which they
Both colchicine and cytochalasins inhibited the stimulatory were studie®® Because the sequence analysis of the polymer-
effect of glucagon on Quptake, (values innatom GJ/min/g ase chain reaction (PCR) products obtained in these studies
liver): control, 1.80= 0.13; glucagon, 2.17 0.18; glucagon indicated that the hepatic channel is almost identical to the rod
with colchicine, 1.95+ 0.15; glucagon with cytochalasin D, channel, itis likely that it carries similar current. We performed
1.81+ 0.12. 1 successful experiment, which showed cAMP activation
We previously reported that cytochalasin D inhibited the (opening) of a channel in isolated liver cells (unpublished
gluconeogenic response to glucagon in perfused |&&kere, results). The presence of a CNGC in the liver is compatible
we tried to measure the effects of colchicine. The rates ofwith the observations on the nature of the ion fluxes. Thus, it is
glucose production were the following (in micrograms glucose/likely that this CNGC is the channel activated by glucagon
milligrams protein): control, 4= 0.3 and glucagon, 24 1.8. administration. The data presented in Fig 1 implies that the
However, colchicine by itself (without cells), gave a strong activity of the channel responsible for the inflow is influenced
reaction with the color reagent. The color reaction with colchi- by the state of the cytoskeleton. However, we are not aware of
cine alone (blank), was 3 times stronger than the maximunstudies showing a connection between cytoskeletal elements
values obtained with glucagon. Thus, we could not use theand CNGCs.
usual colorimetric method to measure glucose production in the While there is no experimental evidence that shows a con-
presence of colchicine. Because colchicine does interfere witmection between CNGCs and the cytoskeleton, such connec-
the glucagon-evoked fluxes of calcium anguptake, itis also  tions between other types of channels and the cytoskeleton are
likely to inhibit gluconeogenesis. well documented. For instance, the activity of the L-type car-
diac channel was shown to be controlled by the cytoskele-
ton57-59 The actin cytoskeleton plays a crucial role in the
DISCUSSION regulation of the cystic fibrosis transmembrane conductance
These data, together with our previous results, and in comfegulator ion channéR Epithelial sodium channels are also
bination with the many relevant studies reported in the litera-regulated by actin filamengs. Microtubules were shown to
ture, form the basis of our hypothesis. The results shown in Figaffect the activity of smooth muscle calcium chanrf@l$hese
1 and 2 show that an intact cytoskeleton is required for aare just a few, randomly selected examples of interactions
normal calcium response to glucagon. When the cytoskeleton ibetween ion channels and the cytoskeleton. Examination of the
disrupted either with cytochalasins or colchicine, both the in-literature shows that an association between ion channels and
flux and the release of calcium are reduced, if not totallycytoskeletal elements is more the rule than the exceptéh.
inhibited. It is worthwhile to point out here that the cytoskel- Clearly, the elucidation of the glucagon stimulation of the
eton is a web, a network in which a connection between thecalcium influx mechanism in the liver requires more study.
different types of filaments exig. Thus, while in the above Figure 2 shows the effects of cytochalasin B and colchicine
experiments the initial points of the lesions are well defined,on the release df°Ca2* from the liver. The results show that
namely cytochalasins affect the microfilaments while colchi-both treatments resulted in a decrease in the relea&€af .
cine affects the microtubules, it is likely that the cytoskeleton asHowever, the experimental design does not allow one to dis-
a whole is affected® The individual steps in the calcium tinguish between an effect on the loading of the calcium into
response to glucagon are discussed in detail below. the store or on its release. Either 1 or both could have been
As previously mentioned, glucagon administration is followed affected by the treatments. In either case, the results show a
by an immediate influx of calciur®®-34.48 Furthermore, the ad- connection between calcium handling by the liver cell in re-
ministration of glucagon, catecholamines, cyclic-guanosine monosponse to glucagon and the cytoskeleton. Again, one has to
phosphate (cGMP) and cAMP to perfused livers is also followedpoint out that, as is the case with the influx of calcium, the
by an immediate uptake of other cations, such as Mad mechanism by which glucagon evokes the release of calcium
K™.31 Combining these observations and extrapolating fromfrom the liver is not clear. The addition of cAMP to isolated,
them, we assumed that glucagon activates a multication charcalcium-loaded microsomal vesicles does not cause a release of
nel. However, the identity of the channel was not known. stored calcium (unpublished data from our laboratory). The
Indeed, while there are quite a few studies on hormone-inducedddition of GTP does evoke calcium release by inhibiting the
calcium fluxes in the liver, little is known about the channels Ca&* adenosine triphosphatase (ATPa®e)ndeed, the only
responsible for the fluxes. The liver does not seem to possesffective way of releasing stored calcium from such a prepa-
voltage-gated channet8.Based on the assumption that the ration in our laboratory was by the addition of heavy metals,
channel activated is likely to be a channel, which is not specificwhich affect sulfhydryl (SH) group® SH groups were shown
to calcium only, we checked for the message in the liver forto play a crucial role in calcium release and also in skeletal
cyclic nucleotide-gated channels (CNGCs). This family of ion muscle$¢.67 Thus, critical SH groups seem to play a role in the
channels carries both mono and divalent cations. Some of theg@ocess of calcium release.
channels show clear preference for calcit?hz We demon- Relevant to the question of the mechanism of calcium release
strated that the message for a CNGC is present both in the rare our studies, which showed the presence of high-affinity
and in fetal human livers3-55Using specific antibodies devel- binding sites for ryanodine in the hepatic microsomal frac-
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tion.88 Ryanodine is a plant alkaloid, a very polar molecule thatRyR-like protein also possesses SH groups that serve regula-
binds to many sites. Ryanodine was used successfully to martory functions in the gating of the channel, cannot be answered
a calcium release channel in muscle c&8lén the muscle, the presently and awaits the purification of the protein. Based on
ryanodine receptor (RyR) was shown to possess critical SHhe present state of knowledge, our hypothesis assumes that
groups involved in calcium relea8eSeveral subtypes of RyR calcium release is accomplished partially by a change in the
have been identified. We have suggested in a previous repoghannel structure, which is transduced by the cytoskeleton, and
that the RyR in the liver might be a calcium channel that is partially by affecting critical SH groups. These 2 effects might
influenced and gated, at least partially, by forces exerted by thée linked.
cytoskeleton, leading to its openifg. An additional connection between the cytoskeleton and the
The finding that high-affinity binding sites for ryanodine are release of calcium from intracellular storage relates to the
present in the hepatic microsomal fraction is somewhat controeoncept of “capacitative calcium entry.” This concept was
versial. This is because the nonspecific binding of labeledsuggested to explain the observation that emptying the store,
ryanodine in the microsomal fraction is very high, and becausdor instance by the use of thapsigargin, an inhibitor of the
in studies in which the distribution of the message for theendoplasmic reticulum Ga-ATPase, results in the influx of
known isoforms of RyRs were probed in different organs, nonecalcium by opening a so-called “store activated” charifel.
was found in the liver? Yet, there are indications for similar- While this observation has been reproduced in several labora-
ities between the known RyRs and the findings in the liver. Thetories, the mechanism by which the 2 processes, calcium re-
skeletal RyR always copurifies with a binding protein for the lease from the endoplasmic reticulum and the opening of a
immunosuppressant drug, FK506In the liver, addition of  channel located at the plasma membrane, are coupled is not
FK506 to the binding assay medium greatly reduced ryanodind&nown and is currently an area of intensive reseéfde, and
binding72 We also found that the addition of ryanodine to liver others, suggested that the mechanism of coupling resides in the
cells changed calcium distribution and changed metabolism ircytoskeleton. Namely, emptying of the calcium store causes a
a fashion that was compatible with increases in intracellular-conformational change that is transduced by the cytoskeleton
free calcium levelg3.45 from the endoplasmic reticulum to the plasma membrane chan-
Other investigators have reported that ryanodine releases nel. This results in a channel openi#ig?*Moreover, according
calcium from isolated, hepatic microsomal fraction. In anotherto a recent study, store-operated calcium entry (namely entry
interesting study, the importance of the RyR in nonmuscle cell§ollowing calcium release) in pulmonary artery endothelial
was explored by creating a deficiency in all of the 3 known cells occurs through a CNGC, activated by the reléa3dese
RyR genes in mutant micé. They found that mice lacking data support the notion that the plasma membrane CNGC,
subtypes RyR1 and RyR2 developed hypertrophy of the liveridentified as being present in the liver, might mediate not only
and accumulated excessive amounts of glycogen granules. It ihe entry of calcium following appropriate hormonal stimula-
likely that the excessive amount of glycogen results from ation, but also the entry of calcium following store empty-
problem with glycogen breakdown caused by problems ining.53-55 The data also point to the possibility that CNGCs
calcium mobilization, glycogen breakdown being a calcium-connect with the cytoskeleton.
dependent process. Another study reported that the state of the An interesting question is the sequence of events in this
liver influences the affinity of ryanodine for the RyR, becauseprocess. Does glucagon, by increasing cyclic AMP levels, elicit
partial hepatectomy increased the dissociation constant (Kdfhe influx of calcium first, which then affects cytoskeletal
for ryanodine’s These findings support the notion that a RyR is elements, or is it the other way around? It seems likely that both
present in the liver, and it is playing a role in calcium distri- options function, depending on the conditions.
bution. The hepatic RyR is different from all of the well-  Following the glucagon-evoked influx and release of calcium
characterized 3 subtypes of RyRs. Even though the density dirom intracellular stores, free cytosolic calcium level in-
the receptor is low in the liver, it still might be possible to crease$§s Subsequently, calcium binds to calcium binding pro-
purify the receptor and to characterize it. According to theteins, among others, regucalcin, which seems to be specific to
estimates of Martinez-Merlos et & rat and guinea pig livers the liver&s.87 The effects of the increase in cytosolic calcium
contain 0.35 pmol/RyR/mg protein. This amount seems to bdevels are attributed to the binding of calcium to various target
sufficient for purifying the receptor. proteins. These effects, in respect to glucagon effects on gluco-
As mentioned above, in our laboratory, the most effectiveneogenesis, were discussed in detail in previous repé#ts.
way of releasing calcium from microsomal vesicles was by the
addition of heavy metal& The effect of heavy metals is due
partially to the inhibition of the C& -ATPase and to a large Data from our own laboratory and that of others show that
extent to the binding of the metals to critical SH groups. glucagon administration causes an immediate uptake 6f Ca
Relevant to these observations is a more recent study in whichnd other cations. This is followed by the release of calcium
thiol oxidation was followed in liver microsomé&3.The inves-  from intracellular stores, leading to an increase in cytosolic-free
tigators concluded that a ryanodine-sensitive channel might bealcium levels. These changes in calcium distribution require
activated by hepatotoxins, probably due to the oxidation ofan intact cytoskeleton. Because the disruption of the cytoskele-
thiol groups. The effects of hepatotoxins were extensivelyton also inhibits the metabolic responses to glucagon, we pro-
studied in Orrenius’ group, and oxidation-dependent actinpose that the inhibition of the stimulation of gluconeogenesis
crosslinking, sensitive to thiol reduction in the liver, was dem- by agents that disrupt the cytoskeleton is due, at least partially,
onstrated® The answer to the question of whether the hepaticto the inhibition of the initial changes in the ion fluxes.

Summary of Calcium Signaling
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ASSOCIATION AND DISSOCIATION OF ENZYMES While it was not directly tested, PK was presumed to be
WITH THE CYTOSKELETON attached to microfilaments.

Glycolytic enzymes and the pathway are described in text- It is worthwhile to mention Fhat brain- and muscle-specific
books as soluble enzymes interacting in a uniform, aqueouéSOforms of_ PK were shown to influence mlcr_o_tubulgr structure.
environment. Yet, it has been demonstrated in different Ce”More preus_ely,' PI_( WQS shown to destablllz_e m|crqtubule_s.
types that while part of the enzymes in the pathway are prese ased on this flndlng, it was suggested that in addltlon.to its
in soluble form, a fraction of the enzymes are bound to struc-""ccer’ted funchon, PK also serves.as. a modulato.r (.)f mlgrotu-
tural elements, mostly to the cytoskeleton, and also to othePUIe dyna_m_lc§.5_ Whether the hepatic isoforms exhibit similar
types of membrane&s3® The association of the glycolytic en- characterlst_l_cs IS not k_nown. .
zymes to thin filaments in the muscle and to microfilaments, . Two adqmonal studle§ were performed using nonmarnma-
mostly in other cell types, has a profound effect on the rate oij'an organisms. In the liver of a _teleost fish, the glycolytic
the enzymatic reactions. The attachment leads to altered corﬁgiﬁ;‘?squvgze found to be partitioned between soluble and
formational characteristics of the enzynie&s39.90Skeletal and '

. . In another study using the hepatopancreas of a snail, Otala
cardiac muscle enzymes are the most studied models. In SkeIlélctea the method of differential centrifugation combined with
etal muscle, over 50% of aldolase, 25% of phosphofructoki- ’ 9

nase, and over 40% of glyceraldehyde phosphate dehyrogenagée use of drugs targeting the components of the cytoskeleton

were found to be boung® It is well demonstrated in muscle were used to pinpoint the exact sites of enzyme bindirithe

L . - findings were rather unexpected: in these cells, the different
cells that binding of the enzymes results in a more effective 9 P '

interaction between the enzvmes of the pathway and in aenzymes responded very differently to the added drugs. These
. or zy . pathway N Aesults were interpreted as an indication that the enzymes of the
increase in the rate of glycolysi€. It is not surprising there-

. . . : lycolytic pathway might be bound to different structural com-
fore, that insulin, a hormone that stimulates glycolysis, Wasgy yuep y mig

hown t te the binding of the glycolyt to the"°neme:

S OWE IOprr(;T_IC_Jh_e _el n mg 0 h_ehg_ycoly ic ;nzymels 0" Basedonthe existing studies performed with the liver, which
Cy,tf’s geto - [NIS S 1 way by which insulin a ects g UCOSE  show an association between glycolytic enzymes and the cy-
utilization. On the other hand, an increase in cytosolic-free

) . i e toskeleton, our hypothesis presumes that an association be-
calcium levels was shown to result in the dlssou_atlon betweeqWeen the hepatic enzymes and cytoskeletal elements is present
Fhe enzymes and the .cytoskeleton. Th's results in the ‘?'ecrea?ﬁ the liver. It further assumes that some of the characteristics
in the rate of glycolysis:2 Extrapolating from these findings, ¢ ¢,ch association, well established in other cell types, such as

one could assume that hormones that increase free-cylosolig ;scje, apply also to this type of association in the liver. Thus,

calcium levels, such as glucagon, would cause the dissociatiop j extrapolated from studies with muscle and other cell types
of the glycolytic enzymes from the cytoskeleton, thereby de-ya¢ in the liver, too, an increase in cytosolic-free calcium
creasing the rate of glycolysis. . _ would cause a detachment of the enzymes from the cytoskel-
While the association of glycolytic enzymes with the cy- gion. Because glucagon increases cytosolic-free calcium levels,
toskeleton in muscle and other cell types has been extensivelyis \yould result in the dissociation of the bound enzymes and,
studied, very few studies have been conducted on this tOpi‘Pnereby, in lower rates of glycolysis. Glycolysis is inhibited by
using liver cells. It seems that in the liver, too, glycolytic glucagon, an effect that is calcium-depend&rie The inhi-
enzymes are present partially in soluble and partially in boundjtion of glycolysis is likely to have a stimulatory effect on the
forms. There is a report by Mast&?sn which he discusses this  rate of gluconeogenesis. This point is discussed in more detail
topic and states: “Our group first obtained evidence for anjn the Conclusions. While gluconeogenesis is used as the ex-
assembly of glycolytic enzymes in liver cytoplasm some yearsample, glucagon affects many metabolic processes in the liver;
ago, but noted that this complexing occurs only in the presencgor instance, it stimulates lipolysis in a calcium-dependent
of contractile components.” The reference given refers to theseyannertoz Thus, it is likely that the dissociation of other
data as unpublished resuftén another study by Foemmel et enzymes from bound to unbound form influences the whole
al,*s immunologic localization techniques were used to probespectrum of glucagon actions on the liver. This argument is
the possible association of fructose 1,6-bisphosphatase aldolas@pported by reports that glucagon has a profound effect on the
with cellular structures. Using this in situ approach, they foundstructure of the cytoskeleton. For instance, it was shown by
that the enzyme is associated with the endoplasmic reticulunmkojima et at°3that following the administration of glucagon to
However, examination of the data shows that one cannot discultured hepatocytes, an actin filament network, forming dome-
tinguish between the possibility that the enzyme is associateglke structures, is generated. These dome-like actin filament
with the endoplasmic reticulum or with cytoskeletal elementsstructures exhibited sensitivity to cytochalasins. It was previ-
connected with the endoplasmic reticulum. ously mentioned that cAMP has a well-demonstrated effect in
Another hepatic enzyme studied in this respect is pyruvatemany cell types on the organization of the cytoskeleton, and the
kinase (PK). Of the 4 known isoforms of this enzyme, 2 possible mechanisms by which glucagon or cAMP might affect
isoforms were shown to be present in the liver: PK-B4 isthese changes were discussed above.
present in parenchymal cells, while PK-C4 is present in non- Insulin promotes the association of the glycolytic enzymes
parenchymal cell&? In this study, not only the association of with the cytoskeleton, an effect that contributes to the stimu-
PK-B4 and PK-C4 with structural components was tested, butation of glycolysis by insulirf® Insulin administration pro-
also their pattern of binding during development. In adult foundly influences the structure of the cytoskeleton in most cell
mouse livers, around 5% of PK-B4 is found in bound form. types. Polymerization of actin occurs within seconds to minutes
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after insulin administratio®?4 The stimulation of glycolysis by form of organization enables the intracellular movements of
insulin is likely to contribute to the inhibitory effect of insulin organelles according to needs, the reorganization of the intra-

in gluconeogenesis. cellular environment to meet demands, and the movement of
individual molecules. Three cases, relevant to gluconeogenesis,

Summary of Association and Dissociation of Enzymes are briefly described: the intracellular movements of the glu-

to the Cytoskeleton cose transporter, GLUT2, and the association and compartmen-

talization of 2 enzymes, hexokinase and glucokinase.

The emphasis in this part was on glycolysis, because this RO .
o . The rate and direction of glucose movement across the liver
pathway is intimately connected with the pathway of glucone- ) ) .
cell plasma membrane is a crucial determinant of carbohydrate

ogenesis. However, the existence of glycogen particles contain- . . . o A
. . - ; metabolism. The mechanism of glucose release is facilitated in
ing all of the enzymes involved in glycogen metabolism was

demonstrated a long time a@® More recently, it was shown the liver by the glucose transporter, GLUT2, while the uptake

. ST . of glucose into muscle or adipose tissue is facilitated by
that lipid metabolism is aI;o |.nfluenced by the CytOSkelé.ﬁbn.' GLUT 4. Most of the studies on the characterization of glucose
Thus, the structural organization of related enzymes by bmdm%ransporters were performed with GLUTA. Thus, a brief dis-

to the cytoskeleton seems to be widespread. The rate of meta-~_ " . . . .
; .__-.cussion of GLUT4 is necessary. Insulin, which stimulates the
bolic processes are altered by the attachment and organization L
. uptake of glucose, does so by recruiting GLUT4 from an

of enzymes. Our hypothesis proposes that the effect of gluca- .
L ; intracellular site to the plasma membraa@.lt was shown

gon on gluconeogenesis is influenced by the impact of gluca- .
. -recently that the recruitment of GLUT4 almost fully accounts

gon on the structure of the cytoskeleton. Glucagon either di-,

o . . . o for the increase in the transport of glucose observed after the
rectly, or indirectly by increasing calcium levels, is likely to . . . 20 The ability of insulin to recruit
cause the dissociation of glycolytic enzymes from the cytoskel-admm'Strat'on of _msuhﬁ. € ability of insull u!
eton. This would result in a decrease of the rate of egconsisGLUT4 from the _|ntracellular pool tq the_plas_ma membrane
and in the increase of the rate of gluconeogenesis. d_epe_nds on and is the result of the insulin-stimulated reorga-

nization of the cytoskeleto¥t.122

In the liver, GLUT2 is involved in the release of glucose, the

RECRUITMENT AND TRANSLOCATION OF ENZYMES last step in the pathway of gluconeogenesis. However, there are

In addition to forming a web in which the different cytoskel- data, which indicate that glucose release can also occur by an
etal components are interconnect&dhe cytoskeleton also alternative, membrane traffic-based pathwzyNevertheless,
forms a network connecting the various intracellular organellesin GLUT2-null livers, mobilization of glycogen seems to be
This characteristic of the cytoskeleton enables it to “sense” anderiously impaired. Indeed, GLUT2-null mice were shown to
to coordinate cellular activities. | wish to compare the function die within the first 3 weeks of being born, indicating that
of the cytoskeleton in individual cells to the nervous and GLUT2 deficiency is a lethal defe&t* The expression of
endocrine systems in multicellular organisms. A few randomlyGLUTZ2 is hormonally regulated; insulin, which decreases glu-
selected examples are quoted to illustrate this point. Thus, itoneogenesis, suppresses GLUT2 expressio@lucagon and
the liver beneath the plasma membrane, there is a cortical actithyroid hormone increase GLUT2 expressiéfii2zéBecause of
layer3¢ It is well demonstrated that cytoskeletal elements in-the limited number of studies performed with the hepatic trans-
teract with the lipids in the plasma membrafi@This means porter, one can only extrapolate from studies with GLUT4 and
that during signaling events, which involve proteins in or at theassume that similar mechanisms exist in the liver. Recent
plasma membrane, it is likely that cytoskeletal elements wouldstudies with GLUT4 demonstrated the importance of the cy-
be modified. A good example for such interaction is providedtoskeleton for the recruitment of GLUT49-131 Similarities
by the activation of the phosphoinositide pathvég1os between the liver and the transport of GLUT4 in adipocytes

Inside the cell, the cytoskeleton has links to the endoplasmiavere pointed out in a study by Lange et&d.In their study, it
reticulum20® Specific subdomains of the endoplasmic reticu- was reported that insulin in the liver evokes major changes in
lum, the transitional ER, are involved in the generation of thethe surface morphology of the liver by altering the structure of
Golgi cisternae. These subdomains redistribute rapidly wherthe microvilli. Similar effects of insulin were noted in adipo-
microtubules are depolymerizét? The Golgi complex con- cytes, in which GLUT4 was shown to be present in the mi-
nects not only with microtubules, but also with microfila- crovilli. Thus, it might be that the recruitment of GLUT2 in
mentstit112Microtubules and microfilaments have been reportedsituations associated with increased glucose eflux also involves
to form attachments to mitochondria and to lysosok#@sl7 It the cytoskeleton. As pointed out above, both glucagon and
was suggested that mitochondria and microtubules interact bynsulin administration to the liver result in major changes in the
binding microtubule-associated proteins to porin-containing do-structure of the cytoskeleton.
mains of the mitochondrial outer membraag This might be After the uptake of glucose into the liver, glucose phosphor-
relevant to the next point, the attachment of hexokinase to thelation becomes the rate-limiting step in its further metabolism.
mitochondria. Also, mitochondria relocate in the cytosol, The enzymes involved in the phosphorylation belong to the
changing position according to different metabolic states. hexokinase family of enzymes. Hexokinase IV, also called

There is extensive literature on the structure of the cytoskelglucokinase, is specific to the liver. The liver contains mostly
eton and the connection between the cytoskeleton and differerglucokinase and less than 10% of other kinds of hexokinases.
intracellular organelles, which cannot be reviewed here. ThélThese enzymes are present in the liver both in soluble and
few examples given must suffice to illustrate the interconnect-bound forms. Hexokinase is an actin binding protéfwhich
edness of the cytoskeleton and intracellular organelles. Thiss activated by binding to the mitochond#.The binding and
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dissociation of hexokinase to and from the mitochondria playsactual activation of the channel was shown only in 1 (unpub-
an important role in the utilization of gluco%e&136Thus, in  lished experiment by the author). Similarly, the calcium release
tumor cells, which have high rates of glycolysis, hexokinasechannel protein present in the calcium storage site need to be
has a high rate of binding to the mitochond¥#.This could  identified and characterized. Clearly, an increase in cytosolic
result in massive increases in enzyme activity; in 1 study, thecalcium levels also would exert an influence on the structure of
increase was 8-foléB8 Hexokinase was cloned and overex- cytoskeletal elements. It is suggested here that when the paren-
pressed in active form ischerichia coli The overexpressed chymal cells are in the gluconeogenic mode, the glycolytic
enzyme readily bound to rat liver mitochondif®.Hexokinase  enzymes dissociate from the cytoskeleton. Very little work has
binds to specialized domains to the outer membrane of théeen published on this topic in the liver. Thus, sorting out the
mitochondria, which also forms cross-bridges to cytoskeletalsequence of events, the causes and effects, would be a chal-
elements8 As pointed out above, connection and communi- lenging, but important endeavor.
cation between the cytoskeleton and mitochondria is well doc- We have suggested that the cytoskeleton couples the calcium
umented. Insulin stimulates the binding of hexokinase to thestore with the plasma membrane and mediates “capacitative
mitochondria. Indeed, it was suggested that this binding is acalcium entry.” Different views are held by others. Ribeiro et
crucial element in the mode of action of insuli?.13¢ By al**®reported that at least in NIH 3T3 cells, the cytoskeleton is
affecting the structure of the cytoskeleton in the liver, glucagon
and insulin are likely to influence the degree of hexokinase
binding to liver mitochondria. The binding of hexokinase re-
sults in a higher rate of enzyme activity.

The second example is the case of hexokinase 1V, commonl
called glucokinase. Glucokinase is specific to the liver and the
endocrine pancreas. Glucokinase is the rate-limiting enzyme
for glucose utilizatioh®® in the human liver, it accounts for gucose”]
about 95% of the glucose phosphorylatidgh At low glucose ™
concentrations, glucokinase is found inside the nucleus, bound
to a regulatory protein. At a high glucose concentration, the
enzyme is recruited from the nucleus to the cytoplaghis3
There are data suggestive of the possibility that in the cyto-
plasm, glucokinase is bound to microfilamekts However,
Adams et a** found no bound glucokinase in the cytosol.
Thus, whether the cytosolic glucokinase is bound or free is
unresolved. Glucagon and epidermal growth factor inhibit the
expression of glucokinase, while insulin stimulate*#The
activity of glucokinase is a decisive factor in hepatic carbohy-
drate metabolism. The compartmentalization of this enzyme in
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the nucleus, its recruitment to the cytosol, and its possible lactate alanine
binding to microfilaments indicate a possible role for the cy- OHA FRU
toskeleton in the regulation of the activity of this enzyme. B L =
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Summary of Recruitment and Translocation of Enzymes R ]
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Earlier in this report, 2 points were emphasized: (1) that the ,L\\& \ Lo

cytoskeleton connects with every intracellular organelle and (2) #“°**° ~}-+
because of this, the cytoskeleton is involved in the recruitment b
and translocation of molecules. In the liver, the enzymes in- I
volved in the phosphorylation of glucose and the mechanism of fjucagon B I,
glucose release by GLUT2, processes that are known to |nf|u-
ence gluconeogenesis, were discussed.
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UNKNOWNS AND DATA THAT CONTRADICT
THE HYPOTHESIS

There are many unknowns in the presented hypothesis, and _ .- + &5
we are aware of experiments that raise questions about the
validity of some of the details proposed. Starting with the lactate alanine
unknowns, a major question is the mechanism by which the
cytoskeleton is altered. Is it due directly to cAMP or to Fig 3. Schematic representation of the proposed hypothesis. In
the actvaton of PKA? Or, is it due to changes folowing the (o, 1% 1 ke ¥ huese i el 1 9, e et
activation of the CNGC’) Also, while the CNGC channel was from the liver. Detailed explanations for each panel are described in

shown to be present in the liver in 2 independent studies, th@he Conclusions. (Data from Kraus-Friedmann.4)
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required for agonist-stimulated calcium signaling, but not for when available carbohydrate levels are either low because of
capacitative calcium entry. Dealing with a different type of diet, exercise, or fasting or are perceived as low because of
stimulation, nevertheless relevant to our hypothesis, is thalefective responses, as in diabetes. Glucagon binds to the
suggestion by Patterson et‘dlthat capacitative calcium entry glucagon receptor, and this binding initiates a series of reac-
operates as a secretion type coupling model, namely diredions resulting in an increase in the cAMP level. CAMP binds
coupling between the ER and plasma membrane calcium charie target proteins. Thus, among others, cAMP binds to the
nels. CNGC present in the plasma membrane. This results in the
Our hypothesis does not conform to the currently acceptedpening of the channel and the influxes of calcium and mono-
views on the regulation of gluconeogenesis. According to thevalent cations, such as’K Simultaneously, the structure of the
accepted view, gluconeogenesis is regulated by glucagon excytoskeletal web changes. This change is transmitted to the
clusively by the inhibition of futile cycling, which is accom- calcium channel present in the endoplasmic reticulum, where,
plished by the generation of fructose 2,6-bisphosph&lténile as a consequence of these changes, the calcium-release channel
there is no clear consensus on the degree of futile cycling, it iopens and calcium is released. There are some older data,
unlikely to account fully for the stimulation of gluconeogene- which indicated that mitochondria might also constitute a cal-
sis22 Moreover, as reviewed in Kraus-Friednfaand Kraus-  cium storage site from which calcium is releagétlin recent
Friedman and Feng, the initiation of a change in calcium years, the role of mitochondria in the calcium-mediated signal
distribution, for instance by cGMP, or hormones acting exclu-transduction has been under re-evaluattinSubsequent to
sively by elevating cytosolic-free calcium levels, such as va-these changes in ion fluxes, cytosolic-free calcium level in-
sopressin, is sufficient by itself to stimulate gluconeogenesis.creases. Calcium binds to target proteins. Calcium also enters
the mitochondria. This results in an increased uptake cdil
CONCLUSIONS in the stimulation of all the mitochondrial processes associated
Based on existing data and extrapolating from them, wewith the stimulation of gluconeogenests. As the level of
present a hypothesis, which attributes a major role to thecalcium increases, the enzymes of the glycolytic pathway dis-
cytoskeleton in the regulation of gluconeogenesis. The hypothsociate from the cytoskeleton, as does glucokinase. These
esis is presented in a schematic fashion in Fig 3. In Fig 3A, thechanges contribute to the inhibition of glycolysis. GLUT2 is
parenchymal cell is presented in the glucose utilization modeinserted into the plasma membrane. The parenchymal cell now
The liver is in that mode after a carbohydrate-containing mealjs in the mode of producing and releasing glucose in sufficient
and it is under the influence of insulin. The liver cell takes up amounts to prevent blood glucose from falling.
glucose and phosphorylates, partially by hexokinase, which is The experiments presented here and the data in the literature
attached to the mitochondria, and mostly by glucokinase, whictsupport a role for calcium in the regulation of gluconeogenesis.
is recruited from the nucleus to the cytoplasm, where it mightThe suggested role for the cytoskeleton expands this view by
be attached to the microfilaments. Subsequent steps in iteroposing a mechanistic framework that might offer an expla-
metabolism are carried out by the enzymes of the glycolyticnation to some of the currently unexplained observations.
pathway, which at this mode, are attached to the cytoskeleton.
The cytosolic calcium level is at the resting, low level. The
cytoskeleton, represented by the background mesh, is in a state NOTE IN PROOF
that reflects this mode. It is further assumed that in this mode, Since the submission of the manuscript, Wu S, Sangerman J,
the rate of glucose production by the pathway of gluconeogenti M, et al reported in J Cell Biol 154(6):1225-1234, 2001 that
esis is very low. in an endothelial cell type, the physical coupling between
In Fig 3B, the parenchymal cell is presented in the gluconeo-<alcium release and calcium entry is dependent on the integrity
genic mode, stimulated by glucagon. The liver is in this modeof the spectrin component of the cytoskeleton.

REFERENCES

1. Tomomura A, Nakamura T, Ichihara A: Role of the cytoskeleton cell structures and by glucose 1,6-bisphosphate under different
in glycogenolysis stimulated by glucagon in primary cultures. Biochemconditions. The role of Ga& and calmodulin. Int J Biochem 25:
Biophys Res Commun 97:1276-1282, 1980 297-305, 1993

2. Fernandez-Novell JM, Bellido D, Vilaro S, et al: Glucose induces 8. Ovadi J, Srere PA: Macromolecular compartmentation and chan-
the translocation of glycogen synthase to the cell cortex in rat hepatoneling. Int Rev Cytol 192:255-280, 2000
cytes. Biochem J 321:227-231, 1997 9. Spivey HO, Ovadi J: Substrate channeling. Methods 19:306-321,

3. Lardy HA: Gluconeogenesis, pathways and hormonal regulation1999
Harvey Lect 60:261-278, 1966 10. Prentki M, Crettaz M, Jeanrenaud B: Role of microtubules in

4. Kraus-Friedmann N: Hormonal regulation of hepatic gluconeo-insulin and glucagon stimulation of amino acid transport in isolated
genesis. Physiol Rev 64:170-259, 1984 hepatocytes. J Biol Chem 256:4336-4340, 1981

5. Pilkis SJ, Granner DK: Molecular physiology of the regulation of ~ 11. Ikeda T, Sawada N, Satoh M, et al: Induction of tyrosine
hepatic gluconeogenesis and glycogenolysis. Annu Rev Physiol 54aminotransferase of primary cultured rat hepatocytes depends on the
885-909, 1993 organization of microtubules. J Cell Physiol 175:41-49, 1998

6. Clarke FM, Masters CJ: On the association of glycolytic compo- 12. Guzman |, Velasco |, Geelen MJ: Do cytoskeletal components
nents in skeletal muscle extracts. Biochim Biophys Acta 358:193-207 control fatty acid oxidation in mitochondria? Trends Endocrinol Metab
1974 11:49-53, 2000

7. Beitner R: Control of glycolytic enzymes through binding to  13. Rall TW, Sutherland EW, Berthet J: The relationship of epi-



88 NAOMI KRAUS-FRIEDMANN

nephrine and glucagon to liver phosphorylase. J Biol Chem 225:463- 37. Rossier MF, Bird GSL, Putney JW Jr: Subcellular distribution of

275, 1957 the calcium-storing inositol 1,4,5-trisphosphate-sensitive organelle in
14. Perrin D, Moller K, Hanke K, et al: cAMP and €amediated rat liver. Possible linkage to the plasma membrane through the actin

secretion in parotid cells is associated with reversible changes in thenicrofilament. Biochem J 274:643-650, 1991

organization of the cytoskeleton. J Cell Biol 116:127-134, 1992 38. Hajnoczky G, Lin C, Thomas AP: Luminal communication
15. Huleux C, Dreux C, Imhoff V, et al: Microfilaments and cellular between intracellular calcium stores modulated by GTP and the cy-

signal transduction: Effects of cytochalasin D on the production oftoskeleton. J Biol Chem 269:10280-10287, 1994

cAMP, inositol phosphates, and on calcium movements in rat parotid 39. Kraus-Friedmann N: Signal transduction and calcium: Sug-

glands. Biol Cell 67:61-65, 1989 gested role for the cytoskeleton in inositol 1,4,5-trisphosphate action.
16. Simon H, Gao Y, Franki N, et al: Vasopressin depolymerizesCell Motil Cytoskeleton 28:279-284, 1994

apical F-actin in rat inner medullary collecting duct. Am J Physiol 40. Gregory RB, Wilcox RA, Berven LA, et al: Evidence for the

265:C757-C762, 1993 involvement of a small subregion of the endoplasmic reticulum in the
17. Morton DM, Tchao R: Regulation of motility and cytoskeletal inositol trisphosphate receptor-induced activation of Gaflow in rat

organization of rat bladder carcinoma cells by cyclic AMP. Cell Motil hepatocytes. Biochem J 341:401-408, 1999

Cytoskeleton 29:375-382, 1994 41. Lange K: Microvillar C4* signaling: A new view of an old
18. Jackson SM, Berg CA: Protein kinase A localization affects theproblem. J Cell Physiol 180:19-34, 1999

morphology of actin structures in Drosophila ovary. Mol Biol Cell ~ 42. Sheng M, Pak DT: Ligand-gated ion channel interactions with

11:60a, 2000 (suppl, abstr 312) cytoskeletal and signaling proteins. Annu Rev Physiol 62:755-758,
19. Ozer RS, Halpain S: Phoshporylation-dependent localization 02000

microtubule-associated protein MAP2 to the actin cytoskeleton. Mol 43. Bazotte RB, Pereira B, Higham S, et al: Effects of ryanodyne on

Biol Cell 11:3573-3587, 2000 calcium sequestration in the liver. Biochem Pharmacol 42:1799-1803,
20. Kato M, Iwamoto H, Higashi N, et al: Role of Rho small GTP 1991

binding protein in the regulation of actin cytoskeleton in hepatic stellate 44. Friedmann N, Rasmussen H: Calcium, manganese and hepatic

cells. J Hepatol 31:91-99, 1999 gluconeogenesis. Biochim Biophys Acta 222:41-52, 1970
21. Colley NJ: Actin up with Racl. Science 290:1902-1903, 2000 45. Pereira B, Feng L, Bazotte R, et al: Demonstration of ryanodine-
22. Kraus-Friedmann N, Feng L: The role of intracellulaCin induced metabolic effects in rat liver. Biochem Pharmacol 44:413-416,

the regulation of gluconeogenesis. Metabolism 45:389-403, 1996 1992

23. Yamamoto NS, Merkle CJ, Kraus-Friedmann N: Disruption of ~ 46. Bradford M: A rapid and sensitive method for the quantitation of
filamentous actin diminishes hormonally-evokedCeesponses inrat  microgram quantities of protein utilizing the principle of protein-dye
liver. Metabolism 48:1241-1247, 1999 binding. Anal Biochem 72:248-254, 1976

24. Hall PF: The role of cytoskeleton in hormone action. Can 47. Kraus-Friedmann N: Glucagon-stimulated respiration and intra-
J Biochem Cell Biol 62:653-665, 1984 cellular C&". FEBS Lett 201:133-136, 1986

25. Williams RJP: Calcium: Outside/inside homeostasis and signal- 48. Mauger JP, Poggioli J, Claret M: Synergistic stimulation of the
ing. Biochim Biophys Acta 1448:153-165, 1998 C&" influx in rat hepatocytes by glucagon and the?Géinked hok

26. Phillips MJ: Biology and pathobiology of actin in the liver, in mones vasopressin and angiotensin Il. J Biol Chem 260:11635-11642,
Arias IM, Boyer JL (eds): The Liver: Biology and Pathobiology, ed 3. 1985
New York, NY, Raven, 1994, pp 19-32 49. Marchetti C, Premont RT, Brown AM: A whole-cell and single

27. Satir P: Motor molecules of the cytoskeleton. Possible functionschannel study of the voltage-dependent outward potassium current in
in the hepatocyte, in Arias IM, Boyer JL (eds): The Liver: Biology and avian hepatocytes. J Gen Physiol 91:255-274, 1988

Pathobiology, ed 3. New York, NY, Raven, 1994, pp 45-52 50. Molday RS, Molday LL: Molecular properties of cyclic nucle-
28. Fuchs E, Yang Y: Crossroads on cytoskeletal highways. Cellotide-gated channel of rod photo-receptors. Vision Res 38:1315-1323,
98:547-550, 1999 1998
29. Small JV, Rottner K, Kaverina I: Functional design in the actin  51. Broillet MC, Firestein S: Cyclic nucleotide-gated channels. Mo-
cytoskeleton. Curr Opin Cell Biol 11:54-60, 1999 lecular mechanism of activation. AN Y Acad Sci 868:730-740, 1999
30. Chen |, Bernstein BW, Bamburg JR: Regulating actin filament 52. Frings S: Tuning Cd permeation in cyclic nucleotide-gated
dynamics in vivo. Trends Biochem Sci 25:19-23, 2000 channels. J Gen Physiol 113:795-798, 1999
31. Friedmann N: Effects of glucagon and cyclic-AMP onion fluxes  53. Feng L, Subbaraya I, Yamamoto NS, et al: Expression of pho-
in the perfused liver. Biochim Biophys Acta 274:214-225, 1972 toreceptor cyclic nucleotide-gated channel alpha subunit in liver and

32. Keppens S, Vandenheede JR, De Wulf H: On the role of calciumskeletal muscle. FEBS Lett 395:77-81, 1996
as a second messenger in liver for the hormonally-induced activation of 54. Gong L, Kraus N: Molecular cloning of cDNA encoding the
glycogen phosphorylase. Biochim Biophys Acta 496:448-457, 1977 alpha subunit of CNGC gene from human fetal heart. Life Sci 63:1555-
33. Mine T, Kojima |, Ogata E: Role of ion fluxes in the action of 1562, 1998
glucagon on glucose metabolism in rat hepatocytes. Am J Physiol 55. Kraus-Friedmann N: Cyclic nucleotide-gated channels in non-
265:G35-G42, 1993 sensory organs. Cell Calcium 27:127-138, 2000
34. Bygrave FL, Gamberucci A, Fulceri R: Evidence that the stim- 56. Cook NJ, Molday L, Reid D, et al: The cGMP-gated channel of
ulation of plasma membrane €ainflow is an early action of glucagon  bovine rod receptors is localized exclusively in the plasma membrane.
and dibutyryl-cyclic AMP. Biochem J 292:19-22, 1993 J Biol Chem 264:6996-6999, 1989
35. Staddon JM, Hansford RG: Evidence indicating that the gluca- 57. Lader AS, Kwiatkowski DJ, Cantiello HF: Role of gelsolin in
gon-induced increase in cytosplasmic freé Caoncentration in hepa  the actin filament regulation of cardiac L-type calcium channels. Am J
tocytes is mediated by increases in cyclic-AMP. Eur J Biochem 179:Physiol 277:C1277-C12783, 1999
47-52, 1989 58. Nakamura M, Sunagawa M, Kosugi T, et al: Actin filament
36. Hubbard AL, Ma A: Isolation of rat hepatocyte plasma mem- disruption inhibits L-type C&" channel current in cultured vascular
branes. Identification of membrane-associated cytoskeletal proteinsmooth muscle cells. Am J Physiol 279:C480-C487, 2000
J Cell Biol 96:230-239,1983 59. Howarth FC, Calaghan SC, Boyett MR, et al: Effect of the



THE CYTOSKELETON AND GLUCONEOGENESIS 89

microtubule polymerizing agent, taxol, on contraction? Ctransients 79. Putney JW Jr: A model for receptor-regulated calcium entry.
and L-type C&" current in rat ventricular myocytes. J Physiol 516: Cell Calcium 7:1-12, 1985
409-419, 1999 80. Putney JW Jr, Ribeiro CM: Signaling pathways between plasma

60. Prat AG, Cunningham CC, Jackson GR Jr, et al: Actin filamentmembrane and endoplasmic reticulum calcium stores. Cell Mol Life
organization is required for proper cAMP-dependent activation of Sci 57:1273-1286, 2000
CFTR. Am J Physiol 277:C1160-C1169, 1999 81. Tasaka K, Mio M, Fujisawa K, et al: Role of microtubules on
61. Maltsev VA, Undrovinas Al: Cytoskeleton modulates coupling C&* from the endoplasmic reticulum and associated histamine release
between availability and activation of cardiac sodium channel. Am Jfrom rat peritoneal mast cells. Biochem Pharmacol 41:1031-1037, 1991
Physiol 273:H1832-111840, 1997 82. Holda, JR, Blatter LA: Capacitative calcium entry is inhibited in
62. Unno T, Komori S, Ohashi H: Microtubule cytoskeleton in- vascular endothelial cells by disruption of cytoskeletal microfilaments.
volvement in muscarinic supression of voltage-gated calcium channeFEBS Lett 403:191-196, 1997
current in guinea pig ileal smooth muscle. Br J Pharmacol 127:1703- 83. Barritt GJ: Receptor-activated Tainflow in animal cells: A

1711, 1999 variety of pathways tailored to meet different intracellulaPCaig-
63. Cantiello HF: Role of actin filament organization in cell volume nalling requirements. Biochem J 337:153-169, 1999
and ion channel regulation. J Exp Zool 279:425-435, 1997 84. Rosado JA, Sage SO: The actin cytoskeleton in store-operated

64. Kimura S, Higham S, Robison BC, et al: Mechanism of action calcium entry. J Physiol 526:221-229, 2000 _ _
of GTP in the induction of C4 release from hepatic microsomes. ~ 85 Wu S, Moore TM, Brough GH, et al: Cyclic nucleotide-gated
J Biochem 107:550-553. 1990 channels mediate membrane depolarization following activation of
65. Zhang GH, Yamaguchi M, Kimura S, et al: Effects of heavy store-operated calcium entry in endothelial cells. J Biol Chem 275:

metals on rat liver microsomal €&-ATPase and G4 sequestering. ~ 18887-18896, 2000 . o o
J Biol Chem 265:2184-2189. 1990 86. Mackrill JJ: Protein-protein interactions in intracellular’Ca

66. Menshikova EV, Salama G: Cardiac ischemia oxidizes regula©/€@s€ channel function. Biochem J 337:345-361, 1999 )
87. Takahashi H, Yamaguchi M: Role of regucalcin as an activator

tory thiols on ryanodine receptors: Captopril acts as a reducing agent to 2 e ; - .
improve C&" uptake by ischemic sarcoplasmic reticulum. J Cardio of _C -ATPase activity in rat liver microsomes. J Cell Biochem
vasc Pharmacol 36:656-668, 2000 74:663-669, 1999 . .

67. Menshikova EV, Cheong E, Salama G: Low N-ethylmaleimide 88. Masters C: Intgractlon between glycolytic enzymes and compo-
concentrations activate ryanodine receptors by a reversible interactioﬁ],ents of 'the cytor.natnx."] (;ell Biol 99:222.5'22_55’, 198_8 .
not an alkylation of thiols. J Biol Chem 275:36775-36780, 2000 89. Wilson JE: Ambiquitous enzymes: Variation in intracellular

68. Shoshan-Barmatz V, Pressley TA, Higham S, et ai' Charactergismbu“on as a regulatory mechanism. Trends Biochem Sci 3:124-
o - - - L N ’ . 126, 1978

f high aff fratl | ’ )

IrZe?it(I:?JTu?n Igoc?\elpr:tﬁ g’?g_icilzeebllngglg sites of rat fiver endoplasmic 90. Clarke F, Stephan P, Morton D, et al: Glycolytic enzyme orga-

. . . nization via the cytoskeleton and its role in metabolic regulation, in
69. Meissner G: Ryanodine receptor/CaPelease channels and . ) : .
} ) ) Beitner R (ed): Regulation of Carbohydrate Metabolism, vol 2. Boca
their regulation by endogenous effectors. Annu Rev Physiol 56:485-
508. 1994 Raton, FL, CRC, 1985, pp 1-31

91. Ashkenazy-Shahar M, Ben-Porat H, Beitner R: Insulin stimu-
70. Giannini G, Conti A, Mammarella S, et al: The ryanodine ¥

. . ) ) lates binding of phosphofructokinase to cytoskeleton and increases
receptor/calcium channel genes are widely and differentially expresseg}

. ine brai d ioherial i 3 Cell Biol 128:893-904. 1995 ucose 1,6-bisphosphate levels in NIH-3T3 fibroblasts, which is pre-
n munn_e rain and peripheria t'SSl_JeS' el bIo "OTIEE S99y ented by calmodulin antagonists. Mol Genet Metab 65:213-219, 1998
71. Timmerman AP, Ogunbumni E, Freund E, et al: The calcium

. - . 92. Ashkenazy-Shahar M, Beitner R: Effects of?Caonophore
rglegse chan.nel of.sarcoplasmu: reticulum is modulated by FK506'A23187 and calmodulin antagonists on regulatory mechanism of gly-
binding protein. J Biol Chem 268:22992-22999, 1993

] . ) . colysis and cell viability of NIH-3T3 fibroblasts. Mol Genet Metab
72. Kraus-Friedmann N, Feng L: Reduction of ryanodine binding 67:334-342. 1999

and cytosolic C&" levels in liver by the immunosupressant FK506. g3 Foemmel RS, Gray RH, Bernstein IA: Intracellular localization

Biochem Pharmacol 48:2157-2162, 1994 of fructose 1,6-bisphosphate aldolase. J Biol Chem 250:1892-1897,
73. Leslie B, Gollan JL: Ryanodine-induced calcium release from {975
hepatic microsomes and permeabilized hepatocytes. Am J Physiol g4 Reid S, Masters C: On the developmental multiplicity and
268:G1017-G1024, 1995 subcellular interactions of pyruvate kinase. Mech Ageing Dev 33:257-
74. Komazaki S, Ikemoto T, Takeshima H, et al: Morphological »73 1986
abnormalities of adrenal gland and hypertrophy of liver in mutant mice gg, Vertessy BG, Bankfalvi D, Kovacs J, et al: Pyruvate kinase as
lacking ryanodine receptors. Cell Tissue Res 294:467-473, 1998 mjcrotubule destabilizing factor in vitro. Biochem Biophys Res Com-
75. Diaz-Munoz M, Canedo-Merino R, Gutierrez-Salinas J: Modi- myun 254:430-435, 1999
fications of intracellular calcium release channels and calcium mobili- 96 |ushchak VI, Bahnjukova TV, Storey KB: Effect of hypoxia on
zation following 70% hepatectomy. Arch Biochem Biophys 349:105- the activity and binding of glycolytic and associated enzymes in sea
112, 1998 scorpion tissues. Braz J Med Biol Res 31:1059-1067, 1998
76. Martinez-Merlos T, Canedo-Merino R, Diaz-Munoz M: Ryan- 97, Brooks SPJ, Storey KB: Glycolytic enzyme binding in Otala
odine receptor binding constants in skeletal muscle, heart, brain anghctea hepatopancreas: Effects of taxol, colchicine and cytochalasin B
liver of the Mexican volcano mouse. Comparison with five other rodentand D on the in vivo enzyme distribution. Biochem Mol Biol Int
species. Int J Biochem Cell Biol 29:529-539, 1997 41:841-849, 1997
77. Stoyanovsky DA, Cederbaum Al: Thiol oxidation and cyto- 98. Groen AK, Vervoorn RC, Van der Meer R, et al: Control of
chrome P450-dependent metabolism of CCl4 triggerd"Qalease gluconeogenesis in rat liver cells. I. Kinetics of the individual enzymes
from liver microsomes. Biochemistry 35:15839-15845, 1996 and the effect of glucagon. J Biol Chem 258:14346-14353, 1983
78. Thor H, Mirabelli F, Salis A, et al: Alterations in hepatocyte  99. Ainscow EK, Brand MD: The responses of rat hepatocytes to
cytoskeleton caused by redox cycling and alkylating quinones. Archglucagon and adrenaline. Eur J Biochem 265:1043-1055, 1999
Biochem Biophys 266:397-407, 1988 100. Comte B, Romanelli A, Tchu S, et al: Modulation of glucagon-



90 NAOMI KRAUS-FRIEDMANN

induced glucose production by dexfenfluramine in rat hepatocytestraffic visualized in single 3T3-L1 adipocytes by using ultra-fast mi-
Biochem J 310:61-66, 1995 croscopy. Mol Biol Cell 12:129-141, 2001

101. da Silva AC, Kelmer-Bracht AM, Constantin J, et al: The 122. Khayat ZA, Tong P, Yaworsky K, et al: Insulin-induced actin
influence of C&" on the effects of glucagon on hepatic glycolysis. Gen filament remodeling colocalizes actin with phosphatidylinositol 3-ki-
Pharmacol 30:655-662, 1998 nase and GLUT4 in L6 myotubes. J Cell Sci 113:279-290, 2000

102. Friedmann N: Activation of protein kinase(s) by glucagon and 123. Guillam MT, Burcelin R, Thorens B: Normal hepatic glucose
cyclic-AMP in rat liver. Biochim Biophys Acta 428:495-508, 1976 production in the absence of GLUT2 reveals an alternative pathway for

103. Kojima T, Mochizuki C, Tobioka H, et al: Formation of actin glucose release from hepatocytes. Proc Natl Acad Sci USA 95:12317-
filament networks in cultured rat hepatocytes treated with DMSO and12321, 1998
glucagon. Cell Struct Funct 22:269-278, 1997 124. Burcelin R, del Carmen Munoz M, Guillam MT, et al: Liver

104. Almas B, Pryme IF, Vedeler A, et al: Insulin signal transmis- hyperplasia and paradoxical regulation of glycogen metabolism and
sion and short-term effects on the cytoskeleton and protein synthesigjlucose-sensitive gene expression in GLUT2-null hepatocytes. J Biol
Int J Biochem 24:183-191 1992 Chem 275:10930-10936, 2000

105. Whelan WJ: Glycogen and starch: Specific events in their 125. Thorens B, Guillam MT, Beerman F, et al: Transgenic reex-
biosynthesis and metabolic regulation. J Biochem 79:42-48, 1976  pression of GLUT1 or GLUT2 in pancreas beta cells rescues GLUT2-

106. Isenberg G, Niggli V: Interaction of cytoskeletal proteins with null mice from early death and restores normal glucose-stimulated
membrane lipids. Int Rev Cytol 178:73-125, 1998 insulin secretion. J Biol Chem 275:23751-23758, 2000

107. Payrastre B, van Bergen en Henegouwen PMP, Breton M, etal: 126. Bercelin R, Eddouks M, Kande J, et al: Evidence that GLUT2
Phosphoinositide kinase, diacylglycerol and phospholipase C activitiesnRNA and protein concentrations are decreased by hyperinsulinaemia
associated with the cytoskeleton. J Cell Biol 115:121-128, 1991 and increased by hyperglycaemia in liver of diabetic rats. Biochem J

108. Clark SF, Martin S, Carozzi AJ, et al: Intracellular localization 288:675-679, 1992
of phosphatidylinositide 3-kinase and insulin receptor substrate-1 in 127. Andersen DK, Ruiz CL, Burant CF: Insulin regulation of
adipocytes: Potential involvement of a membrane skeleton. J Cell Biolglucose transporter protein is impaired in chronic pancreatitis. Ann
140:1211-1225, 1998 Surg 219:679-686, 1994

109. Terasaki M, Chen LB, Fujiwara K: Microtubules and the 128. Weinstein SP, O,Boyle E, Fisher M, et al: Regulation of
endoplasmic reticulum are highly interdependent structures. J Cell BiolGLUT2 glucose transporter expression in liver by thyroid hormone:
103:1557-1568, 1986 Evidence for hormonal regulation of hepatic glucose transport system.

110. Hammond AT, Glick BS: Dynamics of transitional endoplas- Endocrinology 135:649-654, 1994
mic reticulum sites in vertebrate cells. Mol Biol Cell 11:3013-3030, 129. Omata W, Shibata H, Li L, et al: Actin filaments play a critical
2000 role in insulin-induced exocytotic recruitment but not endocytosis of

111. Duden R, Ho WC, Allan VJ, et al: What is new in cytoskeletal- GLUT4 in isolated rat adipocytes. Biochem J 346:321-328, 2000
organelle interactions? Relationship between microtubules and the 130. Fletcher LM, Welsh GlI, Oatey PB, et al: Role for the micro-
Golgi-apparatus. Pathol Res Pract 186:534-541, 1990 tubule cytoskeleton in GLUT4 vesicle trafficking and in the regulation

112. di Campli A, Valderrama F, Babia T: Morphological changes of insulin-stimulated glucose uptake. Biochem J 352:267-276, 2000
in the Golgi complex correlate with actin cytoskeleton rearrangements. 131. Chang SH, Baumann CA, Kanzaki M, et al: Insulin-stimulated
Cell Motil Cytoskeleton 43:334-348, 1999 GLUT4 translocation requires the CAP-dependent acrivation of TC10.

113. Summerhayes IC, Wong D, Chen LB. Effects of microtubules Nature (Lond) 410:944-948, 2001
and intermediate filaments on mitochondrial distribution. J Cell Sci  132. Lange K, Brandt U, Gartzke J, et al: Action of insulin on the
61:87-105, 1983 surface morphology of hepatocytes: Role of phosphatidylinositol3-

114. Collot M, Louvard D, Singer SJ: Lysosomes are associateckinase in insulin-induced shape change of microvilli. Exp Cell Res
with microtubules and not with intermediate filaments in cultured 239:139-151, 1998
fibroblast. Proc Natl Acad Sci USA 81:788-792, 1984 133. Wagner O, Zinke J, Dancker P, et al: Viscoelastic properties

115. Bernier-Valentin F, Aunis D, Rousset, B: Evidence for tubulin- of f-actin, microtubules, f-actin/actinin, and f-actin/hexokinase deter-
binding sites in cellular membranes: Plasma membrane, mitochondriainined in microliter volumes with a novel non-destructive method.
membranes, and secretory granules. J Cell Biol 97:209-216, 1983 Biophys J 76:2784-2798, 1999

116. Linden M, Nelson BD, Loncar D, et al: Studies on the inter- 134. Adams V, Bosch W, Hammerle T, et al: Activation of low Km
action between mitochondria and the cytoskeleton. J Bioenerg Bi-hexokinases in purified hepatocytes by binding to mitochondria. Bio-
omembr 21:507-518, 1989 chim Biophys Acta 932:195-205, 1988

117. Linden M, Nelson BD, Leterrier JF: The specific binding of  135. Mohan C, Geiger PJ, Bessman SP: The intracellular site of
microtubule-associated protein2 (MAP2) to the outer membrane ofaction of insulin: The mitochondrial Krebs cycle. Curr Top Cell Regul
brain mitochondria. Biochem J 261:167-173, 1989 30:105-142, 1989

118. Leterrier JF, Rusakov DA, Nelson BD, et al: Interactions 136. Golshani-Hebroni SG, Bessman SP: Hexokinase binding to
between brain mitochondria and the cytoskeleton: Evidence for spemitochondria: a basis for proliferative energy metabolism. J Bioenerg
cialized outer membrane domains involved in the association of cy-Biomembr 29:331-338, 1997
toskeleton-associate proteins to mitochondria in situ and in vitro. Mi- 137. Smith TA: Mammalian hexokinases and their abnormal ex-
crosc Res Tech 27:233-261, 1994 pression in cancer. Br J Biomed Sci 57:170-178, 2000

119. Suzuki K, Kono T: Evidence that insulin causes translocation 138. Nakashima RA, Paggi MG, Scott LJ, et al: Purification and
of glucose transport activity to the plasma membrane from an intracelcharacterization of a bindable form of mitochondrial bound hexokinase
lular storage site. Proc Natl Acad Sci USA 77:2542-2545, 1980 from a highly glycolytic AS-30D rat hepatoma cell line. Cancer Res

120. Malide D, Ramm G, Cushman SW, et al: Immunoelectron 48:913-919, 1988
microscopic evidence that GLUT4 translocation explains the stimula- 139. Aurora KK, Fanciulli M, Pedersen PL: Glucose phosphoryla-
tion of glucose transport in isolated white adipose cells. J Cell Scition in tumor cells. Cloning, sequencing and overexpression in active
113:4203-4210, 2000 form of a full length cDNA encoding a mitochondrial bindable form of

121. Patki V, Buxton J, Chawla A, et al: Insulin action on GLUT4 hexokinase. J Biol Chem 265:6481-6488, 1990



THE CYTOSKELETON AND GLUCONEOGENESIS 91

140. Ferre T, Bosch F, Valera A: Evidence from transgenic miceinsulin-induced expression of glucokinase in hepatocytes. Biochem

that glucokinase is rate-limiting for glucose utilization in the liver. Biophys Res Commun 201:902-908, 1994

FASEB J 10:1213-1218, 1996 146. Ribeiro CM, Reece J, Putney JW Jr: Role of the cytoskeleton
141. lynedjian PB, Marie S, Gjinovci A, et al: Glucokinase and in calcium signaling in NIH 3T3 cells. An intact cytoskeleton is

cytosolic phosphoenolpyruvate carboxykinase (GTP) in human liver.required for agonist-induced [E5]i signaling, but not for capacitative

Regulation of gene expression in cultured hepatocytes. J Clin Investalcium entry. J Biol Chem 272:26555-26561, 1997

95:1966-1973, 1995 147. Patterson RL, van Rossum DB, Gill DL: Store operated'Ca
142. Agius L: The physiological role of glucokinase binding and entry: Evidence for a secretion-like coupling model. Cell 98:487-499, 1999

translocation in hepatocytes. Adv Enzyme Regul 38:303-331, 1998  148. Babcock DF, Chen JL, Yip BP, et al: Evidence for mitochon-
143. Toyoda Y, Ito Y, Miwa I: Reversible translocation of glucoki- drial localization of the hormone-responsive pool ofCén isolated

nase between the nucleus and the cytoplasm in rat hepatocytes. Jpepatocytes. J Biol Chem 254:8117-81120, 1979

J Physiol 47:S43-S46, 1997 (suppl 1) 149. Pozzan T, Rizzuto R: The renaissance of mitochondrial cal-
144. Agius L, Peak M: Intracellular binding of glucokinase in hepa- cium transport. Eur J Biochem 267:5269-5273, 2000

tocytes and translocation by glucose, fructose and insulin. Biochem J 150. Denton RM, McCormack JG: Calcium as a second messenger

296:785-796, 1993 within mitochondria of heart and other tissues. Am J Physiol 52:451-
145. Beresford GW, Agius L: Epidermal growth factor counteracts 466, 1990



