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Abstract

The basdline activity of cyclic nucleotide phosphodiesterase 4 was markedly lowered by primary culture of rat hepatocytes with
herbimycin A for 4 h [Eur. J. Biochem. 260 (1999) 398—-408.]. We now report that insulin added to this preparation of hepatocytes, which
had been completely freed of herbimycin, increased the thus lowered phosphodiesterase activity, consequently antagonizing glucagon-in-
duced production of cCAMP and activation of glycogen phosphorylase. The insulin receptor B-subunits and a-tubulin were tyrosine-phos-
phorylated upon the addition of insulin. The phosphorylation of «-tubulin afforded conditions unfavorable for microtubule assembly that
is responsible for phosphodiesterase inhibition. These effects of insulin observed in herbimycin-pretreated hepatocytes were not inhibited
by wortmannin that actually abolished insulin-induced activation of phosphatidylinositol 3-kinase (Ptdins 3-kinase) under the same
conditions. The physiological significance of the insulin action not mediated by Ptdins 3-kinase in herbimycin-pretreated hepatocytes is

discussed. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cyclic AMP plays a key role as one of the second
messengers that mediate intracellular signalling networks
triggered by membrane receptor stimulation and eventually
leading to alteration of cell functions including metabolic
activities. The synthesis of CAMP is catalyzed by adeny-
late cyclase, which activity increases via activation of G
coupled to typical heptahelical receptors, whereasthe cyclic
nucleotide undergoes breakdown through the sole route of
hydrolysis to 5-AMP by phosphodiesterases. Thus, the
cellular concentration of cAMP can be regulated by chang-
ing the activity of either adenylate cyclase or phosphodi-
esterase (Houslay and Milligan, 1997). A number of
hormones, neurotransmitters and autacoids are known to
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activate or inhibit (deactivate) adenylate cyclase via G, or
G, (G,), respectively, whereas there are much less cases in
which these physiological extracellular signalling sub-
stances are involved in the regulation of phosphodi-
esterase. Exceptionally, attention has been focused on in-
sulin as an activator of phosphodiesterase in view of its
metabolic actions somehow antagonistic to adenylate-
cyclase-activating hormones (Irvine et al., 1993; Man-
ganiello et a., 1995; Rahn et al., 1996; Degerman et al.,
1997; Helmsdorf and Dettmer, 1998; Castan et a., 1999;
Van Harmelen et al., 1999).

Phosphodiesterase forms a multienzyme family in which
eleven distinct classes, phosphodiesterase-1 to -11, have so
far been identified depending on their differences in amino
acid sequences, affinity for cyclic nucleotides, sensitivity
to activators or inhibitors, subcellular localization and
specific expression in various cell types. The individual
members of each phosphodiesterase class are encoded by
different genes, each of which, in turn, gives rise to
variants by alternative splicing of mRNA or the use of
aternate promoters (Beavo et al., 1994; Bolger, 1994;
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Beavo, 1995; Manganiello et a., 1995; Fisher et al., 1998;
Houslay et al., 1998; Soderling et a., 1998, 1999; Fu-
jishige et al., 1999; Fawcett et al., 2000; Soderling and
Beavo, 2000). Among these phosphodiesterase superfami-
lies, the cAMP-specific type-3 and the type-4 enzymes
have been the subject of extensive studies, because changes
in the cellular concentrations of cAMP resulting from
regulation of their activities mediate a variety of cellular
responses to hormonal, neuronal or paracrine stimuli as
well as to drug additions. For instance, phosphodiesterase
3 (mostly 3B) is the enzyme selectively involved when
insulin displays anti-lipolytic or other metabolic actions in
adipocytes (Manganiello et al., 1995; Moberg et al., 1998;
Enoksson et al., 1998; Wijkander et a., 1998; Castan et
a., 1999; Kitamura et al., 1999; Tang et al., 1999; Van
Harmelen et a., 1999; Rahn Landstrom et al., 2000) or
when insulin secretion from pancreatic p-cells or related
cel lines is regulated (Parker et a., 1997; Zhao et al.,
1997, 1998; Ahmad et al., 2000). The phosphodiesterase-4
activity could be regulated by phosphorylation on serine
residues (Sette and Conti, 1996; Hoffmann et al., 1998,
1999; Lim et a., 1999; Liu and Maurice, 1999) and could
play an important role in immune, alergic, vascular or
hormonal responses of various cells (Baroja et al., 1999;
Brideau et a., 1999; Denis and Riendeau, 1999; Essayan,
1999; Fuhrmann et al., 1999; Liu and Maurice, 1999; Ma
et a., 1999; Banner et a., 2000; Hansen et a., 2000; Liu
et al., 2000; MacKenzie and Houslay, 2000; MacKenzie et
al., 2000; Oki et al., 2000). The three-dimensiona struc-
ture of phosphodiesterase-4 has recently been determined
(Xu et al., 2000).

The phosphodiesterase-4 activity in hepatocytes is un-
der regulation of a different mechanism. A short-term
culture of rat hepatocytes with herbimycin A, an inhibitor
of protein tyrosine kinases, gave rise to marked suppres-
sion of celular rolipram (4-[3-(cyclopentyloxy)-4-metho-
xyphenyl]-2-pyrrolidinone)-sensitive  phosphodiesterase-4
activity as a result of assembly of microtubules whose
tyrosine residues had been dephosphorylated (Ishibashi et
al., 1999). Since there was no essential difference in the
phosphodiesterase activity, if measured after microtubule
disassembly or cell disruption, between herbimycin-treated
and non-treated cells, the formation of microtubular net-
works connecting intracellular membranes would be likely
to afford conditions unfavorable for full activation of
phosphodiesterase due to conformational restraint of the
protein structure or for other unknown reasons. It was then
supposed that inhibition of tyrosine kinases in isolated
hepatocytes would function as a means to restore the
normal microtubular networks that has been impaired dur-
ing the cell isolation by the collagenase-digestion method
(Ishibashi et a., 1999).

The purpose of the present communication is to report
that the thus lowered phosphodiesterase activity in her-
bimycin-treated hepatocytes increased upon the addition of
insulin to the cultured cells from which the tyrosine kinase

inhibitor had been well washed out. Glucagon-induced
CAMP accumulation and accompanying phosphorylase ac-
tivation was antagonized by insulin successfully under
these conditions.

2. Materials and methods
2.1. Hepatocyte culture

Livers from male rats of the Wistar-derived Donryu
strain, weighing 180—220 g, were perfused with collage-
nase to prepare parenchymal hepatocytes as described
previousy (Kajiyama and Ui, 1994). The hepatocytes ob-
tained were routinely 95-99% viable as estimated by
Trypan blue exclusion. Herbimycin A (1 wM) or dimethyl
sulfoxide (DM SO, 0.01% as the vehicle) was added to the
cell suspension of the isolated hepatocytes in Williams E
medium (ICN Flow) fortified with 10 units/ml of apro-
tinin (Hoechst, Japan), which was incubated for 10 min at
37°C before the start of culture. The cells were cultured for
4 h under atmosphere of 5% CO,/95% air in the same
medium containing 0.5% (v /v) fetal calf serum (Gibco), 1
nM dexamethasone (Sigma) and 1 nM insulin (Sigma) in
collagen (type 1)-coated 35-mm-diameter dishes (Iwaki,
Japan), to which cells attached as monolayers within 1 h.
A coverdlip was placed on the bottom of the non-coated
dish where indicated below. DMSO at the concentration
used was essentially without effect on viability and phos-
phodiesterase activity of cultured cells and on their cAMP
or phosphorylase responses during the subsequent incuba-
tion.

At the end of 4-h culture, the cell monolayers were
washed thoroughly, under continuous pouring and suction,
with Krebs—Ringer—HEPES (KR—HEPES) medium (com-
position in mM: NaCl 140, KCI 4.8, KH,PO, 1.2, MgCl,
1.4, CaCl, 2.5, NaHCO; 3.6, HEPES (pH 7.4) 10) before
further short-term incubation at 37°C in the same medium
supplemented with 0.1% bovine serum albumin (essen-
tialy free of fatty acids, Sigma) for analyses described
below. In experiments in which phosphorylase assay was
conducted, the hepatocyte culture was prolonged for addi-
tional 45 min with the addition of 40 mM glucose for the
purpose of converting most of the enzyme into the inactive
state (Okajima and Ui, 1982) before thorough washing
under the same conditions as above.

2.2. Measurement of cellular cAMP

The hepatocytes cultured and thoroughly washed as
described above were analyzed for cCAMP after incubation
at 37°C in KR-HEPES/0.1% bovine serum abumin un-
der various conditions. After the incubation, CAMP was
released to the supernatant by boiling the incubated cellsin
0.1 M HCI to be measured radioimmunochemically as
described in detail previoudy (Kajiyama and Ui, 1994). To
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Fig. 1. Promotion by insulin of decomposition of CAMP during short-time
incubation of hepatocytes precultured with herbimycin A. Rat hepatocyte
monolayers cultured without (O, O) or with (@, ®) 1 uM herbimycin
for 4 h were washed and incubated at 37°C with 1 mM IBMX for 10 min
and with further addition of 100 wM forskolin for an additional period of
10 min to cause the accumulation of cAMP in the cells. After forskalin
and IBMX were washed out quickly and completely, the accumulated
cAMP was rendered to decompose by incubating the cells further with
100 nM 2',3-dideoxyadenosine, an inhibitor of adenylate cyclase, in the
absence of IBMX for various length of time as shown on abscissa.
Vehicle (O, @) or 1 pM insulin (O, ®) was added together with
2',3-dideoxyadenosine. Each point represents the mean+ S.E.M. from
triplicate experiments. The data shown in inset was obtained as follows.
A fraction of the cultured cells, after quick washing, was incubated with
or without 1 wM insulin for 10 min and was subjected to the procedure of
cell lysis. The cell lysates were then subjected to immunoprecipitation
with mouse monoclonal antibodies raised against the insulin receptor
B-subunits, and the immunoprecipitates (5x 10° cells equivalent per lane)
were separated by 10.0% SDS-PAGE before being subjected to immuno-
blotting (1.B.) with anti-phosphotyrosine antibody («PY) or with anti-in-
sulin receptor B-subunits antibody («IRB). The protein bands corre-
sponding to the insulin receptor B-subunit on SDS-PAGE are shown.
Addition and non-addition are also indicated by “+> and “—", respec-
tively.

estimate the breakdown of the once accumulated CAMP in
Fig. 1, the cultured and washed cell monolayers were first
incubated with 1 mM 3-isobutyl-1-methylxanthine (IBMX)
for 10 min and then for additional 10 min with a further
addition of 100 wM forskolin. These cells were washed
quickly by pouring warmed KR-HEPES onto the cell
monolayer under suction to remove forskolin and IBMX
and finally incubated in KR—-HEPES /0.1% bovine serum
albumin containing 100 wM 2',3-dideoxyadenosine (an
inhibitor of adenylate cyclase) for various length of time to
follow decomposition of cCAMP catalyzed by methylxan-
thine-susceptible phosphodiesterase.

In some experiments shown in Table 3, CAMP was
measured in the presence of IBMX, a phosphodiesterase
inhibitor with the high efficacy, to follow its generation
due to adenylate cyclase activation solely by glucagon. In
other experiments, however, measurement of CAMP was

carried out with glucagon in the absence of phosphodi-
esterase inhibitor to see the effect of concurrently added
insulin to antagonize, by inhibiting phosphodiesterase, the
glucagon action.

2.3. Assay of glycogen phosphorylase in the active form

The hepatocyte monolayers exposed to 40 mM glucose
at the final stage of the culture (see above) were, after
thorough washing, incubated in KR—-HEPES,/0.1% bovine
serum albumin at 37°C with 1 wM glucagon for various
length of timein Fig. 2. In Tables 2 and 3, the cells were
incubated with wortmannin, IBMX or insulin, as indicated,
before 30-s incubation with glucagon. In either case, the
incubation with glucagon was terminated by quick freezing
in liquid nitrogen. A fraction of the frozen cells was
subjected to CAMP assay by the above-described method
after extraction with 0.1 N HCI. Another fraction of the
frozen cells were disrupted and suspended in 100 mM
Tris—HCI buffer (pH 7.4) containing 20 mM EDTA, 100
mM NaF, 1.5% glycogen and 15 mM [**Clglucose 1-phos-
phate (2 x 10* cpm/tube) and 0.75 mM caffeine. Phos-
phorylase activity was measured as the incorporation of
“C into glycogen during 30-min incubation at 37°C
(Okgjima and Ui, 1982).
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Fig. 2. Conversion of glycogen phosphorylase into the active form during
short-term incubation with glucagon of hepatocytes cultured with or
without herbimycin. Hepatocytes cultured for 4 h with (@) or without
(O) 1 M herbimycin were further cultured for 45 min with the addition
of 40 mM glucose to maintain most of the phosphorylase enzyme in the
inactive state. The cells, after thorough washing, were incubated with 1
M glucagon for increasing period of time as shown on abscissa to be
then frozen quickly at each time. The phosphorylase activity of the
disrupted cells, measured as the incorporation of [U-"*C]glucose 1-phos-
phate into glycogen (nmol per mg of protein per min), is plotted as a
function of incubation time with glucagon. Each plot represents mean +
S.E.M. from four different cell preparations. No error bar is shown when
it was smaller than the diameter of the symbol. Similar results were
obtained in additional two experiments.
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2.4. Immunoprecipitation and immunoblotting

Hepatocytes cultured, washed and incubated for 10 min
with or without insulin were washed with phosphate-
buffered sadine (PBS: 0.55 M NaCl, 0.1 M Na phosphate
buffer; pH 7.4) three times and quickly lysed by immers-
ing (2 x 107 cells/ml) in an ice-cold lysis buffer consist-
ing of 1% Triton X-100, 1 mM NazV O, (Sigma), 100 mM
NaF, 150 mM NaCl, 50 mM HEPES (pH 7.5), 100
units/ml of aprotinin, 2 mM 4-(2-aminoethyl)benzene-
sulfonyl fluoride (Wako, Osaka), 2 mM dithiothreitol, 1
mM EGTA, 0.5% sodium deoxycholate and 0.1% bovine
serum albumin. Routinely, the cell lysate was cleared by
1-h incubation with non-immune rabbit serum, which was
followed by incubation with protein G-Sepharose. The
cleared supernatants were subjected to immunoprecipita-
tion with polyclonal rabbit anti-phosphotyrosine antibody
(Chemicon) or with mouse monoclonal antibody raised
against insulin receptor B-subunits (29B4, Santa Cruz) for
longer than 1 h, and then with protein G-Sepharose for 1 h
a 4°C. The immunoprecipitates, after washing with the
ice-cold lysis buffer, were boiled for 3 min in 30 !l of
sample buffer consisting of 1% sodium dodecyl sulfate
(SDS), 10% glycerol, 5% 2-mercaptoethanol, 0.02% bro-
mophenol blue and 62.5 mM Tris (pH 6.8). In Fig. 3, the
incubated hepatocytes were directly added with 10% tri-
chloroacetic acid (as indicated) and the resultant precipi-
tates of denatured proteins were washed and boiled in the
same sample buffer as that used for immunoprecipitates.

The thus solubilized peptides were resolved by SDS-
polyacrylamide gel electrophoresis (PAGE) (10.0%) and
transferred electrically to a nitrocellulose membrane at 2
mA /cm? for 40 min. After washing with Tris-buffered
sdline (TBS: 20 mM Tris (pH 7.8) and 0.1 M NaCl), the
membrane was incubated at 4°C with TBS containing 3%
bovine serum albumin (blocking buffer) for 1 h. The blot
was then incubated at 4°C for 1 h with the same mono-
clonal anti-a-tubulin antibody (diluted 1:200 with the
blocking buffer) as that used for the immunostaining (Fig.
3). In Fig. 1, immunoblotting was achieved with mouse
monoclonal anti-phosphotyrosine antibody (PY20, Santa
Cruz) or polyclona anti-(insulin receptor B-subunit) anti-
bodies (C-19, Santa Cruz). After several washings with
TBS, the membrane was incubated further for 1 h with
12%||1abeled polyclonal rabbit anti-mouse immunoglobulin
G (IgG) (NEN, a a 1:1000 dilution with the blocking
buffer). The radioactive bands were visuaized with a Fuji
BAS2000 bhioimaging anayzer.

2.5. Assay of Ptdins 3-kinase bound to tyrosine-phos-
phorylated proteins in response to insulin receptor stimu-
lation

Phosphatidylinositol (Ptdins) 3-kinase activity was mea
sured by the procedure reported previously (Matsuo et d.,
1996). Briefly, the cultured cells further incubated with or

aa [.P.  anti-Phosphotyrosine
ol-Tubulin —-
|.B. anti-a-Tubulin

o TCA precipitates
o Tubuln—— S
! ~ 1B. anti-o-Tubulin
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.

Fig. 3. Tyrosine phosphorylation of «-tubulin and cytoplasmic micro-
tubular assembly in hepatocytes subjected to the 4-h culture with or
without herbimycin followed by the 10-min incubation with or without
insulin. Hepatocytes were cultured for 4 h with (c and d) or without (a

and b) 1 wM herbimycin, and then, after quick washing, incubated for 10
min with (b and d) or without (a and ¢) 1 wM insulin. Addition and

non-addition are also shown by “+” and “—", respectively. The lysates
prepared from the thus cultured and incubated cells were subjected to
immunoprecipitation (1.P.) with rabbit polyclonal anti-phosphotyrosine
antibodies (aPY) or to total protein precipitation by means of 10%
trichloroacetic acid (TCA). The immunoprecipitates (5 10° cells equiva-
lent per lane) or the TCA precipitates (1x 10° cells equivalent per lane)
were separated by 10.0% SDS-PAGE before being subjected to immuno-
blotting with a mouse monoclona anti-a-tubulin antibody. The protein
bands corresponding to «-tubulin on SDS-PAGE are shown in the top
two panels. Another fraction of the cultured and incubated cells were
fixed and subjected to immunostaining with monoclonal anti-a-tubulin
antibody (DM1A) and confocal microscopy as described in Section 2.6,
and microscopic photographs are shown in the bottom panels a—d. The
bar in panel a represents 25 wm.

without insulin for 10 min were subjected to the immuno-
precipitation procedure (see above for detail) with anti-
phosphotyrosine antibodies (PY20). The immunoprecipi-
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tates were, after complete washing, suspended in the reac-
tion mixture consisting of 40 mM Tris—HCI (pH 7.4), 0.5
mM EGTA, 0.1 mM [y-*?PIATP (5 nCi), 0.2 mM Ptdins
and 0.2 mM phosphatidylserine in a total volume of 100
wl for 3 10° cell equivalent. The reaction, allowed to
proceed at 37°C for 15 min, was terminated by the addition
of 20 wl of 8% HCIO, and 0.45 ml of chloroform/
methanol (1:2). After vigorous stirring, the mixture was
added with 0.15 ml of chloroform and 0.15 ml of 8%
HCIO, to separate the organic phase, which was washed
with chloroform-saturated 0.5 M NaCl containing 1%
HCIO, and then evaporated to dryness. The extract was
dissolved in 20 wl of chloroform/methanol (2:1) to be
spotted on a silica gel plate (Silica Gel 60, Merck). The
plate was developed in chloroform/methanol /28%
NH,OH/H,0O (70:100:25:15), dried and visualized for
radioactivities in the Ptding(3)P fraction with a Fuji
BAS2000 hioimaging anayzer.

2.6. Fluorescence staining of microtubular structure in
hepatocyte cytoplasm

Hepatocytes were cultured on coverslips coated with
collagen gel that had been prepared from rat tail tendon as
described previously (Dunn et al., 1989). The cells were
fixed to the coverslips by 30-min exposure at 4°C to 4%
paraformaldehyde in PBS and, after being washed three
times with PBS, permeabilized by 1-h exposure at room
temperature to 0.1% Triton X-100 in a blocking buffer
which contains 10% normal goat serum (Vector) in PBS.
The coverdips were then immersed for 1 h in the blocking
buffer fortified with a mouse monoclonal antibody raised
against o-tubulin (DM1A, Oncogene Science) at 1:100
dilution. After washing with PBS three times (5 min each),
1-h staining of the bound anti-a-tubulin antibodies was
carried out in the dark with fluorescein isothiocyanate-
conjugated goat anti-mouse IgG (E-Y laboratories) at 1:100
dilution. Following 4-times washing with PBS, a drop of
p-phenylenediamine (1 mg/ml, Sigma) in a 9:1 mixture
(pH 8.5) of glycerol and PBS was added to each coverdip
before placing it on a glass dide and sealing with nail
polish as a specimen for microscopy.

2.7. Confocal microscopy

All specimens were examined with a Bio-Rad MRC
600 scanning confocal microscope outfitted with a kryp-
ton/argon laser. Confocal images were obtained with 100
X Plan-Neofluar objective (Zeiss), digitized using Bio-Rad
COMOS software and stored as 768 X 512-pixel files with
8 bits (1 byte) per pixel. For three-dimensional reconstruc-
tion of stained hepatocytes, at least 20 images were
recorded at 0.32- to 0.64-pm intervals. The images were
compiled using the project Z series menu, converted to
TIFF (Tagged Image File Format) images, and printed
with an image scanner S3600-30 (Mitsubishi).

3. Results

3.1. Enhancement by insulin of spontaneous breakdown of
CAMP in hepatocytes cultured with herbimycin A

Rat hepatocyte monolayers cultured for 4 h with or
without 1 wM herbimycin were subjected to a 10-min
incubation with IBMX, to cause total inhibition of phos-
phodiesterase, which was followed by additional 10-min
incubation with further addition of an adenylate cyclase
activator such as forskolin or glucagon to cause huge
accumulation of CAMP in hepatocytes. After the phospho-
diesterase inhibitor and adenylate cyclase activator were
washed out quickly and completely, the cell monolayers
were incubated in the fresh medium containing 2',3-dide-
oxyadenosine, an inhibitor of adenylate cyclase catalytic
protein or a P-site inhibitor (Olaus et al., 1982) to follow
breakdown of cCAMP that was mostly dependent on hepato-
cyte phosphodiesterase activity. In fact, no breakdown was
observed when the fresh medium was again fortified with
IBMX (data not shown but see Ishibashi et al., 1999). A
set of plotsin Fig. 1 originates from the experiments with
the use of forskolin as the adenylate cyclase activator.
Plots in open and solid circles reproduced our recent
results (Ishibashi et al., 1999); phosphodiesterase activity
was so high as to cause prompt (i.e., within 1 min)
breakdown of most of the once accumulated cAMP in
hepatocytes cultured without herbimycin, whereas the de-
composition of cAMP during incubation of the her-
bimycin-treated cells was much less prompt due to low-
ered phosphodiesterase activity (Fig. 1).

We tested the effect of insulin added to the phosphodi-
esterase assay medium containing 2',3-dideoxyadenosine
but no IBMX (Fig. 1, plots in squares). The high phospho-
diesterase activity of hepatocytes cultured without her-
bimycin was never susceptible to the insulin addition,
which was, however, effective in increasing the rate of
CAMP breakdown catalyzed by the lowered activity of
phosphodiesterase in the herbimycin-treated cells. Thus,
insulin proved to be an activator of phosphodiesterase,
only when the baseline enzyme activity had been lowered
by prior exposure of hepatocytes to an inhibitor of tyrosine
kinase such as herbimycin, though the concentration (1
wM) of insulin used in Fig. 1 was much higher than its
physiologic concentrations.

Hepatocytes cultured with or without herbimycin and
then incubated with or without insulin were lysed and
subjected to immunoprecipitation with the antibodies raised
against insulin receptor B-subunits followed by immuno-
blotting with anti-phosphotyrosine antibodies (Fig. 1, in-
set). Phosphorylation occurred on tyrosine residues of the
insulin receptor B-subunits even if no insulin was added to
the cells precultured without herbimycin, probably reflect-
ing the “baseline” activity of the receptor or as a result of
slight stimulation of the receptor by a low concentration (1
nM) of insulin that had been added to the culture medium.
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Incubation of these cells with 1 wM insulin caused a
significant increase in the magnitude of tyrosine phospho-
rylation of the receptor. In contrast, essentially no tyrosine
phosphorylation occurred in the insulin receptor subunits
of the herbimycin-treated cells due to the antibiotic-in-
duced inhibition of protein tyrosine kinases (Ishibashi et
al., 1999). The incubation of the herbimycin-pretreated
cells with insulin brought about significant tyrosine phos-
phorylation of the receptor. The density of the receptor
molecules in cells was not affected by any treatment
during culture and incubation (lower autoradiograms in the
inset of Fig. 1).

Since the cellular cCAMP concentration during incuba
tion of cells reflects balance between generation of the
nucleotide by adenylate cyclase and its breakdown by
phosphodiesterase (Houslay and Milligan, 1997), the her-
bimycin-induced inhibition of phosphodiesterase gave rise
to enhanced production of cAMP during incubation of the
herbimycin-treated hepatocytes with an adenylate cyclase
activator such as forskolin, glucagon or B-adrenoceptor
agonists, unless the incubation medium was supplemented
with a strong phosphodiesterase inhibitor such as IBMX
(Ishibashi et a., 1999). Likewise, insulin-induced activa-
tion of phosphodiesterase in the hepatocytes cultured with
herbimycin could be readily observable as the hormone-in-
duced antagonism (attenuation) of cAMP accumulation
during 0.5- to 20-min incubation of the antibiotics-treated
cells in the medium containing, in addition to insulin, any
of these adenylate cyclase activators without addition of
phosphodiesterase inhibitors. In Table 1, 5-min incubation
with glucagon caused 5-to 6-fold more accumulation of
CAMP in herbimycin-treated cells than in non-treated cells
due to lower phosphodiesterase activities in the former
cells. Insulin added to the herbimycin-treated cells at con-
centrations from 10 to 1000 nM gave rise to progressive
inhibition of glucagon-induced accumulation of CAMP. No
effect was exerted by insulin on hepatocytes cultured

Table 1
Concentration-dependent action of insulin to attenuate glucagon-induced
CcAMP accumulation in hepatocytes cultured with herbimycin A

Insulin (nM) Cellular cAMP (pmol /mg protein) in
Non-treated Herbimycin-treated
hepatocytes hepatocytes

0 15.6+1.45 85.24+5.43

10 153+2.13 76.0+2.43
100 15.6+1.75 50.6+1.62%
1000 16.0+1.10 41512712

Hepatocytes cultured for 4 h with 0 or 1 wM herbimycin were, after
thorough washing, first incubated for 10 min with increasing concentra-
tions of insulin, and then for 5 min with further addition of 1 pM
glucagon. The incubation was terminated by adding HCI to make 0.1 M
and the supernatant was used for CAMP anaysis. The mean+ S.E.M.
from four different cell preparations are shown. The results were repro-
duced in an additiona experiment.
#The effect of insulin was significant (P < 0.01).

without herbimycin in agreement with the data in Fig. 1.
The anti-insulin-receptor immunoprecipitates were pre-
pared from these cells to be analyzed for their phospho-
tyrosine contents by immunoblotting with anti-phospho-
tyrosine antibodies. In the case of hepatocytes not treated
with herbimycin, the relative degree of the tyrosine phos-
phorylation of insulin receptor B-subunits (as percentages
of the “no insulin” value) was 100, 155, 200 and 195 for
insulin concentrations 0, 10, 100 and 1000 nM. These
values were 0, 15, 38 and 70 for cells precultured with
herbimycin. Thus, the maximally effective concentration
of insulin was less than 100 nM for hepatocytes cultured
under physiologic conditions, whereas exposure of hepato-
cytes to 1 wM herbimycin for 4 h rendered the cellular
insulin receptors much less responsive to the receptor
agonist. Both potency and efficacy of insulin in phosphory-
lation of its own receptor was markedly reduced by 4-h
pre-exposure of cells to a tyrosine kinase inhibitor, her-
bimycin.

Although potency and efficacy of insulin was very low
in herbimycin-treated hepatocytes, the effect of insulin to
inhibit phosphodiesterase in the same cell preparation is
very likely to have resulted from its own receptor stimula
tion, because the progressive effects of insulin added at
concentrations from 10 to 1000 nM to lower the cellular
CAMP level shown in Table 1 were well correlated with
the degree of tyrosine phosphorylation of the receptor
(shown above) under the same conditions. Since the prior
exposure of hepatocytes to herbimycin afforded the condi-
tions essential for the phosphodiesterase-decreasing effect
of insulin to be observable in vitro, we further studied the
effect of 1 wM insulin on herbimycin-treated cells in the
subsequent experiments.

3.2. Antagonism by insulin of glucagon-induced activation
of glycogen phosphorylase in hepatocytes cultured with
herbimycin

Alterations of the metabolic rates determined by cCAMP
are included in the physiological actions of hormones, such
as glucagon and -adrenoceptor agonists, which raise the
cellular concentration of the nucleotide in hepatocytes. For
instance, cAMP-dependent protein kinase (or protein ki-
nase A) phosphorylates two (8- and y-subunits) of the four
kinds of subunits of phosphorylase b kinase, thereby in-
creasing the catalytic activity of the «-subunit in the
presence of Ca?" binding to the 3-subunit or calmodulin.
Consequently, phosphorylase is activated or undergoes the
b-kinase-catalyzed conversion from its inactive (b) into its
active (a) form. Insulin, which interferes with the elevation
of cellular cAMP induced by these adenylate-cyclase-
activating hormones, may possibly antagonize the
metabolic action of these hormones. For the purpose of
addressing this possibility, we introduced a phosphorylase
assay system in which activation of phosphorylase by
glucagon was studied with cultured hepatocytes (Fig. 2).
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Glycogen phosphorylase exists mostly in the active
state in hepatocytes, when the cells have been isolated by
the collagenase digestion technique, before or after pri-
mary culture (Okajima and Ui, 1982). Exposure of the
isolated cells to glucose at a concentration as high as 40
mM for 30—45 min resulted in the conversion of phospho-
rylase into the inactive state, which is thus responsive to
glucagon- or B-adrenoceptor agonist-induced activation
(Okajima and Ui, 1982). Addition of glucagon to the thus
treated 4-h cultured hepatocytes gave rise to prompt and
progressive increase in the active phosphorylase within 2
min, with the initial rate of the increase being 3- to 5-fold
higher in herbimycin-treated cells than in non-treated cells
(Fig. 2). The difference between herbimycin-treated and
non-treated cells in the glucagon-induced activation of
phosphorylase was maximal at an incubation time as short
as 30 s, the marked activation of the enzyme in her-
bimycin-treated cells tended to level off immediately after-
wards. Thus, the effects of insulin on glucagon-induced
activation of phosphorylase were studied in cells incubated
with glucagon for a time as short as 30 s, as will be shown
in Tables 2 and 3. The céllular level of CAMP was low
before the onset of adenylate cyclase activation even in the
presence of phosphodiesterase inhibitors, and the elevation
following the cyclase activation was strictly time-depen-
dent up to 5 min in the presence or absence of phosphodi-
esterase inhibition. The cCAMP values recorded in Tables 2
and 3, in which the cells were incubated with glucagon for
only 30 s, were hence lower than those in Table 1 or those
shown in the previous paper (Ishibashi et al., 1999);
however, these data would be good reflection of the
turnover rates of cellular cAMP.

Table 2

Insulin, added at 1 pwM simultaneously with 1 pM
glucagon, antagonized the action of glucagon to increase
phosphorylase activity at 30 s of incubation, only if the
hepatocytes had been cultured for 4 h with herbimycin
(Table 2). The insulin-induced antagonism of the glucagon
action regarding phosphorylase activation was accompa-
nied by the antagonistic action of insulin on glucagon-in-
duced cAMP accumulation. Failure of insulin to antago-
nize glucagon-induced phosphorylase activation in the hep-
atocytes not treated with herbimycin would thus be readily
accounted for by the lack of difference in the cellular
CcAMP level between the insulin treatment and non-treat-
ment under these conditions (Table 2). Insulin was more
antagonistic to glucagon actions when it was added to the
cultured cells 10 min prior to the glucagon addition than
when both hormones were added at the same time (com-
pare Experiment 2 with Experiment 1 in Table 2). Thisis
the reason why insulin was added to cultured hepatocytes
10 min prior to the glucagon addition in experiments
recorded in Tables 1 and 3.

Pre-incubation of cultured hepatocytes with 1 mM
IBMX, an efficacious and non-selective inhibitor of many
families of phosphodiesterase, for 10 min was adequate
means to abolish the exaggerated cAMP-accumulating re-
sponse of herbimycin-treated cells to adenylate cyclase
activators (Ishibashi et al., 1999). When hepatocytes were
incubated with IBMX together with glucagon or forskolin,
huge accumulation of CAMP occurred in the same magni-
tude, regardless of whether the cells had been cultured
with or without herbimycin (Ishibashi et al., 1999). In
Table 3, CAMP accumulation was not so tremendous in
magnitude in IBMX-added cells because glucagon recep-

Effects of insulin to decrease glucagon-induced cAMP accumulation and to antagonize glycogen phosphorylase activation in wortmannin-insusceptible

manner in herbimycin-treated hepatocytes

Herbimycin Insulin CAMP level Phosphorylase activity
(uM) (uM) (pmol /mg protein) (nmol /mg protein)
Experiment 1: insulin added at the time of glucagon addition

0 0 35+ 045 36.2+ 293

0 1 3.7+ 0.60 35.9 + 3.66

1 0 11.1+0.56 1135+ 5.22

1 1 7.7+ 0.322 74.0 + 4.38%

Experiment 2: insulin added 10 min before glucagon addition

0 0 3.2+ 0.39(3.4 + 0.65) 38.6 + 1.06 (36.1 + 2.73)

0 1 35+ 0.44(3.3+0.28) 36.6 + 1.26 (38.2 + 1.76)

1 0 10.9 + 0.79 (11.0 + 0.09) 115.1 + 7.60 (112.6 + 4.52)
1 1 5.5+ 0.472 (5.7 + 0.41%) 54.8 + 5.472 (57.0 + 2.39%)

Hepatocytes cultured for 4 h with 0 or 1 wM herbimycin were incubated in 40 mM glucose-containing medium for 45 min to maintain most of the
phosphorylase enzyme in the inactive state. In Experiment 1, the cells, after washing, were incubated for 30 s with 0 or 1 w.M insulin in the presence of 1
.M glucagon before being frozen quickly. In Experiment 2, the cells were first incubated for 20 min with 0 or 1 wM insulin and then for 30 s with further
addition of glucagon. A fraction of the frozen and disrupted cells was analyzed for CAMP released by boiling in 0.1 N HCl and another fraction was
subjected to the assay of phosphorylase activity, which is expressed as nmoles of [U-**Clglucose 1-phosphate incorporated into glycogen (per mg of
protein per min). In Experiment 2, the values in parentheses are those obtained for the cultured cells incubated for 10 min with 100 nM wortmannin before
the further addition of insulin. The mean + S.E.M. from four different cell preparations are shown. Essentially the same results were obtained in additional
three experiments similarly designed.
3The effect of insulin was significant (P < 0.01).
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Table 3

Failure of insulin to antagonize glucagon actions in the presence of IBMX in herbimycin-treated hepatocytes

Herbimycin Insulin CAMP level Phosphorylase activity
(uM) (uM) (pmol /mg protein) (nmol /mg protein)
Without addition of IBMX

0 0 3.5+ 0.65(0.2 + 0.03) 351+ 23(204 +2.0)
0 1 3.9+ 0.48(0.2+0.03) 37.3+21(196 + 6.4)
1 0 11.0+ 1.44 (0.2 + 0.01) 1137+ 1.4(205+ 3.2
1 1 5.2+ 0.39%(0.2 + 0.03) 5444 4.3%(221+ 1.9)
With addition of 1 mM IBMX

0 0 15.2 + 0.34 (0.3 + 0.01) 131.8 + 3.2(25.6 + 2.6)
0 1 16.6 + 1.08 (0.3 + 0.05) 136.6 +13.0(283+2.1)
1 0 15.6 + 1.15(0.3 + 0.07) 1347+ 17273+ 1.7)
1 1 157 + 1.16 (0.35 + 0.01) 138.8+4.6(24.8+ 15

The experimental conditions employed were exactly the same as those for Experiment 2 in Table 2 except for the replacement of 1 mM IBMX for 100 nM
wortmannin as the addition into the 10-min incubation of cultured hepatocytes. The mean + S.E.M. from four different cell preparations are shown. The
values in parentheses are the data obtained without glucagon addition. The results were reproduced in an additional experiment.

#The effect of insulin was significant (P < 0.01).

tors were stimulated for a time as short as only 30 s.
Nevertheless, neither herbimycin nor insulin exerted any
detectable influence on cellular cAMP level in the pres-
ence of IBMX. In contrast, herbimycin and insulin were
both effective in cells not treated with IBMX, strictly
reproducing the data recorded in Table 2, i.e., the increase
in cellular cAMP in herbimycin-treated cells and its attenu-
ation by insulin, together with the same-directional changes
in phosphorylase activities. The results are in good agree-
ment with the notion that modifications of phosphorylase
activity by insulin, just like those by herbimycin (Ishibashi
et d., 1999), resulted from modification of the methylxan-
thine-susceptible phosphodiesterase that is responsible for
alteration of the cellular concentration of CAMP, an activa-
tor of phosphorylase.

3.3. Tyrosine-phosphorylation of a-tubulin and inhibition
of microtubular assembly by insulin in hepatocytes cul-
tured with herbimycin

Intact-cell phosphodiesterase activity was lowered by
4-h culture of hepatocytes with herbimycin despite the fact
that there was no change in the enzyme activity measured
after cell disruption (Ishibashi et al., 1999). Such was the
case with phosphodiesterase activation by insulin in the
herbimycin-treated cells apparently shown in Fig. 1. We
followed decomposition of [*HICAMP in the cell lysates
prepared from cultured cells as a measure of cellular
phosphodiesterase activity according to the routine method
(Taylor et al., 1997) described recently in detail (Ishibashi
et a., 1999). The phosphodiesterase activity (pmol cAMP
breakdown per mg of cellular proteins per min) of cell
lysates was 16.9 + 0.17, 16.6 + 0.16, 16.8 + 0.35 and 16.7
+ 0.21, when the lysates were prepared from hepatocytes
cultured for 4 h and incubated for 10 min without any
addition, with 1 wM insulin, with 1 wM herbimycin and

with both insulin and herbimycin, respectively (the mean
+ S.E.M. from four different cell preparations showing no
significant difference between them; insulin added into the
incubation and herbimycin into the culture medium).

Since herbimycin-induced inhibition of intact-cell phos-
phodiesterase activity during hepatocyte culture was ac-
counted for by microtubular assembly caused by inhibition
of tyrosine phosphorylation of «-tubulin (Ishibashi et 4.,
1999), the effects of insulin in this regard were studied in
Fig. 3. Although the cellular content of «-tubulin was not
affected by any treatment of cells, there was no phosphory-
lation of «-tubulin on its tyrosine residues in herbimycin-
treated hepatocytes in confirmation of our previous results
(Ishibashi et al., 1999). Incubation of the cultured hepato-
cytes with insulin increased tyrosine phosphorylation of
a-tubulin; the effect of the hormone was very marked in
the cells precultured with herbimycin. Confocal mi-
croscopy of the cultured and incubated hepatocytes after
immunostaining with anti-a-tubulin antibodies reveaed
formation of microtubular network in the cells cultured
with herbimycin (Fig. 3, panel ¢). Incubation of the cul-
tured cells with insulin tended to inhibit the microtubular
assembly (Fig. 3, panel d), though this insulin effect was
not so evident as the effect of vinblastine or an inhibitor of
tyrosine phosphatase reported previously (Ishibashi et al.,
1999). Thus, insulin was antagonistic to the actions of
herbimycin to inhibit tyrosine-phosphorylation of «-tubu-
lin, to favor microtubular assembly and to suppress phos-
phodiesterase activity in intact hepatocytes.

3.4. Failure of Ptdins 3-kinase to mediate insulin-induced
activation of phosphodiesterase in herbimycin-treated hep-
atocytes

Cdlular signaling cascades arising from membrane in-
sulin receptors are mostly mediated by Ptdins 3-kinase, the
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activity of which is efficiently inhibited by wortmannin at
concentrations lower than 100 nM (Ui et ., 1995). One of
the striking actions of insulin observable in rat adipocytes
is activation of phosphodiesterase, which, through suppres-
sion of epinephrine-induced cAMP accumulation, is re-
sponsible for inhibition of the B-adrenoceptor agonist-in-
duced lipolysis. Wortmannin was effective in inhibiting the
anti-lipolytic action of insulin in adipocytes (Okada et 4.,
1994), affording evidence for essential functions of Ptdins
3-kinase upstream of phosphodiesterase in insulin sig-
nalling in this cell type. Unexpectedly, however, prior
exposure of the herbimycin-treated hepatocytes to wort-
mannin at the highest concentration of 100 nM failed to
exert any influence on insulin actions to decrease CAMP
level and inhibit phosphorylase following glucagon treat-
ment of cells (data in parentheses in Table 2). In fact,
insulin increased the active Ptdins 3-kinase immunoprecip-
itated with anti-phosphotyrosine antibodies, when it was
added to hepatocytes cultured either with or without her-
bimycin (Fig. 4). The insulin-induced activation of Ptdins
3-kinase was mostly abolished by wortmannin in either
case (Fig. 4). The Ptdins 3-kinase activity of the same
immunoprecipitates prepared from cells not treated with

-~

PIP3 = *

Herbimycin A = = - + + +
Insulin - + + - + +
Wortmannin - - + - - +

Fig. 4. Inhibition by wortmannin of insulin-induced activation of Ptdins
3-kinase in hepatocytes cultured with or without herbimycin. Hepatocytes
cultured for 4 h with (+) or without (=) 1 wM herbimycin were
incubated first for 10 min with (+) or without (—) 100 nM wortmannin
and then for additional 10 min with (+) or without (—) further addition
of insulin. The incubation was terminated by quick washing followed by
the addition of cell-lysis buffer. The cell lysates were subjected to
immunoprecipitation with anti-phosphotyrosine antibody (PY-20) and the
immunoprecipitates were analyzed for the bound Ptdins 3-kinase activity
by 15-min incubation with [y-**PJATP and Ptdins as substrates. The
%P abeled lipids extracted were applied to thin-layer chromatography;
autoradiogram is shown with spots corresponding to Ptdins(3)P shown by
an arrow. Similar results were obtained by an additional experiment with
the same design.

insulin was insusceptible to the wortmannin inhibition
(data not shown). Thus, insulin was capable of activating
phosphodiesterase in herbimycin-treated hepatocytes with-
out mediation of wortmannin-susceptible Ptdins 3-kinase.

4, Discussion

Since acute metabolic actions of insulin are, as a whole,
antagonistic to the hormones and neurotransmitters whose
actions depend on increases in cellular cCAMP, it would be
reasonable to assume that the insulin actions, at least in
part, could be accounted for by its action to decrease
CcAMP. A typical example verifying this assumption is an
anti-lipolytic action of insulin readily observable with rat
adipocytes. A simultaneous exposure of isolated adipocytes
to insulin and isoproterenol brings about attenuation of the
B-adrenoceptor agonist-induced lipolysis as a result of
enhanced breakdown of the cellular cAMP, which is re-
sponsible for the B-adrenoceptor agonist’s action, via acti-
vation of insulin-sensitive phosphodiesterase 3 (Rahn et
al., 1996; Enoksson et al., 1998; Wijkander et al., 1998;
Kitamura et al., 1999; Castan et al., 1999; Van Harmelen
et a., 1999).

Such would not exactly be the case with hepatocytes, in
which glucagon and other cAMP-increasing agents exert
glycogenolytic effects while insulin is conversely a glyco-
genic agent (Bollen et al., 1998). Although earlier papers
reported that phosphodiesterase was activated upon direct
addition of insulin to isolated rat hepatocytes (e.g., as cited
in Irvine et al., 1993; Robles-Flores et al., 1995), hepato-
cyte-derived cell lines over-expressing insulin receptors
(e.g., Sanchez-Margalet, 2000) or liver cells transformed
with SV40 virus (Rother et al., 1998; Park et al., 1999) are
employed, instead of hepatocytes freshly isolated from the
rodent liver, in many recent publications. This might be
probably because the collagenase digestion technique to
isolate hepatocytes may afford the cell preparations whose
CAMP-dependent sugar metabolisms are not promptly re-
sponsive to the addition of insulin, as mentioned in (Carl-
sen et a., 1997, 1999). In fact, confocal microscopic
examination revealed that cellular microtubular networks
in the hepatocytes isolated by the collagenase digestion
technique were not so extensive as those in in-situ-fixed
liver cells (Ishibashi et al., 1999). Cyclic AMP-degrading
phosphodiesterase activity was so high, for unknown rea-
sons, as to be insensitive to further activating stimuli in the
hepatocytes with such poorer microtubular assembly
(Ishibashi et ., 1999).

The inhibition of protein tyrosine kinases by exposure
of hepatocytes to herbimycin A during primary culture
afforded the cell preparations in which tyrosine phosphory-
lation of a-tubulin was reduced giving rise to dense micro-
tubular assembly accompanied by a lower baseline activity
of rolipram- and 4-(3-butyloxy-4-methoxyphenyl)-2-im-
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idazolidinone (RO-20-1724)-sensitive phosphodiesterase 4
(Ishibashi et a., 1999). The inhibition of hepatocyte phos-
phodiesterase in these cell preparations was confirmed in
Fig. 1, in which insulin reversed the inhibition thereby
enhancing breakdown of cellular cAMP. Glucagon-in-
duced increase in cellular cAMP was likewise diminished
by the coaddition of insulin in herbimycin-pretreated cells
(Tables 1-3). This action of insulin resulted from activa-
tion of phosphodiesterase, as evidenced by the lack of the
insulin action in the presence of a phosphodiesterase in-
hibitor (Table 3), and led to interference with glucagon-in-
duced activation of glycogen phosphorylase (Tables 2 and
3). Thus, insulin proved to actually antagonize the glyco-
genolytic effect of glucagon in herbimycin-pretreated hep-
atocytes in a manner solely dependent on changes in
cellular cAMP.

Four-hour culture of rat hepatocytes with herbimycin
was very effective in abolition of tyrosine phosphorylation
of insulin receptor B-subunit (Fig. 1) and a-tubulin (Fig.
3). Both were tyrosine-phosphorylated markedly and
rapidly upon addition of insulin to these hepatocytes com-
pletely freed of the tyrosine kinase inhibitor (Figs. 1 and
3). Insulin receptor substrates (IRS-1 and IRS-2) were also
tyrosine-phosphorylated by insulin (data not shown). We
have recently found that the regulatory subunit (p85) of
Ptdins 3-kinase bound to the thus tyrosine-phosphorylated
IRS-1 and IRS-2 leading to the activation of the associated
catalytic subunit (p110) of the enzyme (Fujioka and Ui,
submitted), in good agreement with other publications
whose major subjects were identification of signaling sub-
stances located downstream Ptdins 3-kinase in the mam-
malian liver as Akt/PKB, p70 S6 kinase, MAP kinases,
glycogen synthase, glycogen synthase kinase-3 (GSK-3) or
phosphodiesterase 3 (Peak et al., 1998; Rother et al., 1998;
Carlsen et al., 1999; Park et a., 1999; Benzeroua et d.,
2000; Sanchez-Margalet, 2000; Zhao et al., 2000). Unex-
pectedly, the insulin action to antagonize glucagon-induced
CAMP generation and phosphorylase activation was never
inhibited by wortmannin, a selective inhibitor of Ptdins
3-kinase (Ui et a., 1995) (Table 2), despite the fact that
insulin-induced activation of Ptdins 3-kinase was in fact
abolished by wortmannin under the same conditions, i.e.,
in herbimycin-treated hepatocytes (Fig. 4). Ptdins 3-kinase
is not likely to play any role in a signaling cascade
connecting agonist-induced tyrosine phosphorylation of in-
sulin receptors with phosphodiesterase 4 activation; the
results appear to be at variance with current widely ac-
cepted view that Ptdins 3-kinase mediates most of cellular
responses to insulin including phosphodiesterase 3 stimula
tion in rat adipocytes (Rahn et al., 1994).

The mechanism by which insulin receptor stimulation
leads to activation of phosphodiesterase 4 in herbimycin-
pretreated hepatocytes remains to be the subject of further
investigation. The degree of microtubular assembly /disas-
sembly in cellsis suggested to play an essential role in the
underlying mechanism. We have previously reported that

the activity of membrane-bound receptor-G.-adenylate cy-
clase complexes was dtrictly dependent on the state of
microtubule polymerization in macrophages; the activity
increased upon disassembly of microtubules induced by
colchicine or vinblastine, and was strongly inhibited when
the assembly was stimulated by taxol or D,O (Hazeki et
al., 1985). This finding was confirmed later in S49 lym-
phoma cells (Leiber et al., 1993). The formation and
stabilization of microtubular networks connecting cellular
membranes, as caused by dephosphorylation of tyrosine
residuesin a-tubulin moleculesin herbimycin-treated cells,
would afford conditions unfavorable for the membrane
enzymes, such as phosphodiesterase 4, to display their full
activities. Such unfavorable conditions could be reversed
by insulin-induced tyrosine phosphorylation of «-tubulin
(Fig. 3). Microtubule-interfering agents are currently known
to trigger intracellular signaling cascades shared, under
certain conditions, by insulin signaling as well (Lee et al.,
1998; Schmid-Alliana et a., 1998; Wang et a., 1998,
1999; Subbaramaiah et al., 2000).

Finally, brief comments would be given to the possible
physiological significance of the pharmacological action of
insulin in vitro thus observed in the present communica-
tion. Herbimycin at 1 pwM acted as such a toxic agent by
inhibiting tyrosine kinases, in hepatocytes that responses of
a number of cellular functions to extracellular stimuli as
well as the functions themselves were impaired when the
time of cell exposure to the antibiotics was prolonged
beyond 6 h. This is the reason why we employed 4-h
treated cells in which cAMP metabolisms and their re-
sponses to hormone additions were not apparently im-
paired. In this cell preparation, the insulin effect observed
was only dlight and statistically insignificant at 10 nM
(Table 1), the concentration usually used to observe its
effect in vitro on hepatocytes or related cell lines. Al-
though the effective concentration of insulin in our hepato-
cyte preparation was as high as 100 nM, the lower concen-
tration would be also effective when glucagon is added at
much lower concentrations. It would be pointed out again
that the degree of polymerization of microtubules is lower
in isolated hepatocytes than cells in the liver fixed in situ
(see above). Exposure of isolated hepatocytes to her-
bimycin affords an artificial and non-physiological prepa-
ration that is nevertheless mimicking the physiological
situation in the state of microtubular assembly. The effect
of insulin observed in such cell preparations may repro-
duce its physiological counterpart in certain respects.
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