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the previous experiment. The protein kinase C inhibitor, K-252b had effects
similar to KT5822 on the responses to the agonists at both times .

The reason for this varied effects of KT5822 are not apparent. However,
the two cell populations differ in the magnitude of the B-adrenergic response at
0 h. In Figure 3.47, the B-response is 40% of the a-response compared to >80%
in Figure 3.48.
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Figure 3.47 Antagonism of phenylephrine- and isoprenaline-induced activation of
glycogen phosphorylase a by the protein kinase inhibitors, K252a and KT5822.
Hepatocyte suspensions were preincubated in Williams’ E medium for 30 min and then
treated for 4 min with increasing concentrations of phenylephrine (panel a and d) or
isoprenaline (panels b and d) in the absence (open columns) and presence of 16 nM
K252a (solid columns) or 0.2 pgM KT5822 (cross-hatched columns). K252a and
KT5822 were added 5 min before the effects of the adrenergic agonists were measured.
Samples were then processed for phosphorylase a assay as described in Materials and
Methods. Assays were done in duplicate and each data point represents the mean * s.e.
(n=6). *P<0.5 ,**P<0.01 compared to control -(open columns) -Student’s ¢ test with
Bonferroni’s correction..
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Figure 3.48 Antagonism of phenylephrine- and isoprenaline-induced activation of
glycogen phosphorylase a by the protein kinase inhibitors, K252b (solid columns) and
KT5822 (cross-hatched columns). Hepatocyte suspensions were preincubated in
Williams’ E medium for 30 min and then treated for 4 min with increasing
concentrations of phenylephrine (panel a and d) or isoprenaline (panels b and d) in the
absence (open columns) and presence of 0.5 nM K252b (solid columns) or 50 nM
KT5822 (cross-hatched columns). K252b and KT5822 were added 5 min before the
effects of the adrenergic agonists were measured. Samples were then processed for
phosphorylase a assay as described in Materials and Methods. Assays were done in
duplicate and each data point represents the mean + s.e. (n=6). *P < 0.5, **P < 0.01,
"*P > 0.5 compared to control values (open columns) -Student’s ¢ test with
Bonferroni’s correction.
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4.1 VALIDATION EXPERIMENTS

A major problem associated with the use of crude collagenase in isolation
procedures is the damage caused by the presence of other proteolytic enzymes
that may damage the surface properties of the cells (Marteau er al., 1988;
Meredith, 1988). To ascertain the integrity of the cell membrane, especially
regarding receptors, we carried out preliminary experiments to verify the
usefulness of the isolation procedure adopted. Hormones, neurotransmitters and
growth factors activate glycogen phosphorylase in the liver via two main
receptor-coupled pathways—a  Ca?*/PtdInsP,-dependent pathway (e.g.
adrenaline, arginine-vasopressin, angiotensin II, histamine, ATP, steroids and
epidermal growth factor) and a cAMP-dependent pathway (e.g. glucagon,
isoprenaline and prostaglandins) (Gomez-Mufioz et al., 1989, Kanemaki et al.,
1993, Bocckino & Blackmore, 1993). Glucagon is also reported to act by
increasing [Ca?*]; through a second type of glucagon receptors (Wakelam et al.,
1986; Mallat et al., 1987; Kristensen & Gammeltoft, 1987). The results from
this investigation clearly indicate cells used in these studies were viable: the
cells could respond to the activation of glycogen phosphorylase on stimulation
by the hormones used in the study. The hepatocytes also responded to
stimulation by dibutyryl cAMP (Bt,cAMP), a cell-permeant analogue of cAMP
(activates PKA), and the calcium ionophore A23187. Ionophore A23187 acts by

transporting Ca®>" across cell membranes thus increase [Ca?]; (Pfeiffer et al.,

1974; Pressman, 1976). However, the cells were not particularly sensitive to
insulin. There are conflicting reports on insulin's effect on carbohydrate
metabolism in hepatocytes. While some report observable responses, other
workers have reported the effect of insulin only in the presence of steroids or
dependent on the physiological state (fed or fasted) of the donor animal (Agius
et al., 1990). A recent report has shown that stimulation of DNA synthesis in
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response to insulin in hepatocytes is dependent on the culture medium
(Hasegawa et al., 1994). This observation could possibly account for the
different effects of insulin on carbohydrate metabolism.

4.2 ACTIVATION OF GLYCOGEN PHOSPHORYLASE BY ADRENERGIC
AGONIST IN RAT HEPATOCYTES

It is well established that both a- and P-adrenergic agonists induce
activation of glycogen phosphorylase a in the liver (Blackmore et al., 1978;
Exton, 1985; Ishac et al., 1992; Bocckino & Blackmore, 1993).

These results are consistent with that obtained by Tsujimoto et al. (1989)
who observed that methoxamine selectively stimulated the o,-adrenergic
receptor subtype, a;a. A different o,-adrenergic subtype, a,p, activates glycogen
phosphorylase in rat hepatocytes (Ishac et al., 1992). The low efficacy of
methoxamine in activating glycogen phosphorylase in hepatocytes has also been
reported by other workers (Aggerbeck et al, 1980). Also Garcia-Sainz et al.
(1985) showed that though methoxamine could interact with o,-adrenoceptors

in the liver, it was not able to activate the receptors.

4.3 EFFECT OF CULTURE MEDIUM ON ADRENERGIC RESPONSES

Activation of both o- and B-adrenoceptors in the liver leads to the same
response. The adrenergic response in the adult male rat is mediated by an o,p-
adrenergic pathway the B-effect is undetectable or absent (Garcia-Sainz et al.,
1992; Ishac & Kunos, 1987; Studer & Ganas, 1988; Woode et al., 1995).
Catecholamines increase glycogenolysis and in turn glucose output in the liver
via two main pathways:- a cAMP-dependent [3,-adrenoceptor and a
Ca2+/PtdIns-dependent o,,-adrenoceptor pathways (Exton, 1982). The extent to
which each pathway is involved depends on age, sex and pathophysiological
factors (Ishac et al., 1992). The B-response is almost absent in the liver and
freshly isolated hepatocytes of adult male rats. This study shows that the size of
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the B-response may depend on the medium used to suspend the cells. The -
response in Williams’ E medium was always greater than the response in Krebs-
Henseleit buffer.

To our knowledge, the present study is the first instance that the effect of
adrenergic agonists on glycogen phosphorylase activity has been investigated in
a medium other than simple balanced salt solutions. Previous studies on
glycogen phosphorylase activation and/or glucose release induced by adrenergic
agonists have used balanced salt solutions such as Hanks’ (Nakamura et al.,
1983), Earle’s salts (Itoh et al., 1984), Krebs-Henseleit (Preiksaitis et al., 1982;
Ishac & Kunos, 1987, Hermsdorf & Dettmer, 1992; Ishac et al., 1992). In all
these solutions, isoprenaline failed to activate glycogen phosphorylase or cause
the release of glucose in isolated hepatocytes. In contrast, other workers
(Aggerbeck et al., 1980; Tsujimoto et al., 1986; Schwartz et al., 1985) detected
significant responses to isoprenaline even in these solutions. In the paper by
Schwartz et al. (1985), the maximal response to isoprenaline in Krebs-Henseleit
was about 60% of the response to phenylephrine and the potencies of the two
agonists were similar. Similarly, in Krebs-Ringer (Aggerbeck et al.,, 1980) the
maximal isoprenaline response was 80% of the maximal response to
phenylephrine though isoprenaline was about 24-fold less potent. The presence
of the B-response to varying extent in Krebs-Henseleit buffer was also observed
in our work. However, in the same pool of cells, the B-response in cells kept in
Williams® E was always greater than cells in Krebs’. Reasons for the presence
of B-responses are not clear but it is not inconceivable to speculate that this
could be due to subtle differences in isolation procedures probably caused by
different batches of collagenase.

The difference may be attributable to the presence of amino acids are but
the ‘actual physiological significance of this in relation to the results here is not

clear. Amino acids however generally stimulate glycogen synthesis (Carabaza et
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al., 1992; Flickigler-Isler & Walter, 1993) and are known to inhibit hepatic
glycogenolysis by causing cell swelling (Haussinger & Lang, 1991, 1992;
Baquet et al.,, 1990). We examined the effects of eight amino acids because of
the limited time available and the sheer numbers of amino acids present in
Williams” E. Amino acids used in the study were chosen at random starting with
those reported to modify some pharmacological or biochemical actions in
hepatocytes.

Proline and glutamic acid have been shown to stimulated EGF-induced
synthesis in isolated hepatocytes (Nakamura et al, 1984a; Hasegawa et al.,
1982, 1994; Houck and Michalopoulos, 1985). Also proline stimulates glycogen
synthesis from fasted rats (Baquet et al., 1990). Interestingly, a recent study by
Hasegawa et al. (1994) shows that the effects of glutamic acid on the
stimulation of DNA synthesis depended on the culture media used. Their results
showed that when hepatocytes were cultured in Leibovitz L-15 medium was low
compared to responses in Williams’ medium E or Koga’s medium L.
Furthermore, they showed that, though EGF was without effect in female
hepatocytes cultured in L-15 medium, the responses were increased by more
than 10-fold on addition of glutamic acid to the medium. Glutamic acid also
increased the EGF response in male rats. Proline also has similar effects on the
responses to EGF but was less potent than glutamic acid. Also, the study
showed that hepatocytes did not respond well to insulin when cultured in L-15
and, in contrast, Koga’s medium L and Williams’ medium E permitted the
hepatocytes to respond to insulin resulting in stimulation of DNA synthesis. In
the present study, the addition of proline to Krebs-Henseleit medium enhanced
the responses to isoprenaline: ECs, and E,,, of isoprenaline were both
increased. Glutamic also increased the affinity of isoprenaline but not the
efficacy. Furthermore, the addition of glutamic acid to the medium caused a

decrease in the affinity of phenylephrine. These results together with those
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obtained by Hasegawa and co-workers (1994) therefore suggest that proline and
glutamic acid may contribute to unmasking the response of the hepatocytes to 3-
adrenergic stimulation. There is also a possibility that components other than
proline and glutamic acid or other mechanisms are involved since increased -
adrenergic responsiveness was also observed in Dulbecco’s modified Eagle’s
medium (DMEM) in this study. Although, DMEM and Williams’ E both
contain amino acids, the compositions of amino acids are markedly different
(see Appendix B). Notably, the quantities of amino acids are several-fold higher
in DMEM than in Williams’ E and, moreover, DMEM does not contain any
proline or glutamic acid.

A recent study has shown that glycine improves hepatocyte viability by
inhibiting Ca?*-dependent degradative, nonlysosomal proteases (Nichols et al.,
1994). In the present study, the addition of glycine to Krebs-Henseleit buffer
had no effect on both a- and B-responses; therefore this beneficial effect of
glycine could not be assessed. Moreover, the work by Nichols and co-workers
(1994) found glycine to be particularly useful during anoxia.

The ability of valine and lysine to inhibit arginase activity (Boucher et
al., 1994) could possibly underlie the results obtained with these amino acids.
B-Adrenergic response was barely detectable in the presence of lysine and was
about a thousand-fold less than responses to o-adremergic stimulation. The
possible involvement of arginase in the expression of adrenergic responses is
discussed in section 4.8. Interestingly arginine, the substrate for arginase,
markedly increased the ECs, of isoprenaline.

Recent evidence has shown cell-volume changes as potent modulators of
cellular function (Héussinger & Lang, 1991, 1992; Hiussinger et al., 1994).
Hypo-osmotic liver-cell swelling inhibits glycogenolysis, glycolysis and
proteolysis but stimulates glycogen and protein synthesis, flux through the

pentose phosphate pathway, amino acid uptake and utilization. Therefore
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hepatocyte swelling shifts metabolism to an anabolic, proliferative pattern. This
observation, together with the conclusion that the isolation procedures ‘primed’
the normally quiescent hepatocytes to enter the cycle and dedifferentiate
(Padgham et al., 1993), could offer a possible explanation for the increased -
adrenergic responsiveness in the presence of amino acids. There is a possibility
that a combination of both factors results in an addition or potentiation of the
individual effects. That cells isolated by disruption of the liver with collagenase
or other procedures are stimulated to proliferate, is supported by the induction
of mRNA encoding the transcription factor c-jun (Padgham et al., 1993) and c-
myc and c-fos transcripts (Etienne et al., 1988) in such cells. The immediate
early genes, c-myc and c-fos are also expressed in liver cells with high
proliferative activities such as after partial hepatectomy or after the
administration of carbon tetrachloride (Goyette et al., 1983; Makino et al., 1984
Thompson et al., 1986; Kruijer et al., 1986). These conditions are also
associated with increased B-adrenergic responsiveness (Huerta-Bahena et al.,

1983; Sandnes et al., 1986; Hatta & Oshika, 1990; Kost ef al., 1992).

4.4 TIME-DEPENDENT CHANGES IN o- AND 3-ADRENERGIC
RESPONSES

Results in the present study show, in agreement with previous workers
(Nakamura et al., 1984, Tsujimoto et al., 1986; Sandnes et al., 1986 Ishac et al.,
1992; Kajiyama & Ui, 1994), a time-dependent increase in [-adrenergic
responsiveness. However, while some earlier reports (Okajima & Ui, 1982;
Kunos & Ishac, 1985; Schwartz ef al., 1985; Ishac et al., 1992; Kajiyama et al.,
1994) observed a complete switch from an a;- to B,-adrenergic response, our
results show that the a-response does not completely disappear with time after
the 6 h incubation period. Our findings are consistent with the results of
Nakamura et al. (1984) and Hermsdorf & Dettmer (1992). In the report by
Nakamura et al. (1984), the ability of phenylephrine to stimulate glycogenolysis
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(measured as glucose release) increased from 0.56 gmol min” mg™ protein in
freshly isolated hepatocytes to 0.79 umol min" mg” protein in 7-h cultured
hepatocytes. Similarly, the results of Scheglmann & Dettmer (1992) show little
change in responses to phenylephrine in 3-h old culture and a slight increase in
the responses in 24-h old cultures. These effects of phenylephrine cannot be
attributed to its B-adrenergic actions that have been reported in some tissues
(Hoffmann & Lefkowitz, 1990), since the effects of phenylephrine on
glycogenolysis in the liver have been shown not to involve cAMP
(Assimacopoulous-Jeannet et al., 1977; Exton, 1981).

The apparent differences in the results regarding the o-adrenergic
responses may have arisen from the approach each group of workers took in
assessing the phenomenon. Most workers have monitored the changes mainly by
either changes in the number and affinity of receptors or measurement of the
second messengers (InsP; and cAMP) generated. This approach may give a
wrong picture of the situation since there is no general agreement about which
step(s) of the signal transduction pathway is involved in the change in
adrenergic responses. Also, the a-adrenergic response may be transduced via
the PKC pathway or through the generation of Ins(1,4,5)P; - two distinct
pathways (Garcia-Sainz, 1993). Moreover, recent work supports the existence
of at least two o,-adrenoceptor signalling pathways in the .rat liver that can
operate independently- one of them is PKC sensitive and Ca’* independent; and
the other one is Ca®*-sensitive and PKC independent (Butta et al., 1993; Urcelay
et al., 1993, 1994; Ciprés et al., 1995). Thus, a more appropriate way of
assessing the change is probably by measuring the physiological response.

Considering the results obtained, there are two ‘factors’ or ‘components’
to the reciprocal changes observed- i) the potency (ECs,) and i) the efficacy

(Emax)- A change in the potency is not always accompanied by a corresponding
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change in the efficacy. The ‘classical’ inversion (complete switch from a- to b-
adrenergic response) was observed in the Krebs-Henseleit buffer i.e. after six
hours in culture both the E,,, and ECs, of isoprenaline were greater than for
phenylephrine. Changes in Williams’ E were less dramatic in comparison to
Krebs-Henseleit. Also, there was a dramatic decrease in the potency of
phenylephrine without any significant changes in the maximal responses to both
phenylephrine and isoprenaline. The difference in pattern of changes may have
nothing to do with the type of culture medium used since the various patterns
were observed throughout this project: Williams’ E was the main medium used.
A striking observation was that both the a- and B-responses were always

present.

4.5 ACCUMULATION OF CAMP AND GLYCOGEN PHOSPHORYLASE
ACTIVATION IN RESPONSE TO ISOPRENALINE

Results from the cyclic AMP assay were quite unusual because there was
no correlation between the effect of isoprenaline on cAMP accumulation and
glycogen phosphorylase a activity. The results, therefore appear to suggest that
either there is some °‘cross-talking’ involved in the isoprenaline signal or
isoprenaline may be acting by more than one signal pathway. This hypothesis is
also supported by results obtained in section 3.5.2, the assay of cyclic AMP
levels and by the effects of the nitric oxide donors, SNP and GTN, and protein
kinase inhibitors (see sections 4.10). In the cAMP assay, isoprenaline had no
effect on basal cAMP levels but stimulated glycogen phosphorylase a activity.
Furthermore, the effects of isoprenaline were inhibited by SNP and GTN
suggesting that guanylate cyclase/cGMP may contribute significantly to the
actions of isoprenaline in freshly isolated hepatocytes. ‘Cross-talk’ between
second messenger systems have been observed for the actions of glucagon in
hepatocytes (Wakelam et al., 1986; Whipps et al., 1987, Bygrave & Benedetti,

1993) and for isoprenaline in a transfected cell line (Hormn et al., 1991) and in



Discussion 183

turkey erythrocyte membranes (Rooney et al., 1991). In these cells, glucagon
and isoprenaline not only stimulate adenylate cyclase but also cause a rapid rise

in InsP; with a consequent increase in Ca** mobilization.

4.6 EFFECT OF DIMETHYL SULFOXIDE AND SODIUM BUTYRATE ON
ADRENERGIC RESPONSES

The results show that the use of DMSO or sodium butyrate is not
beneficial when used over a short period as with hepatocyte suspensions and
that these effects require a much longer period of cultivation. The mechanisms
by which DMSO and sodium butyrate promote or maintain differentiation in
hepatocytes are not clear. DMSO is thought to act by activating protein kinase C
(Yamamoto, 1989; Morley & Whitfield, 1993; Arterburn et al, 1995). Both
agents have been used to preserve the high-affinity EGF receptor which is
otherwise downregulated during culture (Gladhaug er al., 1988, 1989; 1992).
Also, sodium butyrate has been shown to increase the number of B-
adrenoceptors in HeLa cells (Tallman et al., 1977, 1978; Lin et al., 1979,
Kassis, 1985), in fetal hepatocytes (Lin et al, 1979), and to increase the level of
thyroid hormone nuclear receptor in primary cultures of adult rat hepatocytes
(Mitsuhasi et al., 1987). HeLa cells, like adult male rat hepatocytes, have a
substantial number of B-receptors and adenylate cyclase that is responsive to
nonhormonal effectors such as guanine nucleotides, forskolin, and cholera toxin
but is poorly stimulated by catecholamines (Lin et al., 1979; Kassis et al, 1984,
Kassis, 1985). When the cells are cultured in 0.6-5 nM sodium butyrate, the
number of PB-adrenoceptors increases and qualitative changes in G, occurred
which improved their ability to interact with the receptors. The changes occur
rapidly reaching a peak after 2-4 hours. These actions of butyrate appear to be
distinct from those associated with cell proliferation and differentiation i.e.
hyperacetylation of histones and are greatly reduced by inhibitors of protein

synthesis (Mitsuhasi et al., 1987). Several possible mechanisms for these actions
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have been proposed including: a) an alteration of the nucleotide regulatory
component either directly by modification of the protein or indirectly by
changes in the lipid environment of the adenylate cyclase system and b) the
formation of a new component that serves as a coupling factor between newly
formed hormone receptor and the existing nucleotide regulatory component.

DMSO failed to prevent the time-dependent increase of the B-adrenergic
response in hepatocytes suspension probably due to the absence of cell-cell
contact that is present in monolayer cultures. A recent observation has shown
that DMSO induces the gap junctional protein connexin32 and thus causes the
reappearance of extensive gap junctional intercellular communications in adult
rat hepatocyte cultures (Kojima et al, 1995). Gap junctional intercellular
communication is thought to play a crucial role in cell differentiation and
growth control in multicelluar organisms (Lang et al, 1991, Mesnil &
Yamasaki, 1993).

Butyrate has been shown to cause dramatic accumulation of
pyrophosphates which can trap mitochondrial Ca®" especially after addition of

calcium mobilizing hormones (Davidson & Halestrap, 1988).

4.7 EFFECT OF DEXAMETHASONE ON ADRENERGIC RESPONSES

One of the several physiological/pathological factors in vivo which lead
to a switch from o- to PB-adrenergic response is glucocorticoid insufficiency
(Brenstad and Christofferssen, 1980; Goodhardt et al., 1982; Borle & Studer,
1990). Goodhardt et al., (1982) achieved some success in preventing the
changes that occur in the liver by replacement therapy. Glucocorticoids in
combination with insulin have also been used, in vivo, to counteract the elevated
noradrenaline-sensitive adenylate cyclase activity that develops after
adrenalectomy (Bitensky et al., 1970; Leray et al.,, 1973; Hutson et al., 1976).

However, their results showed that dexamethasone, in combination with insulin,

partially prevented the emergence of the B-response. However, arresting the
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switch from o- to B-adrenergic response in primary cultures has met with little
success when the culture medium is supplemented with dexamethasone
(Christofferssen et al., 1984; Goodhardt et al., 1984, Nakamura e? al., 1984).

In the present studies we have reexamined the effects of dexamethasone
on a- and B-adrenergic responses in hepatocyte suspensions and in short-term
primary cultures. Unlike previous workers, our studies were carried out in
serum-free culture medium as serum contains several soluble factors which may
modulate or modify the actions of dexamethasone (Barnes and Sato, 1980;
Michalopoulos et al., 1982;). However, the concentrations of dexamethasone
used were within the range reported in the literature.

As found by previous workers, dexamethasone failed to suppress the
emergence of the PB-response as measured by the activation of glycogen
phosphorylase a in response to stimulation by isoprenaline. In fact, the presence
of dexamethasone in the culture medium appeared to accelerate the emergence
of the B-response. These effects of dexamethasone, though surprising compared
to reported effects in vivo, are not unexpected. Dexamethasone is well known
to cause upregulation of B-receptors in several other tissues and cells (Collins et
al., 1991) as well in hepatocytes (Goodhardt et al., 1984; Nakamura et al,
1984).

The results also indicated that the addition of dexamethasone to freshly
isolated hepatocyte cultures increased the potency of phenylephrine while
response to isoprenaline. This initial beneficial effect of dexamethasone was
however lost when the suspensions were kept in culture for 6 hours. The initial
effects may be due to inhibition by dexamethasone of inflammatory reactions,
probably resulting from enzymatic (e.g., proteases present in the collagenase
preparation) destruction of membrane structure during the isolation of the cells
(Wang et al., 1985; Meredith, 1988; Liu et al; 1994). Also, it been shown that

acute phase proteins synthesized in vivo during stress periods, are constitutively
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produced by hepatocytes in suspension or monolayer cultures (Wolffe & Tata,
1994; Koj et al., 1984) These results suggest that cultured hepatocytes obtained
from normal animals are similar to hepatocytes in the intact liver of a stressed
animal.

Although dexamethasone has been used successfully to maintain the
viability and some liver-specific function of hepatocytes (Laishes & Williams,
1976), the exact mechanisms of action are not clear. However, our results
suggest that the synthesis of new protein(s) is involved in the increase in -
responsiveness, since the addition of cycloheximide to the culture inhibited the
increased expression of the B-adrenergic response. The synthesis may involve
synthesis of B-adrenergic proteins. There are conflicting reports on changes in
receptor numbers as a cause for the increased 3-responsiveness and, as we have
not carried out any test to determine the type of protein(s) involved we cannot
confirm or conflict any of the observation made by other workers. However,
dexamethasone is known to modulate the proliferation and differentiation of
various tissues and cell types (De Juan et al, 1992). The effects of
dexamethasone in the liver/hepatocytes appear to depend on, among other
factors, the age of the rat and the presence of several soluble factors in the
culture medium. In the liver, dexamethasone has been shown to suppress o-
fetoprotein and DNA synthesis and together with cAMP inhibits the entrance of
cultured adult rat hepatocytes into the S-phase (Vintermyr et al, 1989).
Together with EGF, dexamethasone inhibits the initiation of DNA synthesis in
cultures of suckling rat hepatocytes (Baribault & Marceau, 1986). In contrast,
dexamethasone stimulates DNA synthesis in proliferating hepatocytes (Richman
et al., 1976; Branstad & Christoffersen, 1980; McGowan, 1988).
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4.8 EFFECTS OF PUTRESCINE AND (+)-S-2-AMINO-5-l0DO-
ACETAMIDOPENTANOIC ACID (AIAP) ON ADRENERGIC RESPONSES

The switch from the o;- to B-subtypes in adrenergic response in the male
rat liver and isolated hepatocytes is associated with conditions associated with
cell proliferation (Kunos & Ishac, 1987; Kajiyama & Ui, 1994). Maintenance of
hepatocytes at the growth-arrested quiescent stage appears to provide conditions
favourable for o,-receptor-mediated functions. Induction of polyamine
biosynthesis is one of the first events in cell proliferation (Morgan, 1994;
Hayashi and Murakami, 1995), and the inhibition of polyamine synthesis has
been used successfully to arrest cells at the resting (G,) state (Pegg, 1988;
McCann & Pegg, 1992).

The inhibitors of polyamine synthesis used in this investigation were (+)-
S-2-amino-5-iodoacetamidopentanoic acid (AIAP) and putrescine. AIAP, an
analogue of arginine, is a site-directed inhibitor of arginase (Mendez et al.,
1986; Trujillo et al., 1991) and putrescine, a polyamine, is reported to inhibit
polyamine biosynthesis via a negative feedback mechanism (Fong et al., 1976,
Marton & Morris, 1987).

The results suggest that synthesis of polyamines may play a role in the
increased [B-adrenergic responsiveness since the presence of the inhibitors
completely inhibited the increase in the B-response. o-Adrenergic responses
were maintained over the incubation period. The mechanisms by which
polyamines interfere with adrenergic responses are not clear. However,
polyamines have been shown to interact with large anionic molecules such as
DNA, RNA, and phospholipids (reviewed in McCann et al., 1987 and Schuber;
1989). Of the effects listed in the literature above, the following may play a role
in the diminished o-adrenergic response in hepatocyte cultures and proliferating
cells: a) impairment of the activities of PLC and PLA,, b) stimulation of Ca*'
uptake by mitochondria, ¢) an InsP;-independent inhibition of Ca**-efflux from
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the endoplasmic reticulum induced by Ca®’-mobilizing agonists. Also,
polyamines have been shown to have differential effects on several kinases
involved in the biosynthesis of PtdInsP,, InsP; and other polyphosphoinositides
(Lundberg et al., 1987; Singh et al., 1995) and may act to modulate the a-
adrenergic signal. Interestingly, in the presence of the inhibitors, isoprenaline
(B-agonist) inhibited the activity of glycogen phosphorylase a. i.e. a reversal of
its effects. The liver is one of few organs in which a- and B-adrenergic
stimulation leads to the same response (Ruffulo er al, 1991). The results
therefore suggest that the inhibitors may cause change(s) in the hepatocytes that
enable isoprenaline to play its ‘classical’ role i.e. oppose the actions of o-
adrenergic stimulation. Although not previously investigated or reported in the
literature, there is a likelihood that very low concentrations (>10 nM) of
isoprenaline may inhibit the glycogen phosphorylase a activity.

In contrast to the actions above, polyamines have been shown to play a
‘second messenger’ role. Isoprenaline has been shown to induce Ca®* fluxes
across the plasma membranes of isolated rat ventricular myocytes (Koenig et al.,
1983, 1988). These actions were seemingly mediated by a rapid (< 2 min) and
sustained increase in cellular polyamines and were blocked by a-
difluoromethylomithine, an inhibitor of ODC. This observation implies a
receptor-mediated activation of a preexisting, latent form of ODC, presumably
associated with the membrane. Similar results were obtained by other group of
workers (Mustelin er al., 1986, 1987) working on the mode of action of
mitogens in human T lymphocytes. The exact mechanism of ODC activation
was obscure but it has been suggested that it could involve G proteins (Mustelin
et al., 1987). If such mechanisms exist for the actions of isoprenaline in the
liver, then it could possibly explain the little or absence of the B-response in the

liver in the quiescent state.
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The studies also looked at the effect of AIAP on arginase activity in the
hepatocytes. In contrast to inhibition of arginase observed in the uterus and
(Mendez et al., 1986), AIAP stimulated arginase in the hepatocyte cultures.
Recent reports have shown that AIAP and closely related compound, (+)-S-2-
amino-6-iodoacetamidohexanoic acid (AIHA), to be inhibitors of extrahepatic
arginase (Trujillo et al., 1992; Chamorro et al., 1996). Although the highest
levels of mammalian arginase is found in the liver, the enzyme activity is also
widely distributed in extrahepatic tissues including the red blood cells, lactating
mammary gland, kidney, lymphocytes and macrophages (Reckowski & Ash,
1994; Wang et al., 1995). The extrahepatic tissues contain an arginase isoform
that is distinct from hepatic arginase, though they share certain physico-
chemical properties (Herzfeld & Raper, 1976). The two isoforms are termed
arginase I and arginase II for the hepatic and extrahepatic forms respectively
(Herzfeld and Raper, 1976; Grody et al., 1985). The function of arginase in
extrahepatic tissues (these lack the complete urea cycle) is not clear but is
thought to be the production of L-omithine, which serves as a biosynthetic
precursor of polyamines (Tabor & Tabor, 19894). Since AIAP was synthesized
as an active-site-directed inhibitor (Trujillo et al., 1991), our results suggest
differences in the configuration of the active site of hepatic and extrahepatic
isoforms.

The actual role of arginase regarding adrenergic responses is not clear.
However, if NO plays a significant role in the adrenergic signal then this area 1s
worth pursuing for the following reasons:-

1. arginase and nitric oxide synthase share the same substrate (Robertson et al.,
1993; Daghigh et al., 1994)

2. the arginine/NOS and arginine/arginase pathways are mutually antagonistic
(Robertson et al., 1993; Boucher et al., 1994; Daghigh et al., 1994)
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3. hepatocytes are depleted of arginine during isolation and culture (Paine,
1990).

4. in the intact liver NO plays a very important role in glycogenolysis (Moy et
al., 1991).

5. levels of cytochrome P450, capable of catalyzing the formation of NO from
NOHA and other substrates (Andronik-Lion et al,, 1992; Boucher et al.,
1992; Renaud et al., 1993), are altered during cell culture (Bequé et al.,
1984; Padgham et al., 1993).

The effect of AIAP on arginase was not consistent with work reported by
(Mendez et al., 1986; Trujillo et al., 1991). Recent reports have however shown
that AIAP is an arginase II inhibitor and our study appears to be first reported
work of AIAP on arginase I in the liver. Thus, the effect of AIAP is not clear.
nitric oxide synthase inhibition and more work will have to be done in this

respect.

4.9 CYTOCHROME P450 AND ADRENERGIC RESPONSES
The actions of phenylephrine on glycogen phosphorylase a in isolated

hepatocytes may involve cytochrome P450 as these actions were inhibited by
both metyrapone and SKF525A. These results are consistent with the reported
effects of cytochrome P450 on Ca’" fluxes in several cell types. However, the
inhibition of responses to isoprenaline by metyrapone was not as expected since
it is well established that isoprenaline acts via the adenylate cyclase/cAMP
signal pathway (Exton, 19985). This observation further supports the hypothesis
that there might be some cross-talking with other pathways or that there is
another pathway for the B-adrenergic signal (see section 4.3).

To further examine the involvement of cytochrome P450 in the responses
to adrenergic agonists, the effect of B-naphthoflavone-inducible cytochromes
P450 were investigated. As expected, treatment of the rats with p-
naphthoflavone resulted in increased levels of hepatic CYP1A1 and CYP2A1,
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(Lau & Strobel, 1982; Murray & Reidy, 1990). In contrast, BNF treatment
decreased the microsomal levels of CYP2C11. This is consistent with the
observation that several inducers of liver P450 enzymes suppress CYP2Cl11
(Waxman & Chang, 1995). Inducers of hepatic known to suppress CYP2Cl11
include ethanol (Badger ef al., 1993), 3-MC (Yeowell et al., 1987, Shimada et
al., 1989), TCDD (Gustafsson & Ingelman-Sundberg, 1979), phenobarbitone
(Waxman, 1984, Shimada et al., 1989), and dexamethasone (Levin et al., 1987).
The mechanism(s) by which the drugs and xenobiotics are not clear, however,
3-MC, TCDD, and dexamethasone are each known to decrease serum
testosterone levels (Waxman & Chang, 1995). Testosterone regulates the
expression of CYP2C11. Surprisingly, these changes in the inventory of
cytochrome P450 resulted in a decreased potency of phenylephrine. An increase
in potency was expected as responses to phenylephrine were inhibitable by a-
naphthoflavone and SKF525A which are known to inhibit CYP1A1 (Murray &
Reidy, 1990). This observation may be because BNF induces not only CYP1A1
but also CYP1A2 (not determined by our assays) and CYP2A1l. CYP2ALl is
present in the neonate male and female rats and female rats but the
concentration declines in the male rat after sexual development (Waxman et al.,
1985, Imaoka et al., 1991)- microsomal level of CYP2A1 in adult female rat is
fourfold that of the adult male rat.

Thus, our initial hypothesis that CYP1A1 was involved in the adrenergic
response was not supported by this observation. Nevertheless, a review of the
literature together with our result indicates that CYP2C11 could be a likely
candidate for changes in the relative expression of o- and B-adrenergic
responses in rat hepatocytes. Levels of CYP2C11 are decreased or suppressed
during primary culture (Padgham et al, 1993), in chemical induced
hepatocarcinogenesis or partial hepatectomy (Padgham et al.,, 1993; Habib et
al., 1994), cholestasis (Chen et al., 1995), and in hyperplasia (Chen et al.,
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1993). All the conditions listed above also lead to increased [-adrenergic
responsiveness with parallel decreases in o-adrenergic responsiveness.
Incidentally, CYP2C11 is a male-specific cytochrome P450 (Ryan et al.,, 1984;
Waxman, 1984; Morgan et al., 1985) — a-adrenergic response predominates in
the male rat liver. Nonetheless, the involvement of other isoforms, particularly
the CYP2Bs, should not be discounted since the levels of these are also
decreased under these conditions. Interestingly, the levels of CYP2B and
CYP1A seem to follow a reciprocal pattern similar to the expression of o~ and

B-adrenergic responses. CYP2B levels are higher in the liver of male rat and
low in neonates increasing with age until adulthood; while CYP1A levels are
higher in the female, predominate in the neonate and decrease with age
(Ioannides & Parke, 1990). A postulate, drawn from study and results from
elsewhere, is illustrated schematically in Figure 4.1.

Interestingly, induction of hepatic cytochrome P450 by B-naphthoflavone
alter the composition of eicosanoids generated by hepatic microsomes.
Treatment with B-NF increases the production of HETEs (19- and 20-HETEs)
by hepatic microsomes, while reducing the formation of EETs (Falck et al.,
1990). The major route of cytochrome P450-mediated metabolism of
arachidonic acid is epoxidation (Capdevila et al., 1995) and therefore any factor
affecting the levels of CYP2Cl11, the main isoenzyme involved, is likely to
adversely affect the production of EETs.
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Figure 4.1 Possible mechanisms by which cytochrome P450 may modify o-adrenergic
responses.
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4.10 EFFECT OF SODIUM NITROPRUSSIDE, GLYCERYL TRINITRATE,
AND PROTEIN KINASE INHIBITORS ON ADRENERGIC RESPONSES

Acute and chronic endotoxemia induces several, profound alterations of
liver metabolism. In the context of this study, a recent study has shown that
chronic endotoxemia -by continuous infusion of E. coli endotoxin increased the
B-adrenergic responsiveness accompanied by a decrease in the o-adrenergic
responsiveness in hepatocytes isolated from such rats (Pittner & Spitzer, 1993a).
The same group of workers had earlier shown that chronic endotoxemia caused
significant impairments in several aspects of intracellular Ca** homeostasis
including lowered ability to mobilize intracellular Ca®* and concomitantly to
activate glycogen phosphorylase in response to Ca’‘-mobilizing agonists
(Deacuic & Spitzer, 1986, 1989). Recent studies into the mechanisms of
hepatocellular dysfunction during sepsis and endotoxemia suggest longer-term
effects involve the release of cytokines from Kupffer cells which interact with
hepatocytes to induce nitric oxide synthase (NOS) with concomitant nitric oxide
production (Billiar ez al., 1989, 1990; Curran et al., 1990). Nitric oxide is also
released in regenerating liver (Hortelano et al, 1995), one of the several
conditions in which there is increase 3-adrenoceptor response. The aim of this
study was therefore to investigate the effect of nitric oxide on adrenergic
responses by using the nitric oxide donors, GTN and SNP.

In the present study, both NO donors, GTN and SNP, activated glycogen
phosphorylase activity presumably by activating guanylate cyclase. It is
generally accepted that glyceryl trinitrate and sodium nitroprusside act via
biotransformation to NO which then activates guanylate cyclase with
concomitant formation of cyclic GMP. Enzymes suggested for bioactivation of
GTN in vascular tissues include glutathione S-transferase and cytochrome P450
(Yeates et al., 1989; Schroeder, 1992, McDonald & Bennet, 1993; Bennet e? al.,

1994). However, evidence from several studies suggests that the bioactivation of
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GTN may involve enzymes that differ between tissues and species (Li & Rand,
1996). The bioactivation of SNP differs from that of GTN (Bates et al., 1991,
Kowaluk et al, 1992). Bioactivation of GTN has been shown to involve
cytochromes 2C11 and 3A1 (McDonald et al., 1994).

Most of the reported work on the effects of nitric oxide on hepatic
glucose metabolism has been carried out using perfused livers with conflicting
results. While some workers report no effect on basal glucose output (Moy et
al., 1991), others report of inhibition of glucose output resulting probably from
inhibition of gluconeogenesis (Brass et al., 1993; Horton et al., 1994, Stadler et
al., 1995; Titheradge et al., 1995) and, by contrast, NO has recently been
reported to increase hepatic glucose output involving the covalent activation of
glycogen phosphorylase (Borgs et al, 1996). The NO-induced increase in
hepatic glycogenolysis was blocked by co-administration of cyclooxygenase
inhibitors, suggesting a mediatory role of prostanoids from nonparenchymal
cells (Borgs et al, 1996). Also, Borgs et al. (1996) observed that NO
paradoxically inhibited glycogenolysis when the liver was perfused with Ca®'-
free medium. In contrast to our results, most of these workers (except Brass et
al., 1993 and Stadler ez al.,, 1995) did not observe any effect of NO on glucose
metabolism in isolated hepatocytes. Lack of NO effect in isolated hepatocytes
but in perfused livers has been explained by the observation that the control of
hepatic glycogenolysis involves an intricate paracrine communication between
nonparenchymal cells and hepatocytes (Altin & Bygrave, 1988; Kuiper et al.,
1988, Garcia-Séinz, 1989).

Most of the actions of NO have been attributed to its ability to activate
soluble guanylate cyclase resulting in the formation of cyclic GMP (Moncada,
1993, Murad et al., 1993). NO donors have been shown to elicit accumulation
of cyclic GMP in liver or hepatocytes (Arnold et al., 1987; Brass et al.,, 1993;
Wettstein et al., 1994). A recent work by Rooney et al. (1996) has shown that
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the cCAMP analogues, 8-bromo-cGMP and dibutyryl cGMP as well as the NO-
donors, SNP and SIN-1, produced oscillatory [Ca®*]; increases in rat
hepatocytes. Furthermore, they showed that cGMP phosphorylated the InsP;
receptor in hepatocyte and thereby increased the sensitivity to InsP; for [Ca®');
release and the subsequent generation of [Ca®*]; oscillations. Also, by increasing
the levels of cGMP, NO oxide could act by increasing the levels of cAMP
through the cGMP-mediated inhibition of cyclic nucleotide phosphodiesterases
(Manganiello et al., 1992, Sonnenburg & Beavo, 1994). Cyclic-GMP-inhibited
cAMP phosphodiesterases (¢cGI PDEs, Type III cAMP PDEs) have been
purified from rat liver (Pyne et al., 1987; Boyes & Loten, 1988). Moreover, the
activity of cGI PDEs is rapidly increased in during the incubation of hepatocytes
with agents or hormones that increase cAMP (Manganiello ef al., 1992).

Contrary to our working hypothesis, the NO donors inhibited the
activation of glycogen phosphorylase induced by the [B-adrenergic agonist
isoprenaline. We had expected NO to enhance the B-adrenergic responses at the
expense of a-adrenergic responses as observed in endotoxemia or treatment of
hepatocytes with endotoxin (Pittner & Spitzer, 1993). This observation probably
suggests that isoprenaline may be acting via a cAMP-independent signal
pathway (see section 4.5). In the presence of the KT5822, a cGMP-dependent
protein kinase inhibitor (Kase et al., 1987; Grider, 1993), NO did not inhibit
responses to isoprenaline (the responses were enhanced) suggesting the
involvement of cyclic GMP. NO has also been reported to inhibit glucagon-
stimulated glycogenolysis in perfused liver and isolated hepatocytes (Brass et
al., 1993). Glucagon, like isoprenaline, stimulates glycogenolysis via an
adenylate cyclase/cAMP-dependent pathway. Although not proven, it has been
proposed that NO inhibited glucagon by stimulating the hydrolysis of cAMP by
cGMP-mediated stimulation of cAMP phosphodiesterase (Brass et al., 1993;
Borgs et al., 1993).
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A striking feature of the effect of NO on B-responses is the reversal of
the effects of isoprenaline. ‘Reversal’ of the isoprenaline effect was also
observed on addition of putrescine and AIAP to the culture medium.

The effect of NO on phenylephrine-stimulated glycogenolysis was,
however, not consistent - NO did not have any effect on phenylephrine-induced
glycogenolysis; confirming results obtained in perfused livers by Moy et al.,
1991. The inhibition of phenylephrine effects could be explained considering
results obtained by Spitzer and coworkers (Spitzer & Deacuic,1986, 1987
Deacuic & Spitzer, 1989), i.e. assuming NO is the mediator in chronic and acute
endotoxemia. They showed that endotoxemia caused impairments in several
aspects of Ca*" homeostasis including lowered hepatocyte ability to mobilize
intracellular Ca®* and concomitantly, to activate glycogen phosphorylase in
response to Ca“-mobilizing agonists (Deacuic & Spitzer, 1986). They further
showed that the changes in Ca®* homeostasis could be due to changes at the
level of the plasma membranes (Roth & Spitzer, 1987) or by the subcellular
structures to handle calcium e.g. decreased binding of InsP; to the endoplasmic
reticulum (Spitzer & Deacuic, 1986, 1987; Deacuic & Spitzer, 1989).

Inhibition of phenylephrine response could also be due to the other
actions associated with NO such as:

1. inhibition of hemoproteins involved with cell-signalling events including
cytochromes P450 and lipoxygenases (Kanner et al., 1992; Khatsenko et al.,
1993; Stadler et al., 1994; Gross & Wolin, 1995). In fact, the soluble form of
guanylate cyclase contains a heme group; one of the most sensitive and
important sites of action of NO (Gross & Wolin, 1995).

2. nitrosation of thiol-containing proteins such as receptors, and protein
phosphatases (Gross & Wolin, 1995). It has also been suggested that NO
could modulate protein function via ADP-ribosylation of some proteins.

Interestingly, ADP-ribosylation of the inhibitory guanine nucleotide, G;, has
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been proposed as a mechanism for the inverse changes in a- and 3-adrenergic
responses (Itoh et al., 1984; Ui et al., 1985).

In the context of our studies, the inhibition of cytochromes P450 by NO
is intriguing in view of the proposal made earlier (see section 4.9) that
cytochrome P450 may be involved the a-adrenergic signal. Cytochromes P450
reported to be inhibited by NO in hepatocytes include CYP1A1 and CYP1A2
(Khatsenko et al., 1993; Stadler et al., 1994)- two of the ‘suspects’ in our
proposal. Though nitric oxide is reported to form spontaneously in primary
cultures of hepatocytes (Pittner & Spitzer, 1993), the presence of constitutive
nitric oxide synthase (¢cNOS) has not been immunologically detected in
hepatocytes. It is tempting to suggest that cytochrome P450 may play a role in
the ‘unprimed’ hepatocytes since it has been recently shown that cytochrome
P450 could catalyze the formation NO from N°-hydroxy-L-arginine and other
substrates (Boucher ez al., 1992; Andronik-Lion et al., 1992).

Inhibition of protein kinases in the hepatocytes did not have consistent
effect on phenylephrine- and isoprenaline-induced responses. For instance, in a
set of experiments, the inhibition of protein kinase G by KT5822 led to and
inhibition and potentiation of phenylephrine-induced responses respectively in
freshly isolated cells and in 6-hour old cultures. On the contrary, the opposite
effects (a potentiation then an inhibition) were observed with the same treatment
in another set of experiments. Despite these inconsistencies, it is obvious that
cGMP plays a role in the signal of both agonists and that this role may depend
on the age of the culture. Also, it is inconceivable to suggest that increased
levels of ¢cGMP may partly contribute to the increased B-adrenergic
responsiveness in the 6-hour culture; since these cells isoprenaline responses

were particularly sensitive to the PKG imhibitor, KT5822.
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4.11 GENERAL DISCUSSION

It 1s well established that changes occur in the relative expression of o-
and P-receptors in isolated hepatocyte suspensions and monolayer cultures
(Schwartz et al., 1985; Sandnes et al., 1986; Kunos & Ishac, 1987). Although
several mechanisms have been proposed for these changes in the adrenergic
responses, it is still not clear which of these are the major players. It is
conceivable that, under a set of conditions, more than one of these mechanisms
may act in concert to shift the predominantly a-response to a B-response.
Besides showing conditions under which the shift in the changes may be
arrested, this study also sheds more light on the possible causes of increased f3-
adrenergic responses in isolated hepatocyte cultures. The key points or findings
in this study are summarized below:

1. besides the well-established regulation of adrenergic receptors and/or
responses by hormones (Bohme et al, 1986; Collins et al, 1991), the
adrenergic responses may be also modulated by constituents of culture
medium e.g. amino acids in William E

2. other transduction pathway(s) may exist for the B-adrenoceptor signal apart
from the adenylate cyclase/cAMP pathway

3. DMSO and sodium butyrate inhibited the shift from o to B-adrenoceptor
response in monolayer cultures but not in hepatocyte suspensions

4. polyamines or polyamine biosynthesis plays a very important role in the shift
in adrenergic responses. This important because a proliferative state is
common denominator in all conditions associated with changes in the relative
expression of a and B-adrenergic response.

5. cytochrome P450 may be involved in the a-adrenergic signal and that
changes in the inventory of the cytochrome P450 isoenzymes during culture
may play an important role in the reciprocal changes

6. dexamethasone appears to accelerate the changes in adrenergic responses
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Interestingly, polyamines have been shown to markedly affect the metabolism of
xenobiotics and oestrogens by microsomal mixed-function oxidases (Schuber,
1989). Also, some inducers of cytochrome P450 in the liver stimulate polyamine
biosynthesis (Costa et al, 1976). Studies have shown that the locus of
polyamine action is cytochrome P450 itself and that the stimulation could result
either from an increased stability of the oxyferrous intermediate of cytochrome
P450 or from an acceleration of the second electron transfer from the NADP-
cytochrome P450 reductase to cytochrome P450 (Andersson et al.,, 1981; Dalet
et al., 1983). In this study, induction of cytochrome P450 with B-NF blunted the
a-adrenergic response. If B-NF did stimulate polyamine biosynthesis, then this
could possibly account for the decreased a-adrenergic response because
inhibition (presumably) of polyamine biosynthesis by AIAP retained the o-
adrenergic responses. However, further investigation is required to fully
understand how polyamines and cytochrome P450 interact to modulate -
adrenergic response. It is also interesting to note that the aromatic hydrocarbon
receptor, Ay, which regulate genes such as CYP1A1 [the gene responsible for
the production of cytochrome P4501A1(CYP1A1)] also plays a key role in
proliferation and differentiation of cells exposed to certain chemicals, and
perhaps, to endogenous ligands (Okey et al., 1994).

The recent observation that the a-adrenoceptor is also coupled to another
nucleotide binding protein, Gy (Achyuthan & Greenberg, 1987, Nakaoka et al.,
1994, Huang et al., 1995), distinct from the well-established G, family (Taylor
et al., 1991, Sternweis et al., 1992), may yet provide a clue to the diminished a-
response under certain conditions. The o-subunit the Gy, protein is unique in that
it exhibits two distinct enzyme activities: a) as a guanosine triphosphatase with a
signal transduction role and b) as a TGase II, involved with cell growth and
activation of phospholipase A, (Piacentini et al., 1991; Huang et al., 1995).
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Although the functional significance of a-adrenoceptor coupling to two distinct
G proteins is yet to be determined, it is tempting to suggest that a signal triggers
a switch from o,-receptor coupling from o to o, Under this circumstance, the
transglutaminase property of o, may probably prevail over its signal
transduction role. This may also explain the lack of glycogenolytic response to
oy-agonist at a time when responses associated with cell proliferation such as
DNA syntheses are still present. Experiments designed to answer the questions
below may probably solve this mystery.
1. to which G protein is the o;-adrenoceptor preferentially coupled?
2. does the state of the cell (e.g., quiescent or proliferating) affect the type of
coupling?
3. what conditions or factors determine the function (signalling or
transglutamination) of Goy,?
Also, recent work by Butta et al. (1996), has shown that cytoskeletal structures
modulate the o-adrenergic responses in the liver; treatment of liver with
colchicine blocked glycogenolysis and other o;-mediated actions. An earlier
work by Feng and Kraus-Friedmann (1993) showed that, InsP; receptors were
associated with cytoskeletal element instead of the endoplasmic reticulum.
These observations may be significant because morphologies of cytoskeletal
structures are known to be greatly altered in isolated hepatocytes (Arterburn et
al., 1995). This could also explain to the beneficial effect of DMSO in this
study; DMSO restores to some extent the original morphology in culture
(Arterburn et al., 1995).
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APPENDIX A
PERFUSION BUFFERS

Perfusion buffers were prepared from a fivefold stock solution containing

the ingredients listed below in 500 ml of distilled water.

NaCl 17.10 g
NaHCO; 525¢g
Glucose 500¢g
HEPES 650¢g
KCl (10% w/v soln) 8.75 ml
MgSQO,+7H,0 (10% w/v soln) 7.25 ml
KH,PO, (10% w/v soln) 4.00 ml

The stock solution was stored at 2-4 °C and was not used if more than a week
old.

a) Ca*-Free Krebs-Henseleit solution (with 10 mM EGTA)
Ca®"-free buffer was prepared by dissolving 1.9 g EGTA in 100 ml of the

stock solution that has been diluted to 450 ml with distilled water. The pH was
adjusted to 7.4 with 0.1 M NaOH and the volume made up to 500 ml with
dH,0.
b) Ca*-Free Krebs-Henseleit solution (without EGTA)

Twenty milliliter of the stock solution was diluted to =90 ml with

distilled water. The pH was adjusted to 7.4 with 0.1 M NaOH and the solution
made up to 100 ml with dH,0.

c) Collagenase buffer
As above (a) but containing 4.2 mM CaCl, (0.42 ml of a 1M CaCl, stock

solution/100 ml of buffer) and the pH adjusted to 7.6. Due to the high

concentration of Ca’, precipitation of calcium salts may occur in the
collagenase buffer. This is undesirable and to avoid precipitation, the CaCl,
solution was added gradually to the solution while stirring.

d) Washing buffer )
As in (a) but containing 1.5 mM CaCl,.
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APPENDIX B
COMPOSITIONS OF CULTURE MEDIA

The compositions of Dulbecco’s modified Eagle’s medium and Williams’
medium E were taken from Catalogue for Cell Culture (1994), Life
Technologies Ltd., Paisley, Scotland.

a) Krebs-Henseleit buffer

Component g/L
Inorganic salts

CaCl,*2H,0 0.22
NaCl 6.84
KCl 0.35
MgSO,* 7H,0 2.90
KH,PO, 1.6
NaHCO; 2.10

Other components
D-Glucose 2.00
HEPES 2.60
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b) Dulbecco’s Modified Eagle Medium

Component mg/L
Inorganic salts

CaCl,*2H,0 264.00
Fe(NO;); * 9H,0 0.1000
KCl 400.00
MgSO, (anhyd.) 97.70
NacCl 3500.00
NaHCO; 3700.00
NaH2P04 * 2H20 141.00
Vitamins

D-Ca Pantothenate 4.00
Choline Chloride 4.00
Folic Acid 4.00
i-Inositol 7.20
Nicotinamide 4.00
Pyridoxal HCl 4.00
Riboflavin 0.40
Thiamine HCl 4.00

Other components

D-Glucose 1000.00
HEPES 5958.00
Phenol Red 15.00
Sodium Pyruvate 110.00

205

Component mg/L
Amino acids .

L-Arginine * HCIl 84.00
L-Cystine 48.00
L-Glutamine 584.00
Glycine 30.00
L-Histidine HCI+H,0 42.00
L-Isoleucine 105.00
L-Leucine 105.00
L-Lysine HCl1 146.00
L-Methionine 30.00
L-Phenylalanine 66.00
L-Serine 42.00
L-Threonine 95.00
L-Tryptophan 16.00
L-Tyrosine 72.00
L-Valine 94.00

References: Dulbecco & Freeman, 1959; Smith ez al., 1960;
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APPENDIX C

BUFFER AND RADIOACTIVE MIXTURES FOR GLYCOGEN
PHOSPHORYLASE ASSAY

a) Cell disruption (MOPS) buffer

CONC (mM)
MOPS 100
NaF 200
NaEDTA 30
Dithiotreitol (DTT) 10

The pH was adjusted to 6.5 with 0.1M KOH. Buffer was stored at 2-4°C and

discarded if more than a week old.

b) Radioactive assay mixture for glycogen phosphorylase a

assay

Conc.
Glycogen 2%
Caffeine 1 mM
o-D-Glucose 1-phosphate 100 mM

a-D-[U-"*C]Glucose 1-phosphate, potassium 50 nmol

salt (sp. activity: ~10.5 Gbq mmol™)

Glycogen, caffeine, and unlabelled Glc1P were dissolved in diluted MOPS
buffer (1:1) with GENTLE shaking. The pH of the solution was adjusted to 6.5
with 0.1 N HCI, the labeled Glc1P added and mixed thoroughly. One-milliliter

aliquots were transferred to microcentrifuge tubes and stored at -20°C.

c) Radioactive mixture for the assay of total glycogen

phosphorylase (a + b) activity

Caffeine was omitted from the formula above and replaced with 1 mM
AMP and 0.5 M Na,SO,.
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APPENDIX D

NADPH-GENERATING COFACTOR SOLUTION
The solution was prepared by the method of Gibson & Skett (1994) and

involves the use of an enzymatic reaction as follows:

Mg2+

Isocitrate
dehydogenase

Isocitrate + NADP™ a-Ketoglutarate + NADPH H* + C0,

The solution was made by mixing the following components:

0.1 M Tris buffer 8.5 ml
0.15 M MgCl, 1.0 ml
0.5 M Nicotinamide 1.0 ml
Trisodium isocitrate 40 mg
Isocitrate dehydrogenase 2 units
NADP" 8 mg

Nicotinamide is included to prevent the destruction of pyridine
nucleotide by tissue nucleosidases. The components are thoroughly mixed just
before use, since the generated NADPH breaks down if left standing for more
than a few minutes.

1 ml of the cofactor solution is used per assay.
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