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Hepatic adrenoceptors were examined in different thyreid states. Activation
of glycogen phosphorylase in hepatocytes from euthyroid and hypert‘hyroid rats -
was mediat:ed by alpha adrenoceptors. In hypothyroid £3t§ there was a
significant beta receptor contribution to g4 this .response and enhanced beta
s .
receptor-mediated accumulation of cAMP. ' Responses to glucagon, a hormone
which also activates phosphorylase via cAMP, were not similarly affecfed. The
increase in beta receptor-mediated responses in the hypothyroid rat was
accompanied by decreased alpha receptor activity as indicated by a marked
supression of phenylephrine-stimulated phosphorylase activation and caleium
efflux. Similar effects produced by vasopressin and the caleium ionophore,
A23187, were changed only slightly or not at all. lA]phal receptczrs in liver
plasn&a membranes were identified by [3H] prazosin binding. H‘ypothyroidism
did not influence the binding affinity of agonists or [3H] prazosin, but reduced
the density of alpha1 receptors. This change was opposite to the increase in
density of beta receptors in hypothyroid rat liver reported by others. A1l the
changes observed in hypothyroidism were partially reversed by in vivo thyroid
hormone replacement. It is concluded that hypothyroidism produces a selective
e‘nhancement of beta and suppression of alpha receptor responses in.rat liver.

These changes are most likely the result of corresponding alterations in the .

density of membrane receptor sites.
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Les récepteurs adrénergiques hépatiques furent examinés sous dliifférents états
thyroidiens.‘ L'activation de la phosphorylase du glycogéne dans les hépatoecytes
de rats euthyroiéiens et hyperth‘yroidiené s'effectuait par-devers les récepteurs
adrénergiques alpha. 11 y avait, chez les rats hypothyroidiens, une participation
significative du récepteur béta a cette réponse. Ce dernier provoquait en outre

une ‘accumulation aderue de 'AMP eyclique. Les réponses au glucagoﬁ, une

‘bormone qui active également la phosphorylase via 1'AMP ecyclique, n'étaient

_ pas ‘affectées de fagon similaire. L'augmentation des réponses obtenues par

lintermédiaire des récepteurs béta chez les rats hypothyroidiens était

accompagnée dwune diminution de l'activité des récepteurs alpha, telle que

k]

démontrée par la suppression marquée de l'activation de la phosphorylase et de ’

la sortie du caleium en réponse a la phényléphrine. Des effets comparables,
produits par’ la vaéopressine et lionophore calcique A23187, ne furent que

légérement ou nullement changés. Les récepteurs de type alpha; dans les
J

. membranes- plasmatiques du foie furent identifiés par la liaison de prazosine

.

tritiée. L'hvpothyroidisme n'influencait pas l'affinité de la liaison des agonistes
adrénergiques ou de la prazosine tritiee, mais reduisait toutefois la densite des
recepteurs de type alphal. Ce changement é&tait en opposition & 1'augmentation

de la densité des récepteurs béta au niveau du foie du rat hypothyroidien, telle

que notée par dautres chercheurs. Tous les changements observés lors de

. Thypothyroidisme étaient partiellement renversés, in vivo, par un apport exogéne

“

dhormone thyroidienne. 11 est de ce fait conelu que I'hypothyroidisme produit
au niveau du foie une augmentation sélective des réponses reliées a l'activite
des récepteurs béta et une suppression de celles relevant des récepteurs alpha.

Ces chahgements sont vraisemblablement le fruit d'une 'modification au niveau

de la densité des sites réecepteurs membranaires.
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1.1 Historical Perspective and Preamble.

[l

1

"Mﬁ%y_of the manifestations of thyrotoxicosis in man resemble
hyp;aractivity of the sympathetic nervous system. That some relationsl;ip
between the thyroid and adrenergic activity exists was first realized in the
mid-nineteenth century (Hartison 1964). The earliest concept that alterations
in the activity of the cervieal sympathetic "nerves resulted in enhanced
glandular function gave way to the more widely held contemporary opinion that
thyroid-induced changes in end-organ responses to sympathetie stimulation were
important in the pathogenesis of thyroid disease (Harrison 1964). Indeed the
effect of .altered thyroid state on adrenergic responsiveness has been
extensively studied especially in cardiac and adipose tissue (Kunos 1981). The

recent introduction of the use of radiolabelled ligands in the study of

adrenergic receptor properties has added an exciting dimension to these

“‘investigations (Hoffman and Lefkowitz 1980); it has been shown that, at least

- L8
in some instances, thyroid-induced alterations in adrenergic responses can be
attributed to changes at the level of the catecholamine receptor (Kunos 1981).
However, 1n spite of the many excellent studies of this phenomenon, the

underlying mechanism of these changes in adrenoceptor properties remains an

1

enigma.

The concept of multiple types of adrenergic receptors was first proposed
by Dale (1906) and later modified in the dual receptor theory of Alquist (1948).
Subsequently, most[adrenergic responses were classified as being ‘mediated by
either alpha or beta ,receptors. .However, the glycogenolytic response of
hepatic tissue to catecholamines could not easily be classified as belonging to

the alpha or beta group of responses; the reasons for this are manifold

(Hornbrook 1970). Recently it has become clear that both alpha and beta

receptors can contribute to the glycogenolytic response of the liver. In the

heart, where force and rate responses to catecholamines similarly involve both

1 \
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alpha and beta receptors, hyperthyroidism was shoéwn to increase beta and

decrease alpha receptor activity. Therefore, it seemed logical to postulate that

hepatie alpha and beta receptors would be modulated Eg_thy_roid hormones in
a similar manner. This thesis describes the testing of this hypothesis and

confirms an effect of thyroid state on hepatic adrcnergic receptors, although

" the observed change is not a§ predicted.

The introduction which fgilows briefly reviews thyroid effects on the

. sympathetic nervous system (section 1.2), hepatic a&g@mergic receptors (section

1.3), the roleb’ of the sympathetic nervous system in the control of hepatic
metabolism (section 1.4) and the metabolic effects of altered thyroid state with
special emphf;§is on the liver and carbohydrate metabolism (section 1.5). No
attempt has been mdde to comprehensively review here the huge literature that
exists in anv of these subject areas. Many controversial points arise, however,
in the interest of eclarity and brev’ity, only those dﬁg s;:re felt t;) perta{in

directly to the present work are discussed at any length; most are taken up

in Section IV: Discussion.

1.2 Sympathetic Nervous System-Thyroid Interactions.

¢

1.2.1 General Effects

As might be expected for a subjeci that has been investigated for
approximately 100 years, the vast amount of e;ccumulated literature on
sympathetic nervous system-thyroid interactions is often contradictory and
confusing. Several excellent attempts have been made at organizing this
information in recent reviews (Harrison 1964; Waldste}n 1966; Leak 1970;
Spaulding and Noth 1975; Landsberg 1977;‘ Kunos 198]; Fain 198]).

Many clinical observations suggest that some manifestations ‘of

hypérthyroidism are due to over-activity of the ,sympathetic nervous system.

Increased heart rate and contractility, sweating, muscle tremor and weight loss

*
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are seen in patients with thyrotoxicosis. Similar effects can be prbduced by s

the administration of sympathomimetic agénts to normal subjects and are also
seen in patients with pheochromocytoma; indeed, the latter must bé considered
in the differential diagnosis of hyperthyroidism. Moreover, these manifestations
may be ameliorated by the administration of adrenergic blocking agents.
However, when sympathetic activity was determined direectly by measuring
noradrenaline turnover in hearts of hyperthyroid animals, it was shown to be
normal or slightly decreased (Landsberg 1977). On the other hand, sympathetic
activity is enhanced in hypothyroidism (Landsberg and Axelrod 1968).

Plasma and urinary noradrenaline levels are normal or‘lom;, and plasma

dopamine—beta—hydroxylasg activity is decreased in hyperthyroidism, whereas in

hypothyroidism, plasma noradrenaline and dopamine-beta-hydroxylase are

increased, and urinary noradrenaline levels are e¢ither increased or normal.
Neither hypothyroidism nor hyperthyroidism appear to have a significant effect
on urinary levels, plasma levels or the secretion of adrenaline. These findings

(Landsberg 1977) suggest that sympathetic nervous activity is either decreased

or unchanged in ﬁyperthyroidism and increased in hypothyroidism. Neither state

appears to produce a significant alteration in secretion of adrenaline by the

adrenal medulla.

Therefore, the manifestations of thyrotoxicosis cannot be attributed to
overactivity of the sympatho-adrenal axis and one must consider changes

occurring at other sites.

1.2.2 Catecholamine Disposition: Effects of Thyroid State.

Alterations in tissue response to catecholamines could result either from

changes in tissue sensitivity or from altered disposition of catecholamines

causing local increases or decreases at receptor sites. Circulating ~

catecholamines including adrenaline released from the adrenal medulla are

. destroyed mainly by catechol-O-methyl transferase (COMT) in the liver and

3

.t e - eee

|

&,




 E .

kidney (Mayer 1980). Since gross alterations in ecirculating adrenaline or
adrenaline released from the adrenal medulla are not produced by changes in

thyroi_d hormone levels (see above), it is unlikely that deranged metabolism

" could account for altered sympsathetic actlivity in the intact animal.

Of perhaps greater éigm’ﬁcance, particularly with respect to

thyroid-induced echanges identified in isolated tissues, is the disposition of

- catecholamines in the vicinity of the adrenergic receptor. Normally,

= approximately 90% of ‘noradrenaline'released into the synapse is rapidly taken

o '

up again into the sympqithetic nerve terminal by d specific transport system
(Mag}er 1980). Adrenalir-fe, which finds its way into the synaptic space, is also
a substrate for uptake ‘via this mech{anism. Some evidence ex)ists to suggest
that the activity of this transport system is decreas;ed in 'hyperthyr-oidism'and
unchanged in hypothyroidism (Wurtman et al. 1963; Landsberg "ar]d Axélrod
1968). Wurtman et al. (1963) suggested:'that this could‘be, the basis‘for

"apparently increased sympathetie activity in thyrotoxicosis. However, additional

factors must be involved since tissue sensitivity to isoproterenol, an adrenergic

agonist which is not a substrate for.neuronal uptake, still showed

thyroid-dependent changes (McNeill and Brody 1968; Kunos 1977). Moreover,

inhibition of the extraneuronal uptake of isoproterenol in the heart by the

addition of steroids did not modify the reduced sensitivity of the inotropié

L4

.response in the hypophysectomized rat (Kunos et al. 1980). .Thus at least in

this example, alterations in extraneuronal uptake of the sympathomimetic could
not account for alterations ix; adrenergic sensitivity. 1

Uptake into” the noradrenergic nerve terminal is followed by storage 'of
catecholamine in vesicles for subsequent re-release and, to a lesser extent,
.metabolism by monoamine oxidase (MAO), whereas/€xtra-neuronal uptake results
in metabolism by "COMT (Mayer 1980). Effecty of ghyroid hormone levels on
both MAO and COMT have)‘\gbeen reported for many tissues and the findings are

summarized in several recéfnt publications (Youdim et al. 1976; Sourkes et al
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1977; Kunos 1981). These enzyme activities va}y with species, age, sex and

tissue examined. In general, the changes are small and while they may explain

some aspects of altered tissue sensitivity to catecholamine, they are unlikely
o+

v

to be of major importance (Kunos 1981).

1.2.3 Thyroid Effects on End-organ Resgorisiveness to Catecholamines.

Present-day understanding of iadrenergidreceptors had its foundation in
the! dual receptor theory. of Ahlquist (1948).' He proposed that adrenergic
rqcelptors be divided into two groups based on the order of potency of‘ agonists
for producing the response: isopréterenol > adrenaiine > noradrenaline for beta
receptor-mediated responses and adrenaline 2 noradrenal}ne > isoproterenol for

alpha - receptor-mediated responses. This theory was later refined to include

two subtypes of beta receptors: beta; for which adrenaline = noradrenaline and

-

beta, for which adrenaline > noradrenaline (Lands et al. 1967). Alpha

receptors have also been sub—divided,'originally on the basis of anatomical .

-

locatidn as pre- and post-synaptic receptors (Langer 1974). The more recent
terminology of alpha1 and alpha, receptors reflects pharmacological rather than
anatomical differences (Berthelson and Pettinger 1977), This modification in

theory . is justified since’ both receptor subtypes have been identified by

' pharmacological and ligand binding stud?es at poét—synaptic sites (Fain and

Rrg . Y
Garcia-Sdinz 1980; Jard et .al. 1981). The recent development of highly

- selective agonists and antagonists has proved useful in the differential study of
these receptor types. It now appears clear that these receptors also differ in
- the mechanism by which they affect a tissue response. While both beta1 and

'betaz’ receptors are coupled to adenylate cyclase and stimulation results in

" increased tissue cAMP levels (Ross and Gilman 1980; Limbird 198)), alphal

&

’
t
"W

receptors mediate their effects through the mapilization of caleium and alpha,
receptors inhibit adenylate cyclase activity (Fain and Garefa-Sainz 1980).

‘This coneept of multiple subtypes of adrenergic receptors has been
%

)
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emerging during recent years and has proven to be much more complex than
-one might have anticipated only a few years ago. Therefore, it is easy to
appreciate the difficulties encountered in early attempts to understand the
mechanism of thyx:oid effects on adrénergic responses. More'reéent studies of

this problem attempt to analyze thyroid effects within this framework by

examining specific receptor types (Kunos 1981; Fain 1981). Although

controversies still exist, a clearer picture is emerging. Reasons for apparent

discrepancies include sex; age; species differences, both with respect to
catecholamine actions and sensitivity to thyroid hormones; thle lack of complete
dose-response studies and inadequate assessment of sensitivity changes, as well
as differences in treatments used to produce hypothyroidism or hyperthyroidism
in experimental animals (for a more complete discussion see Kunos 1981).
Effects of thyroid hormones on adrenergic responsiveness of cardiac and adipose

<

tissue have been examined extensivelv and will be briefly summarized here.

Cardiac Tissue.

vy

v

Most studies have shown that hypothyrc?i_dism préduced an increased ‘alpha
_and decreesed beta receptor contributio)n to adrenergic stimulation of the rate
and force of contraction in isolated cardiac tissues (Nakashima et al. 1973;
Kunos 1977; Kunos et al. 1980). The opéosite was obéerved ip hyperthy;'oidism
(‘Kurinos 1977; Hashimoto and Nakashima 1978). These results(\are supported by

' N

the finding of enhanced catecholamine-stimulated adenylate ceyclase in cardiac
preparations from hyperthyroid animals (Tse et al. 1980) and an attenuated
activity in preparations from hypothyroid animals (Levey et al. 1969; Kunos
et al. 1976; Brodde et al. 1980). Not all studies, however, are in agreement
with these findings sinee some authors have found catecholamineﬁtimulatéd
adenylate cyclase activity unaltered in hyperthyroid myoecardium (MeNeill et 2/11.
1969; Young and McNeill 1874). The cardiac glycogenolytic effect of

adrenergic agonists was also reported‘ to be enhanced in hyperthyroidism,

although these effects were not analyzed in detail with respect to receptor

-

‘ 6 ’
- . P




[ —

e A . s N W S s Prers e, Y T

b b vy s g g e e ey A

e g

© g s R RS RE 2ER

. ( -

T

type (Hornbrook et' al. 1965; McNeill and Brody 1968; Hornbrook and Cabral
1972). In all of the above-noted studies thyroid state was altered in the, intact
animal. Tsai and Chen (1978) have demonstrated a T3—mediated enhancement
of beta receptor:s:timulated cAMP accumulation in cultured fetal heart cells.
This finding indicates that thyroid hormone could produce an-increase in beta

receptor activity in vitro.

Adipose Tissue.

Catecholamine-mediated activation of lipolgrsis in adipose tissue ocecurs via
activation of the beta receptor/adenylate cycl;ase system (Himmg—Hagen 1972;
Young and Landsberg 1977). In addition, adipocytes also pc;ssess alpha2
receptors that mediate inhibition of the adenylate cyclase and alpha; receptors
that affect changes in glycogen metabolism analogous to those in liver (see
section 13; Garcia-Séinz and Fain 1980). While the presence of all three
types of adrenergic receptors have been shown in preparations of human and

hamster adipose tissue, there is no evidence for alphaz receptors in rat fat

cells (Garela-Sdinz and Fain 1980).

Debons and Schwartz (1961) showed that in adipose tissue from the rat

the in vitro lipolytic response to catecholamine was enhanced in
hyperthyroidism and suppressed in hypothyriodism. The decreased.response in
hypothyroidism was though't to be due to an attenuated cAMP accumulation
during stimulation (Malbon &t .al. 1978b). Some investigators did show a
decrease in adeny'laté cyelase response to catecholamine in hypothyroidism
(Correze et al. 1974; Malbon et al. 1978b), wbilé others found no change
compared with euthyroid controls (Armstrong et al. 1974). Fain (1981)
\ﬁttributed these variable results to the use of different preparations and the
inability to px‘cci\sely control expe'x‘imental conditions. Moreover, on the basis
of unchanged beta receptor binding found in some studies (see section 1.2.4),
he suggested that the impaired beta receptor responsi\feness in hypothyroid
gdipocytes was due to z; defective coupling of hormone receptor complexes to
{ " 7

< . . e e,

»




" adenylate cyclase.

'
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. contribute to the impaired response.

However, other effects cannot be discounted and probffbly

The presence of phosphodiesterase inhibitor potentiated adrenaline-induced °

lipolysis to a greater extent in adipocytes from hypothytroid than euthyroid rats

(Goswami and Rosenberg 1978). Accordingly, others (Armstrong et al.c 19745

Correze et al. 1976) reported inecreased

.Van Inwegen et all 19753
l)hosphodiesterase activities in preparations from hypothyroid rat aidiéose tissue.
These findings suggest that at least a portion of the impaired respohsiveness
of hypothxroxd adipocytes may be due to mcreased metabohsm of cAMP
However, Malbon et al. (1978b) were unable to find any change in the cAMP

phosphodiesterase activity of fat cell ghosts. This may have been due to;

o

1]

1

a

differences in the preparation used- in that study compared with others

. deseribed above.

Ohisalo and Stouffer (1979) observed that the impaired responsiveness of

adlpocytes from hypothyroid rats could be reversed by use of more dilute cell

suspensions or the inclusion of adenosine deammase in the lncubgtton medium. -

This suggested that 1ncreased production or sensxfclv1ty to aadenosme by.
hypothyroid adipocytes could contribute to the impaired responsivences‘s. On the
other hand, Fain and Malbon 1979) found a decreased releaee annfi also impaired
oxidative degradation of adenosine in hypothyroid adipocy‘t’es which * tends to
;'efute the importance of adenosine in this phenomenon. .

Catecholamine-stimulated cAMP accumulation and lipolysis were enhanced

%o

in fat cells'from Tj-treated rats, although this effect was not refleeted in an

" enhanced adenylate cyclase response (Caldwell and Fain 1971; Malbon et al,

1978b).
adlpocytes
hypothvx oidism and impaired in hyperthyroidism, the latter, being attributed fo

a tox1c effect of high doses of thyroid hormone (Fain 1981).

o

:Conversely,

Thyroid state had an opposite effect on cAMP accumulation in hamster

Isopr‘oterenol—stlmulated cAMP accumulation was enhanced int

Giudicelli et al. (1980) also working with hamster adl[gocytes, inferred that the.,

o

oo
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»  ‘extrapolated. uTherefore, the quest1on of thyroid effects on alpha2 receptors

¢ “ u u . p

H
a

decreased’ cAMP response in hyperthyrodid animals was due to an alteration in '

2 “ 6

alpha receptor activity. Alpha2 receptor stimulation results in inhibition of

adenylate cyclase (Fain and Garcfa—Sémz 1980) and Rosenqv;st et al (1971)

suggested that the impaired hpolytlc response ‘in human adlpocytes could in part

» be due to a greater alpha2 suppression.of cAMP accumulation. However, it

T-was 1ater shown that neither hypothyrmdlsm nor hyperthyroidism altered the
alpha2 receptor-medlted mhlbmon of adenylate cyclase ;n hamster adipocytes
(Garcm-Samz et al. 1981)

‘a

recéptors can show marked spemes varlatlon ahd hence cannot readily be

As mentioned before, fhﬁquj}effects on adrenergic ~ —. - -k

in huméans and their role in altered sensitivity of the lipolytic response to:

catecholamines remains unanswered. ‘
o o ’ “3‘,
Alpha] receptor’ stimulation inecreases phosphatidylinositol turnover which

3

° 'is thought to be linked to an elevation of intracellular calcium (Fain and

Gérgfa—Séinz 1980). Both alpha and.beta receptor stimulation can produce

activation of glycogenq‘”phosphorvlase and inactivation of glycogen synthase' in |

adlpocytes (Lawrence and Larner 1977) just as in the liver® (section L.3).

Q

Garc1a Sémz gnd Fain (1980) have reportéd no change in alpha,

ureceptor-'med“i:atéd stimulation of phosphatidylinositol turnover or glycogen

syntilase inhibition in hypothyroid rat fat cells. However, Kunos (1981) has

o

suggested that the-lack of change in inactivation of glycogen synthase by the

mixed agonist adrenaline in the face of markedly impaired inhibition by the

4

beta agonisé sisoproterenol in’ the above study must suggest the presence 'of an

§ v A 3

,ingreased‘alphalﬁ récebtgr activity in the hypothyroid state. This f)oint“;requires

* elarification. 'Garefa-Sbinz et al. (1981) also reported a lack of effect of
thyroid hormone on alpha; stimulation of phosphatidylinositol turnover in ,
hamster adipocytes. .- ; f I -

I3

Hepatic Tissue. . .

-
Early studies demonstrated that the glycogenolytic effects of adrenaline

v
a 0 * - )
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are potentiated in hyperthyroidism (Harrison {964), In re@nt years it has been
shown that both alpha and beta receptors e#h. influence hepatic carbohydrate
metabolism {see section 1.3).‘ Hot_afégéf':“the glycogenolytic response in the
intact animal is complex (Hornbrook 1970) and interpretation in terms of
receptor effects is very difficult. At the outset of the present study there
were only a few reports dealing with thyroid hormone effects on hepatic
adrenergic responses. Experiments with isolated perfused rat liver were

interpreted to suggest that beta receptor-mediated stimulation of

gluconeogenesis in the normal rat”was suppressed in hypothyroidism, while the

o ~

contripution of alpha receptors was enhanced,(Haéino & Nakashima 1973, 1974).
However, these findings do not agree with more recent studies which ‘have
shown that gluconeogenesis in the normal rat is’ mediated predominantly by
alpha adrenergic receptors (for references see section L3). Nor are they in

agreement with the findings to be presented here or -those qf Malbon and

., co-workers (Malbon et al 19784, 1980; Malbon 19808). A mnore complete

]
discussion of this is deferred to section 4.l

Other Tissues,

—

Effects of thyroid hormones on catechoiamine-—me?]iatéd responses # &
number of other tissues have been reported. These relatively few studies have
been recently reviewed by Kunos (1981) and will not be described in detail
here. However, of some relevance to the present studies, in as much as they
deal with carbohydrate metabolism, are the effects of thyroid hormones on

insulin secretion by- the pancreas. Beta receptor stimulation enhanees insulin

~

o o

secretion while alpha stimulation is inhibitory (Young and Landéberg 1977).
Beta x:éceptor activity dominates }n ‘hyperthyroidism a‘ndU hence the mixed'
alpha/beté agonist adrenaline poteﬁtfates glucose-induced insulin secretion
(Okajima and Ui 1978). In contrﬁst, alpha receptérs dominate in the

hypothyroid pancreas, which results in an adrenaline-induced suppression of’

insulin release (Okajima and Ui 1978). Precisely how these changes relate to

i
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b
the overall altered metabolic state of hypothyroidism or hyperthyroidism® is ¢
unknown. g % g
Summary. ' ’ ﬁ .

From the foregging it is clear that genegalizations about the effects obf 8
thyroid hormones on adrenergic receptor-mediated responses must be made with
caution. Most evidence suggests that hypothyroidism regults in a decreased

beta receptor activity in the heart and adipose tissue. Adipocytes from
[

;amsters appear to represent a noteworthy exdeption (ngin 1981).  Similar
effects have been noted in pancr:eas (Okajima and Ui 1978). Alpha rec*;ap’tor
activity is apparently enhanced in cardiae tissue from hy{)othyroig animals
although this effect has not been analyzell in detail with respect to selective
changes in alpha receptor subtypes. The question of how hypothyroidism
affects alpha receptors in adipose tissue is unresolved. " One’ group of
investigators claim there is no effect on either alpha1 oP alpha,, ‘receptors (Fain

1981; Garefa-Sainz et al. 1981; Garcia-Sdinz and Fain 1982), although the

suggestion has been made that such an effect has been overlooked (Kunos

" 198)).

9

Hyperthyroidism produces changes opposite to those foung in
hypothyroidism, although these effects are in general less clear. This is
probably due to-variations in species sensitivity as well as the use of different
treatment regimens for the administration of thyroid hormone. The effects of
hypothyroidism are in most cases reversible by thyroid hormone replacement .
(Kunos 1981; Fain 1981) and the effect of thyroid hormone le\ﬁzel “appearf to
follow a continuum. Thus, treatment of euthyroid animals with thyroid

hormone produced opposite changes in'cardiae adrenoceptor properties to those

seen in hypothyroidism (Kunos 1977; Hashimofo' and Nakashima 1978). 0 6

\
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1.2.4 s Thyroid Effects on Adrenergic Radioligand Binding.
G T T

]

. TR . .
Direct radioligand binding studies of adrenergic receptors have been of

great value in precisely ‘defining the role o.fu receptors in thyroid-induced

9

changes in tissue responsiveness. While providing a powerful tool to aid in the

understanding of mechanisms which underlie these changes, studies using this

s . b . o
approac}g appear to have introduced even more controversial and apparently
o K )
contradictory findings into the literature. These investigations are subject to

[

the same pitfalls and problems of variations in species, age, sex, etc. (see
section 1.2;.3) that have hampered thé development of a clear understanding of

thyroid effeets on adrenergic responses. Even so, results of ligand binding

studies have not in all cases supported the existence of changes in receptor
i o . b
properties that could explain the observed alterations in responsiveness even

when the same tissue was examined for both' (see below). There are twp
“ ,
possible explanations for this: (1) thyroid hormones affect changes in

responsiveness by altering components of the tissue response and have no effect

on receptors per se or (2) the ligand blh?ing study does not adequately assess

receptor properties. Clearly the existence of a change in receptor properties

which could expl?in the observed change in tissue response doeg not ‘breclude

the possibility of additional thyroid hor\mone effects on post-receptor events.

Even in those situations where biochemical changecs, Cother than at the receptor

site itself, are not, found, one eannot rule out possib,l'e additional effects on the

coupling of receptor to the effector system. In the case ofcthe[ beta receptor,
Qa

for which the coupling to adenylate cyclase is relatively well understood (Ross

and Gilman 1981; Limbird 1981), one can make assertions with greater

3

confidence. .

The first sucessful gdrenergic Binding studies were made in 1974 for beta
receptors and in 1976 for alpha- receptors (Hoffman and Lefkowitz 1980).
Although this field has grown rapidly in a short périod, the methodology 'is still

being developed, as is an appreciation fot the complexity of the receptor

.
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systelms being studied. Hence the over-zealous interpretation of earlier studies
ﬁas undoubtedly contributed #to incorrect and misleading conclusions. Moreover,
the common practice of restating in print many times the results of a single
study has led to the premature acceptance of data without adequate
reinvestigation and confirmation.  Hence, any dogmatic statements about
adrenergic receptors based on binding studies must be viewed with skepticism.

Thyroid hormone effects on radioligand binding properties of adrenergic
recepfcors has been reviewed and some of the common problems encountered
discussed (Hoffman and Lefkowitz 1980; Kunos 1981; Fain 198]). The results

of some of these studies in cardiac and adipose tissue will be summarized here.

Cardiac Tissue.

Most studies have shown an increase in beta receptor numbers in cardiac
tissue from thyroid hormone-treated rats and a decrease in hypothyroid
preparations (Hoffman and Lefkowitz 1980). In general there was no or little
changé in receptor affinity (Kunos 1981). This is the expected result on the
basis of observed alterations in tissue responsiveness (section 1.2.3). Of
particular interest are studies which have demonstrated increased binding sites
for [3H] DHA, a beta antagonist, when nanomolar amounts of thyroid hormone
were added in vitro to either cultured rat myocardial cells (Tsai and Chen
1978), or ventricle slices of hypothyroid (Chang and Kunos 1981) or euthyroid
rats (Kempson et al. 1978). The latter ’study showed an early (L5-2 h)
increase in binding sites that was not affected by protein synthesis inhibitors
as well as a slower increase (15 h) which was. Although most investigations
have demonstrated ineréased alpha adrenergic responsiveness of hypothyroid
hearts (section 1.2.3), results of alpha receptor radioligand binding assays have
been variable. Thus, studies using [3H] DHE to evaluate alpha receptor changes
in hypothyroid rats have shown either a decrease (Ciaraldi~and Marinetti 1977,
1978) or no change (Williams ana Lefkowitz 1579; MeConnaughey et al. 1979)

/

in alpha receptor binding site density. Reasons for these discrepant findings

13 )




are not clear, although it is possible that the presence of- presynaptic alpha,
receptor binding sites or differences in the physical-biochemical properties of
preparations from normal and hypothyroid rats may have been factors.
However, Noguchi and Whitsett (1983) using [3H]prazosin, a selective alpha1
‘antagonist, also found a decrease in alpha1 receptor binding sites in hypothyroid
rats hearts. On the other hand, Sharma and Banerjee (1978) had shown that
T3 treatment of thyroidectomized rats resulted in a decrease in [3H] DHE
binding s{te density. This finding was later confirmed by Chang and Kunos
(198D who found that the binding of [3H]prazosin was decreased in hypothyroid
rats after treatment with Tg for 36 h, while [?’H] DHA binding was increased.
Similarly, T4 treatment of hypophysectomized rats for two days produced an
increase m [3H] DHA binding sites and a decrease in alpha, receptor binding
sites identified as prazosin-suppressible [3H] WB 4101 binding (Kunos et al.
1980).

Most studies on tissue responsivenecss to sympathomimetics have shown
that hyperthvroidism decreases the alpha receptor component in cardiac tissue
(séction 1.2.3). Those findings are supported by the results of receptor binding
studies. Thus, Ciaraldi and Marinetti (1977, 1978), Williams and Lefkowitz
(1979) and McConnaughey et al. (1979) found evidence of a decrease in alpha
receptor binding in cardiac tissue from hyperthyroid rats.

Adipose Tissue.

f

[3H]DHA has been used to assess thyroid-induced changes in beta
receptors of adipoeytes. Malbon et al. (1978b) and Goswami ;and Rosenberg
(1978) reported no change i;l beta receptor binding sites with thyroid state.
However, beta binding site numbers have been reported to be decreased in
hypothyroid (Giudicelli 1978) and increased in hyperthyroid rats (Ciaraldi and
Marinetti 1978).  Non-linear Scatchard plc;t's (Malbon et al. 1978b) in the

absence of negative cooperativity (Malbon and Cabelli 1978) suggest that

[3H] DHA binding may be to heterogeneous sites and hence these studies must

14
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be interpreted with caution. "Moreover, Malbon (1980b) found that the well

/
known effect of guanyl nucl/eotides on agonist affinity for the beta receptor

(Ross and ‘Gilman 1980; Limbird 198]1) was lost in preparations from

‘ : /
hypothyroid or hyperthyroid adipose tissue. This finding suggests thy’/there

may be a complex regulatory role for guanyl nucleotides in thyroid {‘t@‘mone
‘ AN

~

effects on fat cells. ~~

-

Alpha receptors have been little studied in adipose tissue. Giudicelli

et al. (1980) have reported a decrease in binding site density for [3H]DHE in

adipose tissue from hyperthyroid hamsters and no change in hybothyroid hamster

adipoeytes. Garcia-Sdinz et al. (1981) on the other hand, found no change in

[3H] DHE binding in adipocyte membranes from hyperthyroid hamsters. Neither -

of these studies differentiated alpha1 and alpha, receptors, and a definitive
statement about possible changes in alpha receptors in adipocytes must await

studies with selectiveyal[?hal and alpha, ligands.

b

" Findings of work on adrenergic receptor binding properties in hepatie

tissue will be discussed later (section 1.3.4).

¢ v

1.3 Hepatic Adrenergic Receptors.

1,3.1 Classiflcatiqn of hepatic adrenergic receptors.
‘ The body stores glucose in the form of glycogen which can be rapidly
mobilized, such .as8 during. strenuous muscular exercise, to supply fuel for
glycolysis 1vl3én ‘local glucose or oxygen are in short supply:  Hepatic
glycogenolysis together with gluconeogenesis supply glucose for tissues such as
brain and ervthroeytes which utilize glucose as their basic metabolic fuel.
Hence; the liver has the important role of maintaining the euglycemic state
0

during short periods of fasting.

' The control of liveruglycogen metabolism has recently been reviewed (Ilers

1976; Hems" and Whitton 1980). . In 1940, Soskin (1940) put forward the concept

15
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that circulating glucose itself is the primary stimulus for glycogen breakdown
or deposition in the liver. However, glucose storage and éutput is additionc;illy
modulated by hormonal and nervous influences, principally those of insulin and
glucagon. These h'ormones act to control the activation or inactivation of
glycogen phosphorylase, the rate-limiting enzyme for glycogen breakdown and
glycogen synthase, the enzyme that catalyzes glycogen synthesis (Hems and
Whitton 1980).

A variety of hormones in addition to glucagon can activate glycogen
phosphorylase and hence rapidly stimulate hepatic glycogenolysis (table L1),
however, the physiological importance of these is unknown. Adrenergic agonists
are included in this list. Alfhough the effects of catecholamines on hepatic
carbohydrate metabolism have been studied for many years (Hornbrook 1970),
it is only recently that the mechanism of adrenergic activation of hepatic
phosphoryvlase has been clarified. This is particularly ironic in view of the
important role the study of adrenaline effects on phosphorylase activation
played in the discovery of ¢AMP by Sutherland and coworkers in the late 1950's
(prison et al. 1971). The historical development of our understanding of
adrenergic receptors in the liver has been reviewed by Haylett (1979) and will
be dealt with only briefly here.

Hepatic adrenergic receptors could not, until recently, be easily classified
as alpha or beta (see section 1.2.3). At least part of t’hlé difficulty arose
because of attempts to analyze the effect of, catecholamines on the
hyperglycemic response in the intact animal; catecholamine-induced
hyperglycemia is a complex response involving direct effects on the liver,
effects on insul}n and glucagon secrelion by "‘the pancreas, glucose uptake and
lactate production by muscle, hpolysis in adipose tissue, as well as a number
of other minor effects (Hornbrook 1970; Young and Landsberg 1977;
Him.ms—Hagen 1972). In addition, the response shows considerable variation with

species and route of catecholamine administration (Ellis 1967). Some of the
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difficulties with classification also arose because of the apparent refractoriness
of the hyperglycemic response to conventionally accepted doses of adrenergic
antagonists (Hornbrook 1970). ﬁowever, studies from this laboratory (Kan
et al. 1979) as well as others (Jenkinson et al. 1978) demonstrated the need
for very high antagonist concentrations in order to bloe¢k the response even in
in .vitro preparations. This is most likely due to the high capacity of the liver
to take up antagonists thus reducing the effective concentration in the vicinity
of the recep;:or (Jenkinson et al. lt978; Kan et al. 1979).

Although it was well accepted on the basis of the studies of Sutherland

and co-workers (Robison et al. 1971) that adrenaline could activate

phosphorylase via the bet*a receptor-adenylate cyclase pathway (see section

1.3.2), the role of alpha receptors in contributing to this response was

questioned (Hornbrook 1970). Earlier evidence that, at least inlthe fed rat,
adrenaline-induced hyperglycemia had the characteristics of an alpha
receptor-mediated effect (Fleming and Kenny 1964) did not gain acceptance
until the work of Sherline et’al. (1972). These authors demonstrated that in
the perfused rat liver catecholamines activate glycogenolysis by a beta
receptor-mediated effect resulting in a rise in cAMP, but also by a
cAMP-independent alpha receptor-mediated effect. However, they ceutioned
that phosphorylase activation by alpha-reeceptors could be secondary to hypoxia

resulting from alpha-mediated constriction of the liver vasculature (Sherline

et al. 1972). At dbout the same time Haylett and Jenkinson (1972b) showed:

that catecholamine-stimulated glucose release from ginuea pig liver slices
involved both beta and alpha receptors. Later, Exton and co-workers confirmed
the existence of alpha reéeptor-mediated activation of glycogen phosphorylase
and glucose output in suspensions of isolated rat hepatocytes, thus ruling out
the possible effects of tissue hypoxia (Exton and Harper 1975; Hutson et al.
1976). . In addition, studies showed evidence of alpha reeeptor-mediated

activation of gluconeogenesis in isolated rat liver cells (Tolbert et al. 1973;
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i{gggr- et al. 1974; Hutson et al. 1976) that was also independent of changés

in cellular cAMP (Tolbert et al. 1973; Hutson et al. 1976)..

It appears therefore, that both alpha and beta receptqrs ,\z\af'e present ién
the liver. Adrenaline effects on carboﬁydrate metabolism in theJ rat liver are
mediated pre;jominar‘xtly via the alpha receptor with only a minimal contribution
by the beta receptor (Exton and Harper 1975); However, it has been shown
that the relative importance' of these two receptor types varies with the
species examined, whieh also accounts for some of the confusion in earlier *
attempts to classify the hepatic receptor. At present there; is good evidence
that (at least \_i_g vitro) both alpha and beta components contribute significantly
in guinea pig (Haylett and Jenkinson 1972b; Osborn 1975) and rabbit liver
(Haylett 1976). |In the mouse, alpha receptors appear to play a relatively more,
important role (Seydoux et al. 1979). The dog and cat, long considered ‘to
mobilize hepatic glycogen stores: via a beta receptor-mediated effect (Haylett
1979), have not been studied in detail since the importance of hepatic alpha
receptors became accepted. However, Kuo et al. (1977) have demonstrated in
vivo that the cat has both alpha and beta receptors that contribute to the
glycogenolvtic response. -

. In man, earlier studies comparing the effects of adrenergic agents on the
hyperglycemic response in vivo indicated a major role for alpha receptors (see
Exton 1979 for references). More recentlv, Rizza et al. (1980) analyzed this
response in greater detail. These authors infused adrenaline into healthy
volunteers after "clamping" glucose, insulin and glucagon by a continuous
infusion of somatostatin. Under these conditions they could analj(ze the effects
of selective alpha and beta blockade and concluded that hepatic glucose output
was directly increase\d by a beta adrenergic mechanism. This effect could be
augmgnted_ by alpha receptor-mediated inhibition of pancreatic insulin secretion
and beta-stimulation of glucagon release. Alpha blockade was ju;]ged to be

relatively ineffective in inhibiting adrenaline's direct hepatic effect. The
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, relative contribution of alphat and” beta receptors to catecholarﬁ}re effects in

" the liver also appears to be influenced hy age (Hornbrook 1978; Blair et al.

o

1979a; Kawai and Arinze 1981),’sex: (Biténskgl et al. 1970;'Studer and Borle

1982), hormonal state (Wolfe et al. 1976; Chan et al. 1979a) and the presence

'

of patholbgical changes in.liver (section 4.5). These effects-are discussed more

fully in a later part of this thesis. I : ‘ '
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R Table 1.1
,Agents that Stimulate Hepatic Glycogendlysis.*
. \

+ . Cyclic AMP-dependent Agents

< oa
. ,

: beta adrenergic agonists } - \

glucagon

1]
S . parathyroid hormone u
- o A
‘(‘ - A’ ‘ i 3 ' » ' *
.o Cyclic AMP-independent Agents : oo
b‘\u‘, B ’
, s, alpha adrenergic agonists - tee T
. . vasopressin , \
v , :
e ... oxytocin S L ol
“, e . B . & K o
! '.r . » ' -
<+ angiotensin II g
© A23187 , Tt -
* for references see text and Hems (1977). -~
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1.3.2  The mechanism of beta adrenergic activation of hepatic glycogen

phosphorylase,

Our ‘contemporary understanding of the mechanism of catecholamine
activation of glycogen pHosphorylase via the beta receptor is based on the
classic studies of Sutherland and co-workers (Robison et al. 1971). Much of

/

this information has been reviewed recently (Exton et al. 198]; Exton 1982)

and will be briéﬂy summarized here.
[ 2
The presently accepted scheme as depicted in figure 1.1 is based on the
contributions of a great many investigators working with various tissues and

experimental systems. Interaction of catecholamine with the beta adrenergie

receptor ‘on the plasma membrane of the liver cell leads to the activation of

adenylate cyclase. This interaction involves at least three separate

proteinaceous membrane components: the receptor, a catalytic moiety and a

guanine nucleotide-sensitive regulatery protein which is absolutely required for

o

hormone-activation of the cyclase (Ross and Gilman 1980; Limbird 1981). The

cyclase catalvzes the formation of cAMP, the so—called second messenger, from

‘ATP. Cyclic AMP in-turn activates protein kmase Protein kinase ex15ts in

the cell as an inactive tetrameric structure composed of two catalytic and two
regulatory subunits. Cyelic AMP binds to the regulatory sites and causes the

complex to dissociate producing two active catalytic subunits. This reaction

is reversible and activation is halted when the rate of cAMP extrusion from -

K

-

the cell or metabolism to 5'AMP by phosphodiesterase returns intracellular -

cAMP levels to their basal value.

>

Axelrod and coworkers (Hirata and Axelrod 1980) have recently proposed )

that coupling of the beta adrenergic receptor and adenylate cyclase involves -

local methylation of membrane phospholipids.  They. demonstrated that in
several tissues stimulation of the beta receptor (as well as other ¢cAMP-linked
receptors) activated a membrane bound methyltransferase II which catalyzes

methylation of membrane phospholipids. This effect is not cAMP-mediated and

B
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“in so doing leads to cAMP generation. If indeed this hypotheSIS proves correct, o

it adds a vital link in the understanding of receptor mechanisms. Recent,

of methyltransferase act1v1ty left hormone—mduced stlmulatlon of adenylate ‘

substrate speciﬁcity Three substrates for the ATP dependent phosphorylatlon ' .
! by this, protem kmase have thus far been 1dent1fled (Exton 1979)4 As deplcted b,
’ym figure 1.1. phosphorleSe kmase is phosphprylated to the active form by the o .

‘eatalytxc subumt of plotem kmase ’ Th1s enzyme, in turn, actwates glycogen

- phosphorylation.- P_hospho‘rylase a catalyzes the breakdown of ,glycogen leading
" 16 inereased gluéoseﬂolltpuf. The second 'substrate for cAMP-dependent protein ,
" kinase is glycogen synthase. u’ Phosphorylation of this enzyme results in

inactivation .and hence decreased oglycogen synthesis.  Most recently "L-type

nby cAMP-cependent proteir} kinase. This enzyme repr‘esents an important

e M ’ - e wme g

?

results in a localized increase in ‘membrane fluidity. They postulated that this

v

increase in fluidity permits the coupling”of‘receptor to adenylate cyelése and

(BN

A

bt g 4

reports suggest, however, that. this mechanism may not bé' generalized. In |

particular, it may not apply to the rat liver, where nearly .complete™inhibi

)

yclase virtually intact (Colard and Breton 19813 %anche et. al. 1982)

o

Hormonal stlmulatlon bf adenylate cyclase results ultlmately m the .7,
‘ L A .

phosphorvletlon of a number of eellular compoients (Gamson et al 1979)

o Y

Two isoenzimes of cAMP—dependent protem kmase have been shown to eX1st; ®

in mammallan tlssueq and these appear to dlffer only f‘n their regulawry

subumtsa(l‘\alsh 1978). Thus, the catalytle subumt possesses. ra{her sbroad

S0

o

¥

pho&phorvla~e b to‘'the a or actlve form by a ~second ATP—requlrmg'

pyruvate kinase has also been shown to be inactivated through phosphorylation

’ 4

" eontrol point in the Embden-Meyerhoff pathway. .Its inactivation probably plays

.an” important role in the stimulation of gluconeogenesis by cAMP;dependent

hormones. A number of other hepatic enzyme activities are thought to be
regulated by cAMP—depenglent proleih kinase pllosphorylation,\but these have

not bcen as well stugied (Egcton et al. 1981). Also, there exist a number of

& . -
o
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) . hepatic elements that undergo cAMP~dependen{ phosphorylatioﬁ for which the

a2t
o
o

function of this regulation is not yet known (Garrison et al. 1979).

4

P I ER IR TN

b In addition to beta receptor agonists, several other hormones are able to

k;, - ‘ ‘ 9ctivateu ‘ne?atic glycogenolysis via the adenylate cyclase-cAMP-dependent
% 0‘ . fi 1 Qpro’teiq kinése pa’thwqavy (Hems 1977; Hems and Whitton 1980). Those so far
;, o D \ V‘ C identified include glucagon and are listed in Table 1.1 Interaction of glucagon
3 b o with its membrane-bound receptor activates adenylate cyclase in a manner
E x'“ : . 3 exa;:fly analogous to that described above for the beta receptor (Exton i982), \
i ;":" ‘ ) an Hence post’n’—receptor event§ that lead to specific protein phosphorylations are

L4

likely to be ‘identical for tl}esé hormones. However, c;nee\ cannot ignore the
’ . ;possible existence of additional effects of these hormones that might not
: B n’involve the adenylate cyclase system. For example, high concentrations of

glucagon have been shown to mobilize ;nfracellular .ealeium, an effegt which is

undetectable at physiologic concentrations (Blackmore et al. 1978, 1979¢).

4

: While most evidence suggests that this effect does not cantribute significantly
: : ' b PR

3 . to the stimulation of glycogenolysis (Extc;rj~ et al. 1981), one cannot rule out

E . a role in regulating ‘mother metabolie proce%‘ses in the hepatocyte. Coté and
0 ‘Epand (1979) have described the synthesis of a glucagon analogue which

antagonizes glueagon stimulation of adenylate cyelase and yet is capable of

o
- activating glycogenolysis in isolated rat hepatocytes. Cardenas-Tanus '« et al

[T
-

' (1982) found that angiotensin II inhibited glucagon-stimulated cAMP
accumulation in isgiiated hepatocytes, but did not alter the hormone's metabolic
effects in the cell. The mechanisms underlying these findings are not yet
established and untjl more is known about these effects it is reasonable to
accept that ¢cAMP is the major mediator of the effects of gluéagon.

Insulin is able to counteract the effects of adrenaline and glucagon ony
hleg{atic glucose output (Soderling and Park 1974). Although the mechanism <;f :

( x this. effect is not fully understood, insulin lowers glucagon-stimulated cAMP

accumulation and activation of protein kinase, phosphorylase kinase as well as

v ’ ]
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glyecogen p‘hosphorylase- by low concentrations of glucagon (for references see
Blackmore et al. 1979a). Loten et al. (1978) have demonstrated that insulin
will increase the "low Km"’ cAMP phosphodiesterase of liver suggesting that this
is the basis for the hormone's effects on cAMP-mediated processes. However,
possible additional effeets on adenylate cyclase itself in the intact cell or the
regulation of phosphoprotein'bho‘sphatase activi'ty may be important (Soderling
and Park 1974) The effects on beta receptor-mediated glycogenolysis are

likely to be same, but dlrect eXpemmental .evidence for this is lacking.

g,

'(Van de Werve et al. 1977). Ianbltlon of alpha receptor activation of‘

phosphérylase by insulin will be. diseussed in section 1.3.3. There is also some

evidence that stimulation of arasympathe‘iic nerves to the liver can have
effects similar to insulin infusion on cAMP accumulatior; (Shimazu 1968).

The pr‘oper;iesu and. regulation of liver phosphoprotein phosphatases
repreéent somewhat of a g'réy area in our unders’tanding of hepatic ‘metabolie
regulation. This- has been'the subject <;f recent reviews (Lee et al. 1980; ;Li
1982; Krebs and Beavo 1979). ' Since the activity level of phosbhoprotein
enzymes is dependent on theﬁ net result of pﬁosphorylation and
dephosphorylati()ﬁ, phoséh’oprotein phogphatase activitiesumay also -play an
ir"nportant‘role in “r'netabolic regulation b§ hormones. Numerous forms of

phosphoprotein phosphatases varying in their physicochemical properties and

substrate specificities have been described in magy tissues including the rat

"liver’(hi 1982). : Early {findings which suggested that each phosphoprotein

possessed a corresponding specific phosphatase gave way to the concept of a

single ‘multifunctional phosphoprotein phosphatase with broad substrate

L4

specificity; the previously identified forms representing degradation products

‘that retained some activity (Li 1982). However, rriost. current evidence would

support the existence of multiple forms of phosphaoprotein phosphatase with

distinct, but overlapping substrate specificities. For example, giycogen synthase .

——— >

* phophatase and phosphorylase phosphatase have different properties and can’be




”

B : ’ b i
separated by ion exchange chromatography (Lee et al. 198]). Phosphoproteif

8 v
phosphatase activity can be regulated in a number of ways some of which may

T

be important mechanisms in vivo (Krebs and Beavo 1979). Consideration ofi the
regulatory phenomena des;:ribed for plycogen phosphorillase phosphatase will
serve to illustrate this point. The activity of phosphorylase a is inhibited by
g"lucose whieh, by binding to phosphorylase, increases its affinitya for
deactivation by the pho:sphatase (Li 1982). Other metabolites, such as
glucqs\e—ﬁ—phomhate have a similar so-called substrate-directed modulating
inﬂuence\(\Kreb"s and Beavo 1979). Direct protein-protein interactions may also
play an iﬁ]por‘gant role.  Thus, phosphorylase kinase can interact with a
" phosphatase andkvinhibit the dephosphorylation of phosphorylase a (Krebs and
Bea;ro 1979). c‘Phosphorylase a can inhibit the phosphatase-mediated activatioﬁ

o -

vof glycogen synthase (Hers 1976).» Hers and cowor_kers° (Hers 1976) have

proposed that these interactions play an important role in intracellular - ;
’ ‘ . LI
regulation. They point out that high levels of phosphorylase a may inhibit the
* Y
concomitant activation of glycogen synthase. Their scheme, however, is not i

generally sccepted (Krebs and Beavo 1979; Lee et al. 1981; Li 1982).

Specific proteinaceous phosphatase inhibitors have been isolated from ;

musele and liver as well as other tissues (Lee et al. 1981). Thesg have been

N - N - -e . . . 3 .
most extensively examined in musele where two different protein inhibitors

have been characterized. The finding that one of these inhibitors must be

R R

} phosphorylated by -a cAMP-dependent protein kinase to be able to inhibit a
specific phasphatase activity, led Cohen (1978) to propose a central role for
. « )

these inhibitors in the regulation of glycogen metabolism. In his scheme

P Ut N N o P

(Cohen 1978), the eAMP-dependent phosphorylation of inhibitor-1 would lead to

. % ‘
inhibition of the phosphoprotein phosphatase responsible for the activation of ;
glycogen synthase and inactivation of glycogen phosphorylase, assuming these

/
are the same enzymes. Whilé this scheme still lacks much supporting evidence,

Foulkes and Cohen (1979) have demonstrated the m vivo phosphorylation of

[
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muscle jnhibitor-] in i'esponse to adrenaline ‘injection.

A similar s‘cheme could be hypothesized to play a role in regulation of
hepatic glycogen metabolism. Some sparce evidence for the possible hormonal
regulation of phosphorylase ﬁmospl1atasqe in liver does exis’g. Goris eteal. (1978)
have reported fineding a phgosphorylatable phosphoprotein phosphatase inhibitor
ine dog liver. Shimazu and Amakawa (1975) demonstrated that stimulation of
sympathetic nerves to rabbif liver enhanced glycogenolysis and attributed this
to inhibition of phosphorylase phosphatase they observed. Under those
conditions, Shimazu and Amakawa (1975) found no increase in cAMP and
sugge)sted the presence of an unidentified neurotrans;nitter *mto account for the
phosphatase inhibition. It is convenient to digress at this point from
cAI?/lP—medlated effects and deal brfefly with phosphoprotein phosphatases in
relation tc; hepatic alpha adrenergic actions which.are discussed mor;e fully in
the next section. Hepatic alpha receptor-mediated activation of phosphorylase
is indeper%c'ent of ¢cAMP and proceeds via the release of intracellular caleium

jons (section 1.3.3). Although phosphoprotein phosphatase activity is dependent

dn divalent cations (Li 1982), a role for calcium in regulating this activity has

) ) .
s not been established (Khoo and Steinberg 1975). Furthermore, Proost et al.

(1879) in experiments very similar to thoseé of Shimazu and Amakawa (1975)
L

found fo evidence for' a role of phosphatase in mediating the activation of

phosphorylase by nerve stimulation. Blackmore and Exton (1981) found that |

alpha adrenergic stimulation of phosphorylase was impaired in hepatocytes from

rats genetically deficient in phosphorylase b kinase aetivity. This finding

. suggests that it is modulation of the kinase activity that controls the level of

activation of phosphorylase, but a possible additional role for the phosphatase
cannot be ruled out. This area requires further study. °

Before c6ncluding this briel discussion of hormonal effeets occurring via
the cAMP svstem it is worth drawing attention to the fact that a number of

cellular activities not directly related to carbohydrate metabolism are regulated

°
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in a similar manner. Beavo and Krebs (1979) have compiled a list of 22

)
enzymes that have been reported to undergo phosporyIation—dephosphorylation.

-

1.3.3 The mechanism of alpha adrenergic activation of hepatic glycogen

phosphorylase,

Agents that are capable of stimulating hepatic glycogenolysis by a
cAMP-independent mechanism are listed in 'gable 1.l.  While most studies have
concentrated on alpha adrenergic effeets in the liver, vasopressin and
angiotensin II actions have also been examined in some detail. These latter
two ;gents have effects similar to alpha adrenergic agonists and evidence for
this will be summarized later in this section. Since the first clear
demonstration by Exton and co-workers (Exton and Harper 1975) that alpha
adrenergic agonists can activate glycogen phosphorylase without a concomitant
increase in cellular cAMP levels, much effort has been expended in establishing
a mechanism for this action. Considerable advances have been made and this
work has been reviewed recently n(Exton 1979,119?0, 1981; Exton et al. %
1978, 1981). The development of current understanding of thze cAMP-indepedent
acéivatipn of glycogen phosphorylaée will be summarized here.

Gt;ldberg and co-workers (Goldberg et al. 1973) first suggested that alEha
adrenergic effects were mediated by eGMP in a manner analogous to the
involvement of ¢AMP in beta receptor-mediated events. Although, alpha
stimulation does result in an increase in ¢GMP levels in the liver (Pointer
et al. 1976), this effect.can be produced by a number of other agents that do

not activate glycogen phosphorylase (Pointer et al. 1976; Hems et al. 1978).

Hence, this idea was discarded.

Many lines of evidence pointed to the involvement aof caleium ions in the

cAMP-independent activation of glycogen phosphorylase. Alpha
™~ I

adrenergic-activation of hepatic glycogenolysis is inhibited when extracellfxllar

calcium is removed (Keppens et al. 1977; Assimacopoulos-Jeannet et al. 1977;
~
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Van de Werve et al. 1977; Chen et al. 1978). The divalent cation ionophore,
K253187, mimicked alpha adrenergic effects on hepatic glycogenolysis in a
caleium-dependent fashion’(Keppens et al. 1977, Assimacopo@s-Jeannet et al.
1977). Blatkmore et al. (1978) then demonsirated thal the rapid chelation of
extracellular calcium ion by the stochiometric addition of EGTA with the
agonist did not significantly impair the alpha adrenergic activation of
phosphorylase in isolated rat hepatocytes. The rapid addition of EGTA in this
manner would presumably preve;nt the influx of extracellular caleium during
stimulation without depleting intracellular calecium stores. In fact, Blackmore
et al. (1978) v&ere able to identify a net loss of cellular calcium occurring
during stimulation that was even gréater when EGTA was added -as described.
Soon afterward it was confirmed that alpha stimulation induced a loss of

1Falcium from isolated hepatocytes (Chen et al. 1978; Burgess et al. 1979)
;or perfused liver (Blackmore et al. 1979b,c; Althaus-Salzman et al. 1980;
Reinhart et al. 1982a). However, not all groups were able to identify a net
loss of caleium after alpha stimulation (Foden and Laudle 1978; Murphy et al.
1980). The reason for this difference is not clear. Nonetheless, there was
sufficient evidence to support the postulation of Exton and coworkers (Exton
1979). that the transient increase in ecytosolic caleium was responsible for the
z}cfiv;tic{p} qf glycogen phosphorylase by phosphorylase kinase, an enzyme known
to be ;éfﬂ";i£;\'e‘ to caleium (see belc;w). This was supported by the findings of

Murphy et al. (1980) who showed that alpha adrenergic stimulation of il‘qlaf‘ed

hepatocytes produced a two- to three-fold inerease in free cytosolic calcium

that correlated well, with respect to time-course and dose-response, with

phosphory'lase activation,

While it is now well accepted that alpha receptor-mediated activation of
phosphorylase occurs via the production of a transient increase~in_cytosolic
calcium, there is still some disagreement about the source of this ‘}:alcium.
Studies using atomic absorbtion spectrometry (Blackmore et al. 1979b,e) or

a
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chlortetracycline’ flourescence (Babcock et al. 1979) to measure
mitochondria-associated calcieum suggest that most of the caleium released
during alpha receptor stimulatiop {is mitochondrial in origin. On the other hand,
studies using 45Ca showed an increased mitochondrial uptake of 4ca after
stimulation (Foden and cRandle‘a J978; Althaus-Salzman et al. 1980; Poggioli
et al. 1980)”Unfortunately in these latter studies total mitochondrial calcxum
was not determmed and it is unclear whether the increased 45Ca reflects a
true change in calcium content or merely increased exchange. One of these
groups (Pcggioli et al. 1980)nin a subsejquent study (Berthon et al. 1381)
suggested that these discrepancies were most likely the result of differences
between experimental protocols. In the later stud,y, they demonstrated an

initial, transient increase in mitochondrial .calcium (measured by atomic

absorbtion speetrometry) followed by a loss of mitochondrial calecium. They

concluded that the transient increase in cytosoliq} caleium was the sum of

sequential caleium releasé from er;doplasr;xic reticulum and then mitochondria.
However, these results were not confirmed in a detailed kineltic analysis of the
effects of adrenaline on éalcium distribution in isolated rat hepatocytes by
Bﬂarritt et al. (1981). These authors demonstrated that adrenaline caused a
loss of calcium from an int:racellular co;npartment whieh includes mitochondria‘
and also an ea;Iy increase of caleium transport from the extracellular medium.
Attempts to analyze a possible role for extracellular calcium in mediating the
effects of alpha stimulation by the use of verapamil, a calcium channel
blocker, met with difficulties owing to a direct antagonistic effect of this drug
on the alpha receptor sxte (Blackmore et al. 19794).

Blackmore et al, (1982) re—exammed the role of extracellular caleium in
the alpha receptor;medlated actwatlon of phosphorylase in isolated hepatacytes.

From the results of this study they concluded that net caleium influx does not

occur during the initial response jtb alpha agonists since they could find no

4
<

increase in cellulat calcium measurf\ad by atomie absorbtion spectrometry as

°
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early as 5s after stimulation. Also, rapid chelation of extracellular calcium,
as deseribed above, had no detectable effect on phosphorylase activation. They
surmized that uptake ol chemical c;alcium or 45Ca must represent a recovery
process. In support of these findings; Reinhart et al. (1982a) found that net
efflux of calcium from perfused livers occurred as early as 7.1 + 0.5 s after
phenylephrine-stimulation. Based on measurements of éhemical calcium after
subeellular fractionation of perfused livers, these workers concluded that most
ealeium released by stimulation is mitochondrial and, to a lesser extent, from
endoplasmic reticulum. A large portion of the caleium released is ‘extruded
from the cell by a c;ﬂcium-sensitive ATPase located in the hepatic plasma
membrane (Lotersz‘tajn et al. 1981). Caleium is quiekly reaccumulated which
accounts for the influx of extracellular calcium noted by others. Based on
existing evidence, this scheme provides the most reasonable mechanism for
alpha receptor-mediated effects on hepatic calcium movements.

The locus of calcium's effect in the glycogenolytic cascade is most likely
at the level of phosphorylase kinase (see figure 1.1). This enzyme is calcium
sensitive, its activity being enhanced without undergoing phosphorylation (Khoo
and Steinberg 1\975; Shimazu and Amakawa 1975; Vandenhecede et al. 1979).
Blackmore and Exton (1981) Aexamined the alpha adrenergic activation of
phosphorylase in hepatocytes from rats genetically deficient in phosphorylase b
kinase activity. They showed that stimulation of alpha receptors i;l hepatocy%es
isolated from these rats produced the same degree of calcium mobilization as
in normal rats, but phosphorylase - activation was impaired. Glucagon,
vasopressin and the caleium ionophore, A23187, had similar effects.
Calcium-dependent modulator protein (calmodulin) has been identified as the
delta subunit of phosphorylase kinase from skeletal muscle (Cohen et al. 1978).
A similar component has been identified in purified rat liver phosphorylase
kinase {Chrisman et al. 1982) indicating the locus for the caleium-sensitive

regulation of this enzyme. Taken together, these results suggest that
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phosphorylase kinase is the most likely site of calcium's stifnulatior_x ,of the
glycogenolytic cascade. |

Alpha adrenergic stimulation has also been shown to inhibit glycogen
synthase by a stable phosphorylation (Hutson et al. 1976; Murphy et al. 1980)
and to stimulate gluconeogenesis (Pointer et al. 1976; Hutson et 'al. 1976;
Chan and Exton 1978) probably in part as a result of phosphorylation and
inactivation of pyruvate kinase (Chan and Exton 1978; Garrison and Borland
1979). Garrison and co-workers (Garrison et al. 1979) found that stimulation

of hepatocvtes in the presence of 32pg with either noradrenaline plus a beta

4
antagonist or with glucagon resulted in phosphorylation of the same Il to 12
cytosolic proteins, three of which were identified as phosphorylase, glycogen
synthase and pyruvate kinase (Garrison et al. 1979). Therefore, Exton (1980)
has suggested that the liver possesses a calcium-sensitive protein kinase which
has a substrate specificity similar to cAMP-dependent protein kinase. The
possibility that phosphorylase kinas§\ may be the multifunctional
caleium-sensitive kinase has not bleen examined ex‘fé;lrs\fvely. However, Payne
and Soderling (1980) have isolated from rabbit liver a calmodulin-dependent
glycogen synthase kinase that did not phosphorylate glycogen phosphorylase.
This finding suggests the existence of at least two and possibly more caleium
sensitive protein kinases in liver.

There are a n_umber of alpha ad;ener'gic effects. in liver for which the
role of calcium ions and protein phosphorylation is less clear. Haylett ‘and
Jenkinson (1972a,b) demonstrated that alpha stimulation caused a rapid efflux
of potassium from guinea pig liver slices that was associated with a reversible
10 mV hyvperpolarization; the resting membrane potential was approximately
-30 to —4h0 mV. Activation of beta receptors had liEtle effect on either of
these responses although it was equally as effective as activation of alpha

receptors in stimulating glucose output (Haylett and Jenkinson 1972a) or

activating phosphorylase in the guinea pig (Osborn 1979). In a later study with

L4
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isolated guinea pig hepatocytes, Blérgess et al. (1979) found that the calcium
ionophorez A§3187, was capable of producing a similar potassiumo efflux to that
seen with alpha agonists, sugogesting the f")resence of a calcium-sensitive
potassium channel. Another group working with guinea pig liver slices (Weiss
and Putney 1978) could not demonstrate -a .similar effect of A23187 on the
potassium release response (measured as 86Rb efﬁux), although these workers

v

also identified a role for caleium in the response. The reason for this
Qiffere:nce 15 not clear. . .

Not all sg;ecies show a similar effeet of alpha stimulation on ion

. movements in the live(‘f"‘éi‘&(Jenkinson et al. 1978). Tﬁus, rat liver cells do not

@

respond to either alpha agonists or A23187 by potassium loss as seen in the

guinea pig and it has been suggested that a calcium-sensitive potassiumochannel

may be lacking in the rat (Burgess et al 1979).0 Blackmore et ak (1979¢)

found that the alpha agonist phenylephrine as well as glucagon caused a rapidﬂ

\ :

uptake of potassium in perfused rat liver. In addition, the hyperpolarizing

' effect of alpha stimulation observed in guinea pig (Haylett and Jenkinson

19724a,b) does not ocecur in all species; depolarization has been reported in the

dog (Jenkinson et al. 1978). The reason for these interesting specjes
differences is not known and is worthy of further study. -

+ Alpha stimulating effects on amino acid transport (LeCam and Freychet

1978), oxvgen consumption and lactate release, (Jakob and Diem 1975; Blair

et al. 1979b), ureagenesis (Corvera and Garecia-Sdinz 1981), glycolysis and

Na+K+transport (Becker and Jacob 1982), cGMP accumulation (Pointer eE al.

1976) and the turnover of phosphatidyl inositol (Kirk et al. 1977; Billah and
Mitehell 1978; Tolbert et al. 1980) have also been reported.

Although many of the effects of alpha receptor stimulation in liver appear

.lclearly to be linked to calcium mobilization, the pathway whereby interaction

of agonist with receptor leads to the release of intracellular caleium is

unknown. Whiting and Barritt (1982) have listed some of the snechanisms that

o
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have been proposed to account for this. Discussion of all of these is beyond .

the scope of this introduction. However, the possible role of

v

. - phosphatidylinositol hydrolysis has received a great deal of attention and will

be discuésed briefly. Michell and co-workers put forward the hypothesis that
réceptor gctivation results in stimulation of. phosphatidylinositol breakdown
which is somehow coupled to caleium mobilization (Michell 1975).  This
hypothesis was based on observations that alpha receptor stimulation in liver
(Kirk et al. 1977; Billaﬁ and ' Michell 1979; Tolbert et al. 1980) as well as a
number of other tiséﬁeé x(fo‘;' references see Exton lé‘éﬂ; Fain and Gareia-Sdinz

119803 Michell and Kirk 1981) resulted in inereased incorporation of 32P04 into

phosphatidvlinositol as a result of breakdown followed by resynthesis of this

" phospholipid (Michell and Kirk 1981). This response is thought to precede

caleium mobilization, since it was still apparent gifer removal of medium
calciur‘n and could notlb‘e nx'eproqllced by the caleium ionophore, A23187 (Billah
and Michell1978; Tolbert e%; al. '1982)).”x'11‘01bert et al. (1980) have
7gemonstrated that like the activatioﬁ of'luhepzxati,c phosphgrylase (Hoffman et al.
1980b; El-Refai and Exton 1980; Aggefbeck et al. 1980a), alpfwa adrenergic

stimulation of phosphotidylinositol breakdown is mediated by an alphal receptor.

While this hypothesis provides an attractive possible explanation for alpha‘’

effects on calcium homeostasis, it may have serious shortcomings. "The most

° contrary evidence comes from a stludsr by Exton's group. These authors (Prpié

et al. 1982) carefully examined phosphatidylinositol breakdown induced by
vasopressin, angiotensiny II and adrenaline in is‘ol\a'ted hepatocytes. Based on
their studv they concluded that the breakdown of phosphatidylinositol induced
by thesg agents was too slow to play sa’ éausgtive role in m(;bili’zation of
caleium; breakdowr: of the phospholipid was not séen before two min whereas
a previous study (Blaekmére et al. 1982) had shown that caleium movement
and phosphorylase activation were at maximum by 10's. Furthermore, Fhe

s

effect of these hormones on phosphatidylinositol hydrolysis was abolished in

&
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caleium depleted hepatocytes indicating that the effeet is caleium dependent
(Prpié et al. 1982). Previous studies (see ai)ove) which found the opposite did
not provide evidence of adequate caleium depletion (Prpi¢ et al. 1982). If
these findings are substantiated by further study, the phosphatidylinositol
hypothesis (at least in the case of the liver) will have to be discarded and the
search for the mechanism of calcium mobiliza'tion continued.

(Insu]m iﬁhibits not only cAMP-mediated activation of glycsgenolysis and
giuconeogenesis (section 1.3.2), but also alpha adrenergic effeects in both
isolated hepatocytes and perfused liver (Massaque and Guinovart 1978;

Blackmore et al. 1979a; Dehaye et al 1981). Insulin inhibited the alpha

~receptor-mediated release of cealeium suggesting that its effect is at or

proximal to the production of the signal for intracellular ealeium mobilization
(Blackmore et al. 1979a; Dehaye et al. 1981). Interestingly, calcium release
or phosphorylase activation by vasopressin, angiotensin’ II or A23187 was nof
inhil;ited in the presence of insulin. These observations would indicate that
insulin's effects are not on intracellula; calecium stores, but rather uniquely on
the mechanism whereby alpha ,adrenergic agonists mobilize intracellular calciu'rﬁ,
possibly on the alpha receptor itself.

Recent evidence from radioligand binding studies utjlizing pulr'ified liver
plasma membranes (see section 1.3.4) has suggested the existence of both
alphal and alpha2 receptors in the rat liver (Hoffman et al. 1980a,b). The
regulation of endogenous noradrenaline release.by presynaptic alpha receptors:
has been demonstrated in the dog liver (Yamaguchi 1982); such receptors are
usually of: the 'alphaz type. However, alpha2 receptors at post-synaptic shit‘es

have been described for a number of tissues and their ‘stimulation has been

-

shown to have an inhibitory effect.on adenylate cyclase (Fain and Garcia-Shinz

1980). Hernce, Jard et al. (1981) were able to demonstrate alpha, inhibition
of adenylate cyclase in rat liver. plasma membranes. Angiotensin II and

vasopressin were also tested in this system, but only angiotensin II inhibited

5
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There exists in the literature a mlxvm'b"er‘ of earlier studies that alsoi‘shpwed
evidence of an inhibitory alpha effect on adenylate cyclase (Bc{’yd and' Martin
'1976), cANP accumt;lation in isolated hepatoéytes (Chan et al. 1979(a), as wgllf
as the perfl;sed rat liver (Sherline et al. 1972). In none of these studies wés
'th'e effect characterized with respect to alpha receptor éubty.pe. gnMoriea
recently, Ex’ton ar’\d‘ coworkers ('As:simacopoulos—Jea}nneto et al. 1982)
demonstrated that alpha receptor activation could inhibit glucagon*s}imulated

gluc}o'néogenesis, phospliorylase activation and glucose output in ‘isolated rdt

© ..

" -hepatocytes. These effects appeared to be due in part to inhibition of cAMP

o™ .
PRIEN

accumulation 'through'alpha1 receptor stimulation, although additional effects

“(possibly involving re:“'strib_ution of intracellular calcium) are implied b)lz the

. moObserved suppression of ‘exogenous cAMP- or dibutyryl cAMAP—mediat"ed(

¢

gluconeogenesis. Vasopressin and angiotensin I had inhibitory effects similar -
to catecholamine. ‘This inhibitory eatlpha1 effect is different from that described

" by Jard et al (1981) for alpha, receptors in isolated membranes. One mig}lt

< expeet that both phenomena may play a role in hepatic regulation. However,

the rather precise conditions required to observe the albha2 effeet (5 mM
EDTA, 50-200 mM Na and 1-200 pM GTP) bring into question its physiological
. a '
" significance, )

Under certain conditions alpha receptor stimulation haf been shown to

. result in increases in hepatic cAMP accumulation. (Chan and Exton (1977) have

obtained evidence that alpha receptor stimulation resulted in cAMP
accumulation in isolated hepatocytes that had been depleted of calcium by
incubation in the presence of 1 mM EGTA. The increased levels of cAMP
were associated with increased activation .of glycogen phosphorylase. This
response in caleium depleted hepatocytes was found to be somewhat less
sensitive to agonists, but more sensitive to antagonists than the alpha mediated ~

activation of phosphorylase in normal cells, but still appeared to be of, the
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v abpha, subtype. It was suggested that th;z removal of c;alcium somehow alters
. the properties of the alpha receptor to allow'coupling with adenylate cyelase.
(*« ‘ ’ An slternate explana‘;ion would be that calcium depletion Eomehow unmasks the
activity ofhg third type of alpha receptor which is. positively coupled to
oo ) | aderllylate cyelase. More recently, Jackowsky et al. (1982) demonstrated alpha,
adrenergic st‘imulation of adenylate cyclase in calcium depleted liver plasma
, membranes. Vasopressin and angiotensin II did not have similar effects under
identical conditions. Whether or not this could represent the same alpha
.receptor-mediated accumulation of cAMP i; caleium depletéd hepatocytes
described above is not known. The descrepancy between these findings and (‘\
. _those of Jard et al. (1981) is most likely due to differences in the preparations \‘
used and conditions®of the assay; stimulation by alpha, receptors disappears in
the presence of high GTP, magnesium or calcium ion co?centrations (Jackowski
et al. 1982), whereas inhibition by alpha2 receptors required high GTP apd
sodium ion (Jard et al. 1981). Furthermore, Jackowski et al. (1982) claim
that in spite o% the presence of 5 mM EDTA, the conditions employed by Jard
g ’ et al. (1981) do not represent significant calcium depletion. These
considerations aside, since rather artificial conditions arc required to
demonstrate these actions, their physiological importance is dubious, but they
might provide some insight into the biochemistry of the receptor-adenylate
eyeclase syvstem. It is noteworthy that Blair et al. (1980b) have denionstrjated
alpha mediated cAMP accumulation in normal rat hepatocytes without calcium
depletion and this finding  was confirmed by Okajima and Ui (1982).  This
surprising result will require further investigation.
Hence, it appears that the liver possesses both :sanlpha1 and alpha2
receptors which n;ediate differerit responses. Alphal receptors cause the
mobilization of calcium by a mecechanism that is not yet established. The

Q increased cvtosolic caleium so produced can activate or deactivate a number

of enzymes some of which are involved in hepatic carbohydrate metabolism.
/
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Alpha2 receptors inhibit or stimulate adenylate cyclasé depending on the
conditions of the assay. An effect of :alphal2 receptor stimulation on glucose o
output:or phosphorylase activation has not "as yet been described and the:
physiological role, if any, of hepatic alpha2 receptors is}\still open to question.
«Vasopressm and anglotensm II are thought to activate glycogen
phosphorylase and hence stlmulate glycogenolysis by a mechanism similar to
that described for alpha receptors. The evidence for this is the following:
,(f) The effect of the hormones on glycogenolysis is independent of cAMP
accumuI;tion (Kirk and Hems 1§74; Keppens. et al. 1977; Garrison et al.
1979).
v(z) Their action in liver is cri'tic&lllyw dependent on \faxtraceHular calciun} (étubbs
et al. 1976; Keppens et al. 1977; Garrison et al. 1979):”" *
(3) Stimulation with angiotensin II or vasopressin causes marked efflux of
calcium from either perfused liver (Blackmore et al. 1979c¢c) or hepatocyte
suspensions (Blackmore et al. 1978; Chen et al 1979), and reléase appears to'
be from the same intracellular stores as are affeeted by alpha agonists (Chen

et al. 1978; Blackmore et al. 1979b,c; Reinhart et al? 1982a).

R

(4) Most™of this releasable calcium i5 of mitochondrial origin (Blackmore
N .

b o

et al. 1979¢; Murphy et al. 1980; Reinhart et al. 1982a)%

(5) The pattern of phosphorylation of cytosolic protein in response to

vasopressin or angiotensin II stimulation of isolated Hepatocytes is the same
as that observed with alpha receptor activation (Garrison et al. 1979; Garrison

and Wagner 1982). -,

o

(6) Vasopressin or angxqtensm II also stimulate phosphatldylmosxtol breakdown

(Tolbert et al. 1980; Billdh and Mitchell 1978; Kirk et al. 1977),
(7) potassium uptake by rat liver (Blackmore et al. 1979¢), and
(8): gluconeogenesis in hepatocyte suspensions (Whitton et al. 1978).

_ - A final point of evidence (9) comes from the studies of Bréant et al.
4’1\; - &

(1981) who_ demonstrated that alpha adrenergic agonists and vasopressin
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produced a dose-dependent heterologous desensitization of the phosphorylase

response in isolated hepajt}:ocytes. However, others (Morgan et al. 1982) found’

that no desensitization of the alpha;, glycogenolytic response was seen in
lperfixsed rat liver provided adequate calcium reaccumulgtion oceurred before
repeating the stirr;ulus. These latter authors suggested tﬁat the heterologous
desensitization lfound by’Bréant et al. (1981) was due to depletion of an
intracellular caleium pool(s) tha'g is common for vasopressin, angiotensin II and
alpha; agonists. Later, Keppens and DeWult (1982)~showedhthat desensitizatio;l
oceurred at fow temperatures, while calcium fluxeé could only be produced at

v

higher temperatures. Hence they have proposed that this ‘desensitization is a

membrane phenomenon whereby an hypothetical hormone-effector complex is

inactivated by.a desensitizing stimulus. In any case, all of these findings

‘support the existence of a common pathway for vasopressin, angiotensin II and

i, . - -

' ‘alpha; agonists, althougly’ the issue of the mechanism of the heteroldgous

desensitization remains unresolved.

Just as for alpha agonists (Dehaye et al 1980), vasopressin (Cantau

et al. 1980) and angiotensin II (Campanile et al. 1982) effects are, mediated
§

by interaction with a plasma membrane receptor. Hence, it seems reasonable
to postulate that the common pathway for -the hepatic action of these
hormones may be estabhshed as early as the coypling of receptors to the

effector svstem, just as it is for the beta adrenergic and glucagon

. Feceptor-adenylate cyelase ‘systems .(section '1.3.2). However, as discussed

earlier in this section, imsulin inhibits the hepétic actions of alpha; receptor
agonists: but not angiotensin‘ II or vasopressin suggesting some early divergence
of the activating mechanism or selective action of insulin at the alphal

receptor sxt\e itself. ‘

The caleium ionophore, A23187, has been much used in the study of the
\

role of caleiin in the actions of glycogenolytic horlnones in- the liver und a

brief comment about its action seems in order before. corcluding this seetion.
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A23187 produces a dose-dependent increase in phosphorylase a as a

consequence of its ahjlity to mobilize caleium (Blackmore et al. 1978). It has

' a biphasic effect on caleium content: at low concentrations the drug releases

calcium from intracellular stores and produces marked calcium efflux from the
liver cell (Blackmore et‘ al. 1978). At higher concentration, influx of calcium
from the extracellular medium is also produced (Blackmore et al. 1978).
Hence, when extracellular caleium is low, only the efflux résponse is seen
‘(Blackmore et al. 1978; Chen et al. 1978). The biphasic nature of this
re;ponse‘may explain the inability of Friedman et al. (1979) to detect caleium
efflux in response to A23187. These workers tested only relatively high doses
“of the drug and did not examine iti; effects in caleium-free medium.
Maximal stimulation with A23187 appears to deplete calcium from the
hormone sensitive intracellular pool (Chen et al. 1978). "After stimulation,
there is a markedv redljction ih hormone-releasable mitochondrial caleium
(Babcock et al. 1979), supporting the concept that this represents a significant,

4 ol

portion of the hormone-sensitive intracellular calcium pool.

4

.

)
“a.

1.3.4 Identification of hepafic adrenergic receptors by radioliéand binding‘L:

' Radiolabelled agonists and antagonists have been used to identify putative
adrenergic re:_ceptor sites in various tissues ineluding the liver (Exton 1980;
Hoffman and Lefkowitz 1980). While most of these studies have met with 7
considerable suecess, some controversy regarding the most suitable ligands to
measure adrenergic receptors in the liver still exists (Hoffman et al. 1981).
This is particularly true of the hepatic alpha receptor, which, owing to the
great interest in the mechanism of alpha adrenergic effects, is being
extensively studied. The .task of measuring changes in the proper’ties of this
rt‘aceptor svstem is made more complicated by the existence of alphal and

alpha2 receptors in liver, as well as other receptor-like binding sites (see

below). The results of these studies will be summarized here. g
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Early attempts to identify adrenergic receptors with 3H—catecholamines

have been reviewed by Cuatrecasas et al. (1974). These authors concluded

that 3nH-catecholamine binding in intact tissugs and microsgtqg} preparations
was predominantly to non-specific catechol binding sites and did not reflect
receptor binding. U'Prichard and Snyder (U'Prichard 198]) found in several
tissues that rel&able receptor binding with 3H—ca‘techolamines could only be

obtained when precautions were taken to minimize catechol-directed

_non-specific binding and auto-oxidation of the ligand. Hence, El-Refai et al.

(1979) used 3H—adrena]ine and 3IrI—noradrenaline in the presence of 10_5 M

propranolol to study alpha receptor binding sites in rat l@ver plasma membranes.
Catechol and ascorbate were included in the incubation mixture to reduce
nonl-speciflc binding and oxidation of the catecholamines respectively. Using
this approach, these authors were able to identify two classes of specific alph\a
receptor—li’ke binding sit:s. suppressible by 105 M phentolamine. One class (120
to 160 fmol/mg protein) had a high affinity for agonists and sensitivity to
oguanine nucleotides, and was thought to repgesent the physiological alpha
adrenergic receptor. | The second site showgd a hfgh affinity for antagonists, a
markedly low affinity for agonists and was readily labelled by [3H] DHE

H

(1275 fmol/mg protein, Kd=7.2 nM). Both receptors were found to be of the
g .

’&lpha1 subtype (El—ﬁlgfai and Exton 1980a). Later these same authors

demonstrated that trypsin treatment of isolated membranes resulted in a
time-dependent increase in the high affinity agonist site and a concomitant

decrease in low affinity sites (El—Re\fai and Extor 1980b). Geynet et al. (1980)

. also found that limited proteolysis of rat liver membranes increased the affinity

and number of [3H] noradrenaline binding sites. However, guanine nucleotide
sensitivity was lost with treatment. It was suggested that trypsin treatment
converted low affinity to high affinity sites and that trypsin may mimic an in
viyo regulation of alpha receptors (El-Refai and Exton 1880b).

4

Similar [,3H]DHE binding results were obtained by another group
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(1.7 pmol/mg protein, Kd=1.8 rM; Clarke et al. 1978); however, thesec authors
implied that all of this binding was to the physiological receptor sites. Indeed,
Aggerbeck et al. (1980b), have correlated [*H] DHE binding to plasma
membranes and activation of glycogen phosphorylase in isolated hepatocytes.
While the relative potencies of both agonists and antagonists for inhibition of
ligand binding and phosphorylase activation could be correlated (Aggerback
et al. 1980b), agonists were approximately ten-fold more potent in activating
phosphorvlase than an\tagonizing [*H] DHE binding. Antagonists were
approximately ‘ten-fold less potent in antagonizing phosphorvlase activation than
[3H] DHE binding. Methodological problems complicate interpretation of these
results. The low apparent inhibitoryl'potency of antagonists was probably
artifactual; these authors us:ed prepafl—’ations with high tissue to medium ratios
at which the great capacity of liver cells to take ub drugs results in a
reduction of free drug concentration in the vicinity of the adrenergic receptor
(Jenkinson et al. 1978; Kan et al. 1979). This leads to an overestimation of
the K, of the receptor based on phosphorylase activation. On the other hand,
the difference between ECgy's and binding K4's of agonists was probably
greater than estimated, as the EC5O‘S were unus&élly high, suggesting that the
hepatocytes used m\ay have been of. poor viability. NThis difference éanno;{ be
/ <

explained by the existence of spare receptors, since these are absent in rat
\

liver cells (Kunos et al. ¥83).
Hoffman et al. (1979) have quantified the relative number of élpha1 and

adpha2 receptors in several tissues friélﬁding the liver. Althoixgh [3H] DHE binds
- / '

both these receétor subtypes, analysis of displacement curves produced with
prazosin, an alpha1 receptor antagonist, yohimbine, an alpha, receptor
antagonist and phentolamine, a mixed alphal/alphaz a;tagonist, could yield
information about each subtype. [Jéi'n\qg this approach, these authors could not
identify significant alpha, recept;)rs in rat liver plasma membranes. In a

subsequent later study (Hoffman et al. 1980a), it was found that g{xanine
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nucleotides had a regulatory effect on agonist binding to alpha, but not alpha1
. receptors. A small, but signific;an{ effeect of guanine nucleotide on [3H] DHE
( agonist displacement curves (Hoffman et al. 1980a) prompted a re-examination
of liver membranes for the presence of alpha2 receptors. Approximately 20%
of alpha receptor sites labelled by [3H] DHE were alpha, (Hoffman et al.
1980a,b). Guanine nucleotides are apparently able to transform alpha2
receptors from a state with high affinity for agonists to a low affinity state
(Hoffman et al. 1980a,b). [3H] Adrenaiine, at low concentrations labels mainly
v the high-affinity alpha, site, and it was suggested that binding of
3H—ca’cecholamir;es described by El-Refai et al. (1979) was to these sites and
not to alpha; receptors; however, at higher [3H] adrenaline concentrations
alpha1 sites are also labelled (Hoffman et al. 1980b). The ability of trypsin
to mediate the transformation of these sites (El-Refai and Exton 1980b)
remains unexplained. Hoffman et al. (1981) compared the findings of [3H] DHE
binding in liver plasma membranes with LRH] prazosin and [BH]yohimbine as
selective probes for fa.lpha1 and alpha2 receptors respectively.’g»'i‘hese authors
found this to be a usable approach to delineate alpha receptor subtypes.

Geynet et al. (1981) compared [3H]n6radrenaline, [3H]prazosin and
[3H] DHE binding in hepatic plasma membranes. All three ligands displayed
characteristics expected for binding to alpha; receptors.  Antagonist
competition studies suggested that [3Hi_nor'adrenahne and [3H] prazosin’labelled
different sites, while [3H] DHE bound to both. Morceover, [3H]prazosin sites
could be converted to [3H] noradrenaline binding sites by limited proteolysis
with alpha—chymotrypsin. Based on these results these authors speculated that
[3H] noradrenaline binding sites represent the physiologically important alpha,
-receptor, while [3H]prazosin binding is to a precursor form of ‘the active
‘qreccptor and/or an alphal binding site nol coupled to the responsé.

( , Thus, radiolabelled ligand binding studies directed towards identifying

hepatic alpha receptors are complicated by the existence of several forms of

{ PR
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alpha receptor-like binding sites. The functional relevaglce of these forms and

hence thcue most suitable ligand to measure the physiologically important alpha
feceptors remain debatable issues.

Another approach to the study of hepatic alpha adrenergic.g\ receptors

rd

involved the use of radiolabélled» phenoxyyzbenzaﬁmine ([3H]POB), an irreversible
alpha antagonist. Psi;g this ligand itn was feasible, to label sites with the
expected properties of alpha receptors in intact, viable hepatocytes (Kén et al.
1979) or purified liver plasma membranes (Guellaen and Hanoune 1979; Guellafen
et al. 1979). However, the "dpecific" buindirnxgaof [3H]POB in these, latter
studies lacked stereoselectivity, which- raises doubts. about its relevance to the
physiological alphé Ureceptor. Guellaen et alj (1979) went, on to solubilize
[PHIPOB binding site and estimated the molecular” weight under non-éenaturing"
conditions at 96,000 daltons by gel filtration. In a.subsequent study by Fhe
same group SDS-PAGE vielded three peaks labelled by [SH] POB; one with. a

[S

subunit molecular weight of 44,800 daltons, was identified by competition

experiments as the alpha receptor binding protein (Gueflaen et al. 1k982). In .

a more recent study, Kunos et al (1983)5 demonstrated that at nanomolar

Q 0

eoncentrations [3H]POB bound to membrane sites with the characteristics of

’ alphal receptors including marked stereoselectivity for agonists. Micromolar

4

concentrations <;f antagonists and millimolar edncentrations of agoni_sts
protected a second set of sites from binding“ [3H]POB similar to those
identified by Guellaen et al. (1982). However, these lattex; sites lacked
stereoselectivity and thus their phy“siological ‘function is not known. Kunos
et al. (1983) solubilized an hepatic membrane component labelled by B3H1POB
with properties of a]pha1 receptors iricluding stereoselectivity and found a

subunit miolecular weight of approximate]f} 80,000 daltons with a smaller 58,000
1 B

¢

\ S
dalton protein thought to be a proteolytic fragment of the receptor site,
Interestingly, a 58,000 dalton protecin (SDS-PAGE) was also identified by Graham

et al. (1982) in rat liver usinp affinity chromatography with an agarose-linked
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analogue of prazosin. ;.They also proposed that this protein was the
ligand-binding subunit of the alpha; receptor. The above discrepancies in
molecular weight may be dixe to variable success in inhibiting proteolytic
degradation of a larger (approximately 80,000 dalton) membrane component that
represents the native alpha1 receptor.

The study of hepatic beta adrenergic receptors by the use of radiolabelled
ligands is also not withoyt difficulties. The beta antagonist, [*H] DHA has
been.shown to bind specifically to sites on the liver plasma membrane with
characteristies of beta, réceptors (Munnich et al. 1981). )The density of
binding sites was low: 60 fmol/mg membrane protein as one would expect since
the predominant adrenergic receptor in normal rat liver is of the alpha type.
However, studies with a second potent beta antagonist, []ZSI] IHBP gave values
of 188 + 27 fmol/mg protein (Wolfe et al. 1976) and 24 + 3 fmol/mg protein
(Malbon 1980) in plasma membranes purified from intact liver and isolated
hebatocytes r‘espectively. However, the unusually low affinity for [1251] [HBP
found in the study by Wolfe et al. (1976; K =2.6 + L5 nM) casts doubt on
the validity of the binding results from this study.

Despite these reports of successful beta receptor binding studies in the
liver, experiments in our laboratory were not successful in identifying high
affinity, stereoselective sites in liver membranes from adult male rats using
either [3H] DHA or [IZSI]IHBP. Similar negative results have been recently
published (Dax et al. 1981). Therefore, further characterization of beta

receptor binding sites will be necessary before the above results can be

accepted without skepticism.

44




¢

alpha agonist vasopressin angiotensin Il glucagon beta agonist

adenylate y
A23187 cyclase !
i
n ATP
{ | Y |
5-AMP < CAMP »

hosphodiesterase
p p +

2 -
mitocondria @CAMPv 66

mICTOosSomes - proten
kinase
phosphorylase kinase
(inactive)
& v
I i
« — Ca ATPass Ca 2+___>allosler|c phosphalase € —— -
activation phosphorylation
A & h
phosphorylase kinase J
(active) %
|
glycogen 1
i
H
phosphorylase a phosphorylase b 1
glucose-1-phosphate ' 1
v phosphatase :
«——— glucose «—— glucose-6-phosphate

L

FIGURE L1 Calcium- and cAMP-dependent pathways for the activation of

liver glycogen phosphorylase. ,

"C" and "R" are the catalytic and regulatory subunits of protein kinase
respectivelv. For details concerning the calcium-dependent activation pathway
refer to section 1.3.3. For details concerning the cAMP-dependent pathway

see section 1.3.2.
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1.4 Role of the sympathetic nervous system in the control of hepatic

. metabolism.

1.4.1 Anatomical Considerations

Claude Bernard (1849) discovered that "pigure" of the floor of the fourth
ventricle produced profound hyperglycemia and glycosuria, and concluded that
this effect was mediated via nervous influences on the liver. In spite of this
early demonstration, it has been only recently accepted that neuronal control
of glucose output and hepatic metabolism in general may be of physiological
importance. The anatomy and function of hepatic nerves has been extensively
reviewed by Lautt (1980) and will not be detailed here. ’

Autonomic control‘j;pathways originate in the hypothalamus. Stimulation
of the ventromedial hypothalamic nucleus Yproduces hyperglycemia by neuronal
activation of hepatic gluconeogenesis and glycogenolysis via the sympathetic
system (Shimazu and Ogasawara 1975). Stimulation of the lateral hypothalamic

\ E
nucleus produces slight hypoglycemia and can be linked to activation of hepatic
glycogen svnthesis via the vagus. These conclusions have also been supported
by results of selective lesioning of hypothalamic sites which appear to have
effects opposite to stimulati(?n (Shimazu and Ogasawara 1975). Ventromedial
bypothalamic lesioning produces a hyperglycemic-obese state and represents the

modern counterpart of Claude Bernard's piqlire experiments (Hems and Whitton

1980).

14.2 The Effects of Splanchnic Nerve Stimulation.

Direct electrical stimulation of the splanchnic“nerves results in
hyperglycemia due to release of pancreatic glucagon, catecholamine release
from the adrenal medulla and hepatic sympathetic nerve activity (Himms-Hagen
1972). Shimazu and Amakawa (1968a) demonstrated that splanchnic stimulation

could produce a marked activation of liver glycogen phosphorylase in rabbits
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that was not eliminated by adrenalectomy or pancréaiéctpmy. These authors

o Y
°

went on to demonstrate that this activation could not beblocked By the beta

receptor antagonist, dichloroisoproterenol, whereas activation. by injected |
§ -

catecholamine could be blocked (Shimazu and Amakawa 1968b). Later studies»: -

°

by the same investigators revéaled that nervous activation' of glycogen
phoéphorylase ogcurred indfapendently of°any &hange of cAMP,‘ while levels of
this eyelic nucleotide were elevazed when - phosphorylase was’ activ;fed by1
injeétion of . either glucagon or adrenaline (Shimazu and Amakawal 1975). No
stable e?]a__nge in phosghorylase kinase activity could be demonstrated after
nerve stimulation, but a two to t“l:ree—fold increase was noted after glucagon
or epinephrine injection. The activity of phosphorylase phosphatasg decreased
with nerve stimulation. These authors 0(3$>nclllded, therefore, that splanchnic
nerve stimulation elevated phosphorylase activity by inhibition of phosphorylase
phosphatase rather than activation of phosphorylase kinase via a cAMP-mediated

o

mechanism analogous to that occurring after adrenaline or glucagon injection.
They further speculated that some unknown factor, not noradrenaline, was
released from sympathetic nerve endings to affect this response. As already
discussed (section 1.3.2), other. workers (Proost et al. 1979) could not confirm
a neurally mediated decrease in phosphorylase phosphatase. Moreover, it has
been shown that in cat, mouse and rabbit, the activation of phosphorylase by
nerve stimulation can be blocked by alpha antagonists, but is only slightly or
not at all affected by beta antagonists (Lautut 1979; Proost et al. 1979;
Seydoux et al. 1979).

In the light of more recent information about the role of alpha and beta
adrenergic receptors in mediating hepatic glucose output (section -1:3.1), the
above findings are best explained as follows. Neurally-mediated activation of
hepatic phosphorylase oceurs via’release of noradrenaline and subsequent action

mainly on slpha receptors. Thus no change in cAMP levels is detectable and

phosphorylase kinase is allosterically activated by calcium, not by a stable
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phosphorylation as oceurs with cAMP-dependent protein kinase. . Conversely,
injected adrenalinye] activates glycogen phosphorylase viz; the betal
adrenoceptor/adenylate cyclase system and the ciassic'al cAMP-dependant protein
kinés;e cascade (Walsh 1978). A similar proposal has been made by Proost et
al. (1979) and Osborn (1978) to explain the above-described findihgs. .

There is evidence from several studies that in other tissues alphg1 and
be‘ca1 receptors aré iﬁnervated while alpha2 and beta, are not, as proposed for
alpha receptors in vascular smooth muscle (Yamaguchi and Kopih 198;0) and for
beta receptors in cerebral cortex (Minneman et al. 1979). The glycogenolytic
response in liver is mediated by alpha1 r;eceptors (section 1.3.3) or beta,
receptors (see section 4.4).

'

1.4.3 The Effects of Stimulation of the Hepatic Parasympathetic Nerves.

The effects of hepatic parasympathetic stimulation have been less well
studied.': “Shimazu and Amakawa (1975) demonstrated that simultaneous
stimula;tion of the splanchnic nerves and vagi in the rabbit would block the
z;ctivation of glyecogen phosphor:\'ﬂase, butgwould have no effect on activation
of this enzyvme or elevated cAMP levels resulting from adrenaline or glucagon
injection. Vagal stimulation by itself had no effect on these“para*rﬁ;ers,
although it did produce a marked activation of glycogen synthase which could
be counteracted by simultaneous splanchnic nerve stimulation (Shimazu 1971).
As .expected, incorporation of radioactive glucose into liver glycogen was
enhanced by vagal stimulation independent of pancreatic release of insulin
O(Shimazu and Fujimoto 1971). Glycogen deposition ish decreased in acutely

vagotomized rats (Mondon and Burton 1971). In spite of the similarity of vagal

stimulation and insulin action on glycogen synthase, Shimazu (1967) has shown

that the neurally mediated effeet is more rapid than the hormonal effect. Just
as for the sympathetic nerves, an exact physiological role for the

parasympathetic innervation of the liver in glucose control has not been
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elucidated.

L5 Effect of Thyroid State on Hepatic Carbohydrate Metabolism

‘15,1 Glveeczen Levels and Phosphorylase Activity.

o

Hepatic glycogen levels tended to be normal in hypothyroid rats and"

markedly decreased in hyperthyroidism (Hoch 1974). These differences were
maintained in the ex vivo perfused liver preparation (Laker and Mayes 1981)
suggesting that hormonal or neural influences were not the only reason for this

1

effect on glycogen levels., In spite of this difference, perfusate g.:lucosé>
stabilized at similar concentrations in hypothyroid, (hyperthyroid and norm§1 rats
when pyruvate and lactate were present (Laker and Mayes 1981). lgm
hepatic glvecogen levels appear to be dependent on nutritional state. Tzhus,
Okajima end Ui (1979), by examining the kinetics of radio‘%abelled glucose in
the intact rat fasted for 20 h, found thﬁglycogen Jevels were decreased by
60% in hypothyroid and 90% in hyperthyroid rats compared with euthyroid
controls. These authors concluded that enhanced hepatic gluconeogenesis and
Ei{version of gluconeogenic products from liver glycogen tg/bllood glucose helped
t(; maintain circulating blood levels. On the other hand,ka slower rate of
gluconeogenesis in hypothyroid rats led to a slower release of glucose into
circulation’and suppressed glycogenesis.

Takahashi and Suzuki (1975) reported no effeet of hypothyroidism or
hyperthyroidism on total glycogen phosphorylase or synthase activities in rapidly
excised and frozen rat livers. When total glycogen phosphorylasc activity was
assayed in isolated hepatoeytes it was found to be decreased (30%) after T3

treatment for two days and slightly increased in hypothyroidism although this

latter change was statistically insignificant (Malbon and LoPresti 1981).
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1.5.2 Hepatic Enzyme Activities.

Gluconeogenesis is enhanced in hyperthyroid rat liver and the activities
of gluconeogenic enzymes are increased (Bottger et al. 1970). Conversely, the
rate of hepatic gluconeogenesis is lower in the thyroidectomized rat (Menehan
and Weiland 1969). The profile of gluconeogenic enzymes in the
thyroidectomized rat resembles that of the diabetic rat (Baguer et al. 1976).
This is not surprising since hypothyroidism results in a state of relative insulin
resistance (Bray and Jakobs 1974). However, consideration of changes in
enzyme levels alone will not adequately explain the alterations seen in either
of these states. Thyroid hormone appears to be required for the fullg expression
of glucagon or catecholamine effects, and therefore it is likely that altered
response to hormonal stimuli may be of greater importance.

s
7

1.5.3 Effect on Redox State and Energv Charge.

The activities of a number of critical enzymes involved in carbohydrate
metabolism are modulated by the redox state (NADH/NAD) or energy charge

(ATP/ADP,AMP) of the cell. These factors are profoundly influenced by

°
[§]

alterations in thyroid state.

Reducing equivalents produced during glycolysis are transferred froms the
cytoplasm to mitochondia by a cvele involving alpha-glycerophosphate -
dehydrogenase. The activity of this enzyme is low in thyroidectomized rats
.and increased several fold by thyroid hormone treatment (Bernal and DeGroot
1980). Thus, the hypothyroid liver {s in a more reduced state (increas1ed
NADH/I\IIAD) and hyperthyroid liver a less reduced state than normal. In
addition to direct effects of NADH/NAD on enzyme activities there is some
evidence that the redox state of the cell may havé important consequences for
the action of certain hormones. Clark and Jarret (1978) reported that under.
oxidized conditions the ability of glucagon to produce an increase in cAMP and

stimulate glucose output is decreased and have attributed this to an effect of

—
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nicotinamide nutleotides on cAMP phosphodiesterasre activity,

While the total adenylate nucleotide pool is unchanged in hypothyroid
animals, the "energy charge" (ATP/ADP+AMP) is elevated (Baquer et al. 1976)
over & range for which the response of many regulatory enzymes is marked

(Atkinson 1968). Hems &nd Whitton (1980) have summarized the effects of

various metabolites on glycogen phosphorylase a and b. These authors point

out that AMP has an aétivating effect on both forms of the enzyme, while
ATP and ADP are inhibitorv. Hence, the increased "energy charge" of bthe
liver cell may contribute somewhat ;co the reduc?d glucose output seen in
response to glucagon and catecholamines in the hypothyroid rat. Additional,
as yet undocuménte_d, effects may. also be of importance.

“

1.5.4 Summary.

It appears that thyroid hormones have complex effects on cérbohydrate
metabolism in the intact animal.k A number of studies hdve examined the
various influences of these hormones on factors which may be important in

producing these changes, but a complete éxplanation has not been forthcoming.

This is in part due to the existence of multiple ways in which thyroid hormones

might produce these effects. Of particular .interest in the context of the B

present study is the ability of thyroid hormones to modulate the effects “of

other hormones.

o
LY

k]
—

L6 Formulation of -the Problem. ) S

Zom

Thyroid hormones can influence the response. of various tissues to

catecholamines, but the mechanism of these interactions is not clear. * Most.

studies of this phenomenon have examined effects -of thyroid state on the

properties of adrenoceptors in cardiac and adipose tissue. Both alpha and beta

v

receptors are present in. cardiac and adipose tissue, and it appears that in .

certain cases the altered sensitivity to catecholamines observed in

o1
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hyperthyroidism or hypoth&rﬁoiﬂism may be_attributed to changes in the balance
of these receptors. In the rat heart where poth receptor types mediate the
positive igotropic response to catecholal‘ninels, hypothyroidism increases the
alphéa and decreases the beta receptors component of thgs response. Excess
thyroid hormone has the opposite-effect.

The activation of liver glycogen phosphorylase by catecholamines is also
mediated by both alpha and beta receptors. If the effects of thyroid state on
cérdiac acrenergic receptors can be generalized, one may hypothesize that
hyperthyroidism would enhance tﬁe beta receptor contrlibution to' the activation
of hepatic glycogen phosphorylase, a predomir;antly \alpha receptor-mediated
response in the normal adult rat. Unexpectedly the opposite was found: the
pattern of adrenoceptor activétion of phosphorylase was unchanged’ in
hyperthyroid rg’is, but hypothyroidism resulted 1n a shift from alpha to a beta
type of response.

In order to further investigate the nature of the changes observed in the
hypothyroid rat, the following questions were considered.

L Is the effect of thyroide'ctomy the \resullt of changes in adrenergic receptors

or some post receptor event in the glycogenqusis cascade?’ ‘
2. Is the effect selective for adrenergic receptors or are other glycogenolytic
hormones similarly influenced?‘

3. Are these changes reversidle by thyroid hormone repldcement?

g 'I ®
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2.1 Animals

_ Male Sprague-Dawley rats (CD strain, Canadian Breeding Farms Ltd.)
v&ere housed in the Melntyre Animal Center under constant conditions (22°C,
12 h light-dark cyele), maintained on Purina Rat Chow and tap water ad
li;)itum. Rats were rendered hypothyroid .by surgical thyroidectomy under
sodium pentobarbital anaesthesia (50 mg/kg). Success of the procedure was
assessed by the absence of normal growth during the ensuing 10 to 14 weeks,
after which time animals were used for this study. Hyperthyroidism was
induced by daily intraperitoneal injectioﬁs <l)f T4 (1 mg/kg) freshly dissolved in
0.01 N NaOH for seven days. T3—treated r;ypothyroid rats received daily
intraperitoneal injections of 0.25 mg/kg freshly prepaxled in 0.0IN NaOH for 2
or 4 days, the last injection being given approximately 12 h before the
experiment.  Euthyroid control anir;lals were maintained ' under identical

conditions. In one series of experiments hypothyroid rats were treated with

cortisol (30 mg/kg) every 12 h beginning 48 h before the experiment. All

animals used in the present study weighed between 250 and 350 g.

2.2 Drugs and Chemicals. |

Adrenaline (l—epir:ephrine bitartrate, \Sigma), d-adrenaline (d-epinephrine
bitartrate, Sterling-Winthrop), phenylephrine (l-phenylephrine HCl, Sigma),
isoproterenol (d,l-isopropyl arterenol Hél, K&K) and noradrenalipe
(Fnorepinephring bitartrate, Sigma) were dissolved just prior to use i°n isotonie
saline containirg 1 mM HCL dl-Propranolol HCl (Ayerst) and phentolamine
(phentolamine methanesulfonate, Ciba) were dissolved in isotonic saline.
Dihydrpergocryptine (Sandoz) and A23187 (Calbiochem) were dissolved in ethanol
and kept at -20°C. Phenoxybenzamine (phenoxybenzamine HCI, SK&F) was kept
at -20°C dissolved in acidifiea ethanol.” Triiodothyronine (T3,
3,3",5-triiodo-L-thyroinine, Sigma) and L-thyroxine (T4, Sigma) were disszlved in

0.01 N NaOH for injection.  Vasopressin (grade VII synthetic arginine
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vasopressin, Sigma) and glucagon (Sigma) were dissolved in isotonic saline
containing 1 g% BSA and ‘in the case of glucagon 0.2 M glyeine (pH 10).

Collagenase (type 1), a-D—glucose—l.—phosphate (grade V), BSA, cAMP and
beef heart protein kinase were from Sigma and were used directly. Difco
gelatin was obtained from Fisher. Glycogen (grade V-S) was also from Sigma
and was used after purification as desecribed by.'Thomas et al. (1968).
Gpp(NH)p was from Boehringer-Mannheim. » J

450&012, u—D—[U—lflC] glucose-1-phosphate, [3H] Prazosin (17.1/Ci/mmol)
and [3I~I] cAMP’ were from New England Nuclear.

All other chemicals and reagents were from usual commercial sources.

2.3 Isolation of Hepatocytes. |

Hepatocytes were isolated between 9:00 and 11:00 a.m. ‘each day by the
method of Berry and Friend (1962), with some modifications. Rats were
anesthetized with sodium pentobarbital (50 mg/kg i.p.) and heparinized (500
L.U./kg iv.). The abdominal cavity was opened with a wide transverse incision.
The vena portae was cannulated ;md perfused with caleium-free Krebs-Henseleit
bicarbonate buffer (Krebs and Henseleit 1932; 115 mM NaCl, 3.7 mM KCl,
1.2 mM MgSO,, 2.2 mM KH,PO,, 25 mM NaHCOg, and 20 mM glucose) for
10 rmin at a flow rate of 30 to 35 ml/min, During this period the liver was
transferred t\o a perfusion-aeration apparatus. After this preperfusion, the

medium was changed to 100 ml of Krebs-Henseleit buffer containing 2.5 mM

calciu,m1 and 0.05% crude collagenase and perfusion was continued for 10 to

20 min with reeyeling. The liver was then disrupted by genfle combing.
Incubation of the collage;nase-liver suspension was continued in a<shaker bath -
for an additional period such that the liver cells were exposed to collagenase
for a total period of 30 min. The perfusion and all subsequent incubations

were done at 37°C, under an aimosphere of 5% Co, in 0,, and maintained at

a pH between 7.0 and 7.4 by the addition of 150 mM, NaOH as required. At
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the end of the ilncubation, the cell suspension was filtered through nylon mesh
and centrifuged for 2 min at 50 !x g.- The cell pellet was washed énd
centrifuged twice, and resuspende“d in Krebs-Hensele;t bicarbonate buffer
containing 2.5 mM caleium and L.5% gelatin2 nre-equilibrated with 5% CO2 in
02 at 37°C. Cells were either used immediatelyl or kept briefly on ice. This
method routinely yielded cells with 95% viability as assessed by exclusion of
trypan blue3. Cell suspensions contained 30 to 40 mg wet weight of cells per
ml unless otherwise specified. Wet weight was determined by centrifuging 10
ml aliquots of the Dcell_suspension at 1000 rpms in a Sorval GLC-1 centrifuge
for 2 min in tared 1.5 ml plastic tubes. The supernatant was removed, the

tube walls carefally dried and the weight of the cell pellet determined.

dcateum concentration was 4.2 mM in the collagenase solution in earlier
experiments. The data for these experiments appears in all figures to 3.9
except 3..  Occasionally a white precipitate would form in this solution
making perfusion of the liver less efficient. Hence, for all subsequent
experiments calcium content of the collagenase huffer was reduced to 2.5 mM.
Viability and performance of hepatocytes was not significantly altered by this?
modification,

21t was found during the course of these experiments that the, viability
of isolated hepatoeytes was enhanced and better preserved particularly through
longer incubations if 1.5% gelatin was added to the Krebs-Henseleit incubation
solutions. However, this necessitated a slight modification of the assay of
glycogen phosphorylase a in hepatocytes incubated in this medium (see section
2.4). Figures showing results of experiments done without added gelatin are
indicated as such in the respeective figure caption.

3Viability was assessed by combining equal volumes of cell suspension and
a solution of 0.4% trypan blue in isotonic saline. After one to two min at
room temperature the total number of cells and the number taking up dye
were counted in 3 or 4 low power (40 X) fields with a mreroscope for

calculation of % viability.

2.4 Phospherylase Assay

Freshly prepared hepatocytes were resuspe“nded in previously equilibrated
Krebs-Henseleit buffer containing 1.5 g% gelatin at 30 to 40 mg wet weight
of cells per ml. Three ml aliquots of this cell suspension were gassed with

9% C02 in O, and incubated in a shaker bath at 37°C and 90 to 100 ecycles -




per min. After a 30 min preincubation, drugs were added in 10 Hl volumes

~or as indicated in figure captions. Unless otherwise specified, incubations for

glycogen phosphorylase assays were terminated 3 min after the addition of

° °

agonist by adding 1.0 ml of the cell suspension to 5.0 ml of ice-cold
Krebs-Henseleit buffer not containing gelatin., After a brief period on ice, cell
suspensions were rapidly centrifuged (30 s) in an IEC International Clinical
Centrifuge at maximum speed, supernatant was discarded and the cell pellet
was immediately homogenized in ice-cold phosphorylase assay buffer (50 mM

morpholinosulfonic acid, 150 mM NaF, 2.5 mM EDTA, 2.0 mM dithiothreitol,

final pH 6.5) with a Brinkman Polytron for twice 15 s seperated by 15 s of ~

cooling. The homogenate was centrifuged at 3000 X g for 10 min and glycogen
phospﬂorylase was assayed in duplicate aliquots of the supernatant by measuring
the incorporation of [U—14C] glucose into glycogen. Total incubation volume
was 0.1 ml and the reaction was started by the addition of glycogen and
[U—MC] glucose-l1-phosphate to give a final concentration of 1.0 g% and
15 mM respectively. The assay was rendered specific for phopsphorylase a by
'including 0.5 mM caffeine (Stalmans and Hers 1975). Incd/bati.on (30°cC, 20
min) was terminated by spotting 50 pl aliquots of the assay mixture on
Whatman 41 filter paper dises which were further processed by sequential
washing in 66% ethanol and a final wash in acetone (Thomas et al. 1968). The
retained radioactivity was measured by’ liquid secintillation ecounting flt an
efficiency of 50 to 60%. Units of enzyme activity are nanomoles of

[U-14C] glucose incorporated into glycogen per mir per mg protein.

Protein concentration in the 3000 X g supernatant was determined by the '

method of Lowry et al. (1951) using bovine serum albumin as a standard.

In experiments in which gelatin was omitted from the Krebs-Henseleit

. f
buffer (see footnote 2, section 2.3), 1.0 ml aliquots of cell suspension were

homogenized directly in 1.0 ml of ice-cold assay buffer (100 mM morpholino-

sulfonic acid, 300 mM NaF, 5.0 mM EDTA, 2.0 mM dithiothreitol final pH

o7
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6.5) with a Brinkman Polytron. The subsequent steps in the assay were done
as described above.

Both maximally stimulated (10 pM adrenaline) and basal phosphorylase &

activity was linear with respect to time for at least 20 min of incubation at

30°C and also directly proportional to protein concentration to levels greater

than those in homogenates routinely prepared in the present experiments (figure

2.1).
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FIGURE 2.1 Time- and protein-dependent increase in [U-MC]glucose

hicorporation into glyc'ogen in the assay of hepatic glycogen phosphorylase 8.

Cells were isolated from a normal rat and incubated as described in
section 2.3. After 30 min of incubation 10 ul of saline alone () or
adrenaline (@) was added to a 3.0 nil volume of cell\ susp;ansion (80 mg/ml)
to give a final concentration of 10°M adrenaline. After 3.0 min a L0 ml
aliquot of this suspension was homogenized in an equal volume of assay buffef'
(section 2.4) and assayed for phosphorylase a activity as, detailed in section 2.4.
Panel A shows the amount of [U—MC] glucose incorporated into glycogen when

the reaction was stopped at the indicated times. Panel B shows the amount

o

of [U—14C] glucose incorporated as a function of homogenate protein

concentration when the incubation was terminated after 20 min.
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2.5 Cyclic AMP Determination

Cells were incub;lted as described for the determination of glycogen
phosphorylase (section 2.4). At 15 min after the addition of agonist (or as
indicated in figure legends) 1.0 ml aliquots of cell suspension were homogenized
in 5.0% trichloracetic acid for 30 s with a Brinkman Polytronl Samples werei
centrifuged at 3000xg for 10 min. Precipitated gelatin was removed as a layer
floating above the supernatant. One ;nl of supernatant was purified by passage
over & 0.4 em X 4.5 em column of Dowex 50X8H'. The column was eluted
with deionized water and cAMP was recovered in the fourth to the sixth one
ml fractions. Recovery was monitored with [3H]cAMP for each batch of'
columns prepared and was usually 95 to 98%. Fracti;)ns containing cAMP were
pooled and taken to dryness in a Brinkman Sample Concentrator. These were
taken up in 0.2 to 5.0 m! of 50 mM TRIS buffer (pH 7.5) containing 4mM
EDTA and cAMP was assayed in duplicate 50 {1 aliquots by a radiobinding

assay as described by Tovey et al. (1974).

2.6 Calcium Efflux Measured by Caleium Electrode

Drug effects on calcium efflux from intact hepatocyte suspensions were
.determined with the use of a calcium-sensitive electrode as described by Chen
et al. (1978) with some modifications. Cells were washed once and resuspended
in a nominally caleium-free Krebs-Hensleit| buffer. Fifteen ml aliquots were
incubated in 50 ml plastic Ehrlenmeyer flasks at 37°C under an atmosphere of
5% CO2 in 02. To determine drug effects, a caleium-sensitive electrode
(Orion Model 93-20) and a reference electrode (Orion Model 90-01) were fixed
into each Ehrlenmeyer. Electrodes were connected to a pH meter (Oridn Model
701) and & Varign A-25 chart recorder. A 1000 PF capacitance was included
between the pH meter output and the chart recorder to reduce the noise in
the recordings. This had no effect on the drug responses measur;ed. Cells

were incubated until a stable bascline caleium level was obtained: usually 30
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to 60 min. Baseline free calcium concentrations were checked by'r comparing
the pH meter output to a\ standard curve for calcium prepared in 150 mM KCl1
(approximately isotonic) at 37°C. These values ranged between 0.068 and
0.096 mM for hepatocytes prepared .from normai rats, and 0.053 to 0.108 mM
for hepatocyte's from thyroidectomized rats. Cummulative
concentration-response curves were produced by the addition of increasing
amounts of drugs as detailed in figure captions for each series of experiments.
At the conclusion of each experiment, changes in external calecium
concentrations were determined by the addition of 3.3 mM CxaCl2 calibration
pulses. One ml aliquots of cells were then removed for determination of wet
weight and viability (section 2.3). Only results from preparations with »85%
viability were included. " Results were expressed as nanomoles of caleium efflux
per mg wet weight of cells. Preliminary experiments to test this method were

done and representative tracings are shown in figure 3.13.

@
Pl

9.7 45Ca Efflux Studies

Freshlv prepared hepatocytes were resuspended in Krebs-Henseleit buffei'
containing 1.5 g% gelatin and 2.5 mM g (0.5 Ci/ml), and incubated in a
shaker bath at 37°C and 80 eycles per min.s Thrgughout this Oca loading, the
suspensiqn was continuously gassed with 5% CO4 in O,. After 60 min, cells
were rapidlv washed twice (50xg for 1 min) and resuspended in Krebs-Henseleit
solution containing 2.5 mM non-radioactive caleium. Sixty min of preloading
hepatoeytes with 45Ca has been shown to label most of the exchangeable
calcium in rat hepatocytes (Chen et al. 1978). Duplicate 1.0 ml aliquots were
rapidly centrifuged (1500xg for 20 s) in an IEC International Clinical
Centrifuge and 450& was determined in 0.7 ml aliquots of supernatant by liquid

scintillation speatrometry at approximately 65% efficiency (determined by the

_ addition of a known amount of 45C&). The mean of this value was c;alled the

zero-time efflux. The remaining suspension was incubated in L0 ml aliquots

» ' 61 ) /‘
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with varying concentrations of agonists added in 10 gl volumes. After 3 min

—

of incubation samples were cenfrifuged and 0.7 ml aliquots of supernatant were

45

assayed for 450& activity as described above. Data are exiressed as % “Ca

n

efflux, where 100% is assigned to the increase in 45Ca activity from zero-time

to 3 min in the absence of added drug. With care, this method was
9

reproducible and duplicate| determinations agreed to within 5%.

k]

This procedure for the determination of 43ca efflux is analogous to the

"ecalcium efflux-exchange" procedure reported by Blackmore e* al.  (1978),

except-thet 45ca released from cells is measured in_the present experiments

rather than 450& cell content in the latter. The loss of 45Ca from cells is
measured after 3 min of stimulation with agonists to correspond to times at

which phosphorylase a activity was determined.

2.8 Thyroid Hormone Assays.

Serum thyroxine (T4) was measured in blood samples collected at the time
g

of hepatocvte isolation by radioimmunoassay with the use of a kit commercially

available from Diagnostics Biochem Canada Inc., London, Ontario.

2.9 Preparation 6f Liver Plasma Membranes

Plasma membranes were prepared from freshly excised livers by the
method of Neville (1968) as modified by Wolfe et al. (1976). - Membranes were .

used for the binding assay on the day of preparation.

2.10 [3H] Prazosin Binding Assay.

Binding of (3H)prazosin was assayed in triplicate at 31°C. Incubation was
for 30 min in 50 mM potassium phosphate buffer at pH 7.5 containing 0.080
to 0.160 mg of protein, 20 to 1000 pM [3H] prazosin the indicated adrenergic
agor;ist or an;agonist and 4 mM MgSO4 in a final volume of 1.0 ml. The use

of protein concentrations less than_ 0.2 mg/ml was necessary to avoid
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significant (<10%) reduction of the free concentration of [SH] prazosin in the
incubation medium. Specific bindir;g was defined as the difference between
binding in the absence and presence of 2.0 uM phentolamine. Incubation was
terminated by rapid vacuum filtration onto a single Whatman GF/C glass fiber
filter followed by three 5.0 ml washes with 'the same buffer at 22°C. The
filters were air-dried, incubated with 0.3 ml of NCS tissue solubilizer
(Amersham) ’overnight and the radioactivity determined by liquid scintillation
spectrometry in a toluene based cocktail at an efficiency of 50 to 55%.

Efficiency for each sample was verified by the channels ratio technique.

2.11 Statistics and Expression of Results.

All data shown is either the result of a single representative experiment
. or the mean * standard error of the mean (s.e.m.) from three or_more separate
cell prepara;cions as detailed in the captions to figures and tables.

Statistical comparisons were made by either a two-sample rank test: the .
Mann-Whitney U-test or the Kruskal-Wallis test where more than two groups are

compared (Sokal and Rohlf 1969). A probability value of less than 0.05 was

taken to imply a statistically significant difference between groupé.
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3.1 Activation of glycogen phosphorylase by adrenergic agonists in hepatocytes

from euthvroid, hypothyroid and hyperthyroid rats.

Figure 3.1 shows the tir"f)e;course of activation of glycogen phosphorylase
by 10°%M adrenaline in hepatocytes from euthyroi;i, hypothyroid and
hyperthyroid rats. Thirty minutes of preincubation resulted in stable "basal
phosphorylase a activity. Addition of agonist was followed by a rapid (less,
than one ;m'n) increase in acti\;ity which remained at plateau for at least five
minutes. Similar results were ot;tained in all three groups-of animals.

Complete concentration-response curves for adrenaline, isoproterenol and

phenylephrine for each group eof rats are shown in figure 3.2. For all

experiments shown in this figure, phosphorylase a activity was determined in

aliquots of cell suspénsion taken immediately before (zero agonist concentration)

and 3.0 min after the addition of agqgists. The type of adrenoeceptor involved

"in the activation of phosphorylase was deduced from the relative potencies of

" these three agonfsts. Basal phosphorylase a activity was not changed by either

thyroidectomy or thyroxine treatment. The order of potency of agonists in
hepatocytes from normal rats was adrenaline > phenylephrine > isoproterenol

el
(figute 3.2 and table 3.1) which agrees with earlier reports that the response

is mediated by alpha adrenoceptors (Sherline et al. 19723 Hutson et al. 1976). |

4

Thyroxine treatment deereased somewhat the maximum phosphorylase a response

to adrenaline and phenylephrine (figure 3.2), which resulted in a slight decrease
in the ’ECSD to all three agonists (table 3.1, but their relative potencies
remained unaltered. However, in .hepatocytes from hypothyroid rats the order

of potency was markedly clianged to isoproterenol > adrenaline > phenylephrine

f

(table 3.1). This order of poteney is characteristic of beta 'adqenoé'e[i"téi"s; :

Figure 3.2 shows that in normal rats isoproterenol was not only the léast -

potent agonist, but its efficacy was-also-significantly léss than that of the

Y

other two agonists. In- hypothyroid rats, the efficacy of isoproterenol, was

: — — . %
greater while the efficacies of adrenaline and phenylephrine were lower than

~
- L4
0
-
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-in .euthyroid controls. ' /

The cﬁan‘ge -inﬁéponse pattern .developed slowly. Changes in,ag~onist

v

potencies were minimal in two rats tested at 2 wk following thyroideqtomfr

~/ .

although sem‘Jmuthyroxine levels were as low as at three monfhs (table 3.1).
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FIGUi{E 3.1 Time-course ofJ activation of glycogen phosphorylaée a by

adrensaline in hepatoeytes from éuthyroid, hypothyroid and hyperthyroid rats.

Cells were isolated as described in section 2.3. After 30 min of
incubation in a medium without added gelatin (time 0), 10 pl of saline or
acﬁfenaline, Pplus saline was added to a 10 ml volume of cell suspension to give

a final concentration of 10'§M adrenaline. At the indicated times 1.0 ml

= ]

aliquots of this suspension were homogenized in an equal volume of assay

.

"buffer (section 2.4) and assayed for phosphorylase a aectivity as detailed in -

section 2.4. Units of enzyme activity are nanomoles of (-4 glucose

incorporated into glycogen per min per mg protein. Each set of data points

n
o

are the results from a single rat from each group. .

-
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FIGURE 3.2 Activation of glycogen phosphorylase a by adrenaline,

isoproterenol and phenylephrine in hepatocytes from euthyroid, hypothyroid and
\

. Cells were isolated as deseribed in sect\ig\n 2.3. After 30 min of
incubation in a medium without added gelatin, adrenaline, isoproterenol or
phenylephrine (10 pl) were added to 3.0 ml of cell suspension to give the

<

final concentrations of agonist indicated. Phosphorylase a activity was

_ determined (section 2.4) in 1.0 ml aliquots of cell suspension taken immediately

before (zero agonist concentration) and 3.0 min after the addition of agonist.
Units of enzyme activity are as noted in section 2.4). Each point represents

the mean + s.e.m. 'for 3 to 13 separate cell preparations. The ECg, is also

shown. pD2 values for these experiments are given in table 3.1
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Table 3.1
The influence of thyroid state on the potency of
b

adrenergic agonists in activating hepatic glycogen ph\asphorylase.

Normal Hyperthyroid Hypothyroid

10-14 wk 2 wk

Serum T4 Level  50.3 # 9.9  98.3 % 2.0%* 8.2+ 2.4% ° 9,9 + 2.1
(ng/ml) ‘

‘Agonist Potencies

Isoproterenol 5.35 *0.38 5.75% 0.34 8,77 % 0.25* 6.02 + 0.36

(5) (5) (4) C(2)

‘Adrenaline 7.73 £0.11  8.41 % 0.39 7.9 + 0.27 7.45 + 0.12
(13) AP (5) )

Phenylevhrine 6.21 +0.10 6.58% 0.20 5.54 + 0.15% 5,77 + 0.12
; (8) (5) (3 - (2)

Data are from the same experiments shown in figure 3.2. ) Values shown are

the mean * s.e.m. of the pD2 values for the number of experiments thown

in parentheses. The ED, is the negative logarithm of the agonist

concentration produging half—mg‘;(imal activation of hepatic glycogen
i '

phosphorylase. For details concerﬁ’inq the determination of phosphorylase

activitv, refer to the caption for figure 3.2 and section 2.4. Serum T4

levels were determined as described in section 2.8. * indicates a
significant difference from corresponding values in normal rats.

L4
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L 3
3.2 Effects of adrenergic antagonists on adrenaline activation of glycogen

phosphorylase in hepatocytes from euthyroid, hypothyroid and hyperthyroid rats.

The apparent change in the type of adrenoceptor mediating phésphorylase
activation was further examined by comparing the effects of adrenergic
antagonists on the phosphorylase response to the mixed alpha/beta receptor
agonist adrenaline in hepatocytes from each group of animals.

The 2ltered potency of agonists in hypothyroid rats was associated with

a corresponding change in the effectiveness of alpha and beta receptor

‘antagonists. Figure 3.3 illustrates that the inecrease in phosphorylase activity

&

produced by adrenaline in normal hepatocytes was substantially inhibited by the
alpha antagonists phenoxybenzamine (POB) and dihydroer‘gocrﬂzptine (DHE), but
was not affected by the beta antagonis'£ propranolol. In cells from hypothyroid
ai:;imals the alpha r‘ec’eptor antagonists did not. significantly inhibit phosphor_;rlase
activation by adrenaline, whereas propranolol was an effective inhibitor at low

adrenaline concentrations. Beta receptors are generally more sensitive to

stimulation by adrenaline (Kunos 1977) and the absence of block by propranolol

¥

at higher adrenaline concentrations may be due to remaining alphal receptor

T

getivity.

In hepatocytes from hyperthyroid rats both DHE and POB were effective
\ ;

4

antagonists of adrenaline-induced phosphorylase _activation, while the beta
receptor antagonist,’ propranolol, was again ineffective. This pattern of drug
response is the same as that seen in hepatocytes Erolma normal rats and
confirms rgsul-;cs obtained with adrenergic agonists: the response is mediated
predominantly by alpha receptors in preparations. from the hyperthyroid rat

. ! - %
liver.
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FIGURE 3.3 Effects of adrenergic antagonists propranolol, phenoxybenzamine
and dihydroergocryptine on activation of glycogen phosphorylase & by adrenaline
in hepatocytes from euthyroid, hypéthyroid and hyperthyroid rats.
Experimental details are as described in the caption to figure 3.2 except
that antagonists were added at the start of the 30 min incubation period to
give a final concentration of 1079 in each case. Antagonists were added,
1 gl per ml of cell suspension in vehicle as specified for each in section 2.2.
Units of enzyme activity are ’asrnvoitgdfwin section 2.4. Each point represents
the'mean * s.e.m. for 3 .tq 7 separate éell preparations except-for panels f

and i where the results of a single representative experiment are shown.

0
L}

Solid bars: antagonist present. Striped bars: no antagonist present.
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3.3 The effect of ecortisol treatment on glycogen phosphorylase activation by

adrenaline, isopfotgmol and phenylephrine in hepatocv("(es from thyroidectomized

rats.

Changes in hepatic adrenergic receptors similar to those observed after
thyroidectomy have been deseribed followi;lg adrenalectomy (Chan et al. 1979a).
In order to test the possibility that the effect of thyroidectomy reported hcre
was secondary to thyroid-induced changes in the adrenal—pituit‘ary axis, the
effect of cortisol treatment on. the phosphorylase response in thyroidectomized

rats was examined. Results are shown in figure 3.4. Treatment - of

thyroidectomized rats with cortisol (50 mg/kg) every 12 h-beginning 48 h ’

before the experiment did not significantly change the response to the three

- aponists when eompared with untreated thyroidectomized rats. A similar

treatment regimen has been reportea to reverse the effects of adrenalectomy

on hepatic beta adrenergic receptors (Wolfe et al. 1976).

72
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FIGURE 3.4 The effect of cortisol treatment on the activation of glycogen

phosphorylase a by adrenaline, isoproterenol and phenylephrine in hepatocytes

from hypothyroid rats. ‘ .

§

Cells were isolated from hypothyroid rats that had received intraperitoneal

injections of cortisone acetate (50 mg/kg) every 12 h beginnipg 48 h before
the experiment. Isolation, incubation of hepatocytes and assay of glycogen
phosphorylase a activity were done as described in the caption to figure 3}2‘
Open symbols and filled symbols represent the means of 3 to 8 separate céll
p,reparations f{om‘hypothyroid and hypothyroid, cortisol-treated rats

respectively. \ Data for hypothyroid rats is the same. as that appearing in

figure 3.2. Standard error bars have been omitted for clarity.
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3.4 Accﬁmu]ation of cAMP in response to stimulation by adrenergic agonists in

hepatocytes from normal and thyroidectomized rats.

2

_In order to’further investigate the nature of the emergent beta receptor
contribution to phosphqrylase activation in thyroidectomizeg] rats, cAMP
accumulation in response to adrenaline, iso_px:oterehol and ’phenylephrine was
measured and compared with the résponée in hepatocytes from normal rats,
Preliminary time-course experiments are shown in figure 3.5. Isoproterenol
(IO—GM') produced a rapid (less than one min) increase in cAMP that rerr;ai ed
at platez:au for at least 5 min in hepatocytes from thyroidectomized raits.
Similar~ results were obtained with normal hepatocytes except that magnitu‘de
of the response was very much less. In subsequent experiments hepatocyte

suspensions were sampled for the determination of ¢AMP at L5 min after the

addition of agonists.

a

‘ k ‘
Complete concentrati@response curves were produced for adrenaline,

isoproterenol and phenylephrine in hepatocytes from normal and
thyroidectomized rats (figure 3.6). Basal cAMP levels were not different for

both groups: 185 + 0.76 pfnol/mg protein for normal (n=3) and 2.25 + 0.93

- pmol/mg protein for thyroidectomized rats (n=3). All three agonists produced

concentration-dependent increases in cAMP levels, however, in both groups’of

1

‘animals the magnitude of the response to adrernaline and isoproterenol was very

much greater in hepatocyles from thyroi;iectomized rats; the response to

isoproterenol stimulation was approximately 20-fold greater than in normal rats,

4

The order of effectiveness in producing this response’ was isoproterenol

> adrenaline > noradrenaline, which is consistentqwith a beta, adrenergic

receptor response in the, thyrfoi"dectomized rat (figures "3.6 and 3.7). The
difference in the maximum responée to isoproterenol in the two groups could
not be accounted for by a difference in metabolism of the drug since exposure
was brief, and as shown'in figure 3.8, the level of cAMP accumulation in

response to isoproterenol was directly proportional’to the density of hepatocyte

.
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suspensions from both a thyroidectomized and normal rat.

In order to test the possibility ';hat differential metabolism of cAMP by
phosphodiesterase in the two groups was the basis for this difference, the
response to isoproterenol was. examined in the presence of
isobutylhethylxanthine (IBMX), a phosphodiestérase inhibitor. Results of these
‘e)éperimen.ts are summarized in table 3.2 and demonstrate that although cAMP

accumulation in response to isoproterenol was enhanced in the presence of this

inhibitor, the difference between the response in normal and thyroidectomized '
. A"

rat hepatocvtes remainéd. A difference in phophodiesterase activity, therefore,
canraxot account for the above qbservationé.

Comparison of the cAMP resp;)nse to isoproterenol and adrenaline in the
thyroidectomized.rats showed that at ma;cimal concentrations of these drugs,
isoproterenol consistently produced greater cAMP accumulation than adrenaline.
However, both of these drugs are are considered to be "full" beta receptor
agonists. Adrenaline is also a "full" alpha receptor agonist, while isoproterenol
has only a very slight effect on alpha receptors. This raised the ~possibility

.. that the difference in their effectiveness could’ be due to an inhibitory
inﬂuencle of alpha receptor stimulation on cAMP accumulation as noted in tkvle
liver by others (section 1.3.3). To test this possibility the effect of

Q phenoxybenzamine, an alpha receptor antagonist, on adrenaline-stimulated cAMP

accumulation swas examined. As the results summarized in table 3.3 show,

adrenaline-stimulated eAMP accumulation in hepatocytes was significantly

enhanced ‘after blockade of alpha receptors with phenoxybenzamine in the

+

. thyroideétomized rat. However, phenoxybenzamine blockade did not potentiate

cAMP accumulation in response to adrenaline in the normal rat. This suggested )

4
that inhibitory alpha keeptor activity was responsible for the difference in

maximal cAMP accumulation induced by isoproterenol and adrenaline.
Furthermore, such inhibitory alpha receptors appear to be active only in the

*  hypothyroid and not in the mormal rat.
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FIGURE 3.5 Time-course of cAMP accumulation in response to isoproterenol
in hepatocytes from normal and thyroidectomized rats.

&

!

Cells were isolated as deseribed in section 2.3. After 30 min of
incubation in a medium without added gelatin (time 0), 10 pl of 'saline

(broken line) or isoproterenol (solid line) was added to a 10 ml volume of cell
w7 *

6

suspension (approximately 40 mg/ml) to give a final concentration of 107°M

isoproterenol. At the indicated times, 1.0 ml aliquots of this suspension were
homogenized in an equal, volume of. 10% trichloracetic acid and assayed for
cAMP as detailed in scction 2.5. Results of a single representative experiment

are shown with cells from a normal and thyroidectomized rat.
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FIGURE 3.6 Accumulation of cAMP in response to stimulation by adrenaline, .

isoproterenol and phenylephrine in hepatocytes from normal and

\

thyroidectomized rats.

Cells were isolated as described in section-2.3 and resuspended in medium

without gelatin. After 30 min of preincﬁbation, drug was added in a 10 pl

volume to 3 ml of cell suspension to give the indicated final concentrations.
After L5 min, L0 ml aliquoté of this suspension were removed and aséayed

for CAMP .as detailed in) section 2.5. Results are the mean t s.e.m, for three

seé@rate cell preparations from thyroidectomized and normal rats (upper and

right panel).
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PIGURE 3.7 Accumulation of ¢AMP in response to stimulation by adrenaline |
¢

and noradrenaline in hepatocytes from a thyroi'd'gctomized rat.

»Cells” were isolated as described in section 2.3. After 30 min of

preincubation, adrenaline or noradrenaline was added in a 10 pl volume of

saline to 3.0 ml volume of cell suspension to give the indicated final agonist
concentrations. Aftex: 1.5 min, 1.0 _ml aliquots of this suspension were

removed and assayed for cAMP as detailed.in section 2.5. Results ‘shown are

of a single cell preparation from a thyroidectomized rat.
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FIGURE 3.8 Isoproterenol-stimulated cAMP accumulation as a qfunctipn of

tissue amount in hepatocytes from a normal and a thyroidectomized rat.

-
i

{
“

\

*'These were then
Q!

dlluted {?mce by 50% to give thr'ee concentrations of cell mateplal Three ml

Ce_DIS were resuspended at approximately 80 mg/ml

ahquots of each of these corFentranons were incubated and cAMP accumulation
in response to 107 M isoproterenol was determined as described in’th'e"captipn

v
to figure -3.6. Each data point reflects the value obtained from a single
aliquot of cell suspensiofl for cells isolated}from a normal and .a

thyroidectomized rat. .
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Table 3.2

Effect of phosphodiesterase inhibitor (IBMX) en isoproterentls-

normal and th}(roidectanized rats,

and q1ut:aqon—-stimu1ated .CAMP accumulation in hepatocytes from

2

CAMP Accumulation (pmodl/mg protein)

3

v Normal Th;z'rt;idectdmi‘z'ed . .
*'jwm‘w o " Control ‘, 1.9 £ 0.4 1.6 % 0.3
o o # TR C 2,710 2.7 % 0.5- ¢ ,
: / 107BM Tsoproterencl 2.340.6 :‘30.3,50.96_ ;
+ e 3.1+ 0.6 Bk 06 % . .
1075 Isoproterenol 2.5+ 0.4 10.0 £ 1.1 *";:,/ ‘ ) *
| +IBMX 3.8 + 0.6 40,8 + 56 % .
‘10"9M Glucagon 3.9 0.7 L 4.2 % 1.3 ‘
v mx 1.2 % 2. 15.2 & 4.5

107 M Glucagon

+ IBMX

24.5 % 5.4 *
75.2-4 12.4% -

-

hCyclic': AP accumilation in response to stimuation with glucadon or
isoproterencl at the indicated concentrations was détermined as detailed
in the caption to figure 3.10 and 3.12 except that 10™4M
iszutylmethybcanthine (IBMX) or vehicle alcne (2 M1 ethanol/ml of cell
suspension) was added 10 min before the addition of agonist. Values shown
* indicates

are the mean + s.e.m. for four to six cell preparations.

. values significantly different fram that obtained with normal hepatocytes. >

t 3
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Table 3.3

- . ¢

. ) Effect of phenoxybenzamine on adrenaline-stimulated. cAMP

accunulation in- hepatocytes from a normal and a thyroidectamized rat.

7

. .
- ' cAMP Accumplation (pmol/mg protein)
. q - q J (\
‘ . ) _(fontrol \ 'éhenoxypenzamine |
‘ \ prr’oi'dect:gnized |
: " galine , o 203%0.24  L87to0.28 :
, . o ;10‘5m”A’ar;ana1‘ine .75 6.50 .i
_ 107 Adrerialine 5.25'%0.40 * 7.0 * 0.60 E
* ', Normal ' . . . :
Saline L 2400 2,25 \ .
‘ ] 1075 Adrenaline ©  3.47 . . 2.96 e
) ' " 107 Adrenaline . 3,60 | 3.50 ” ;

-

Cyclicfzbsr-’_D accumulation in response to stimulation with adrenaline at the
indicated concentrations was determined as detailed in the caption to
figure 3.6 except that 10"5M pﬁenovaenzamine or véhicle alone (1 pl
acidified ethanol/ml of cell suspension) was added 10 min before the
addition of adrenaline (10 pl’/ml). Values shown are the mean + s.e.m
for quaéruplicate incubations of a single cell preparation fram a
thyr;idectanized rat or the results of duplicate determinations where
values without standard errors are shown. Similar results were obtained
. in two, more cell preparations fram thyroidectamized and one fram normal
rats. * ‘indicates a significant difference between adjaclen,t val ues..
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3.5 Glucagon-induced activation of glycogen phosphorylasé and cAMP

, accumulation in hepatoeytes from _thyfvidectomized and normal rats.

Y
In ordep” to examine the selectivity of changes in beta adrenoceptor

acﬁvity brought about after thyroidectomy, gluecagon activation of. phosphorylase

was compared in normal and thyroidectomized rats. Figure 3.9 illustrates that

A

glucagon produced an identicgl phosphorylase activation in hepatocytes fro;n
thes{e two groups over the entire range of concentrations tested. Thus the
action of a second glycogenolytic hormone, known to activate phosphorylase via
a similar cAMP (;asc?de (section 1.3.2) is not affected by thyroidectomy in the
same way as beta receptor agonists are.

However, when cAMP acfcumulation in response to glucagon was examined,
it was -found to be significantly enhanced in r{epatocytes from thyroidectomized
rats, but only at:relatively high glucagon concentrations (figure 3.}0). At 10
nM glucagen, a concentration that- was maximally effective in stimulating
phosphorylase activity (figure 3.9), no difference in ¢AMP accumulation was

t~
observed (figure 3.10). This indicates that over the range of glucagon
concentrations that ean be considered physiologically importa‘nt, there is no
differenc)e in cAMP accumulation when thyroidectomized rats are compared
with normal animals. The addition of phlasphodiesterase inhibitor (IBMX, table
3.2) enhanced glucagon-stimulated ¢AMP accumulation in both groups. The
difference noted at higher glucagon concentrations in the absence of this

inhibitor was even greater, suggesting that differential metabolism of cAMP in

these two croups could not account for the observed difference.

e a

82




il

A * Shena e e ate e A

-1

’13' 9 .

]

=

3 @ { s

> 60} e/

=z

L

0

<

m .

¢ 4ol SR
g a0t

) -

9 ® Normal

§— /Q O Thyroidectomized
£ 20} 8—~C

- .: ] | o | | S 1 | 1 |
) 0.0 0.01 0.1 1.0 10.0 100.0

Glucagon Concentration (nanomaolar)

N

FIGURE 3.9 Activation of’ glycogen phosphorylase by glucagon in hepatocytes
from normal and thyroidécomized rats. ' '

were isolated as described in section 2.3. After 30 min of

Cells
~3
incubation in & medium with added gelatin, gludagon (10 pl/ml) was added to

give the indicated final concentrations. After 3 min 1 ml of cell suspension

were removed, diluted into 5 ml of ice cold Krebs-Henseleit buffer, rapidly -.

centrifuged and prepared for asséy of phosphorylasc a as detailed in section

2.4. Values shown are the mean + s.e.m. ~ of four separate cell preparationé

from normal rats and five in the casé of thyroidecomized rats.
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FIGURE 3.10 Accumulation of cAMP in response to stimulation by glucagon

¢

in hepatocytes from normal and thyroidectomized rats. -
4 »

Cells were isolated as descriﬁed in sec‘gion02.3 and resuspended in medium

containing gelatin. After 30 min of preincubation glucagon was added to give

‘the’ indicated final conce’ntrétions. _After 1.5 min, L0 ml aliquots of this

. ' / . . .
suspension were removed and assayed for cAMP as detailed in section 2.3.

w

Results shown are the mean + s.e.m. for six and eight separate cell -

4

preparations from thyroidectomized and normal rats respectively. *indicates

values significantly different from normal.
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3.6 Effect of triiodothyronine replacement on isoproterenol-induced cAMP

. accumulation and glycopgen phosphorylase activation in hepatocytes from

thyroidectomized rats. .

Figure 3.11 summarizes the effect of T3 recplacement on
isoproterenol-induced ¢cAMP accumulation in thyroidectomized rats. Animals
received 0.25 mg Ty per kg body weight by daily intraperitoneal injections for
either two or four days. This dose of T3 is known to completely saturate
hepatic nuclear thyroid hormone binding sites (Oppenheimer et al. 1978). As
sh(;\:\rn in figure 3.1, isoproterenocl-induced cAMP accumulation was greatly
enhanced in hepatocytes [rom thy\\oidectomized compared with normal rats.
Thyroid hormone replacement for two days reduced the response somewhat,{

&

while after four days the effect of isoproterenol was not different from that
of normal rat hepatocytes.

The effect of .four days of treatment with T4 on isoproterenol activation
of glycogen phosphorylase is shown in figure 3.12. In agreement with earlier
results (section 3.1), isoproterenol was significantly more ecffective in
stimulating 'phosphorylase in hepatocytes from thyroidectomized rats when

compared with normal. The response of hepatocytes from T3—-treated,

thyroidectomized rats was returned partially, but not completely to normal

levels, in contrast to the effect of four-day treatment on cAMP responses-

(figure 3.11). This is most likely-due to the apparently greater sensitivity of -

-

phosphorvlase activation than cAMP accumulation to stimulation by

glycogenolvtic hormones (section 4.2).
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FIGURE 3.1 -Effect of triiodothyronine replacement on isoproterenol- -

stimulated accumulation of cAMP in hepatocytes frm thyroidectomized rats.

Comparison with response in normal and untreated thyroidectomized rats.
s .
& %
. i . N\,
Thyrqidectomized_rat/s r% ived 025 mg T3 per kg by intraperitoneal

fy
injection for &y\'io‘ or four days as indicated. Approximately 12 h after the last

injection hepatocytes were isolated from these as well as normal and untreated,
A4

thyroidectomized rats as described in section 2.3. Cyeclic AMP accumulation
4

"in response to ‘the indicated isoproterenol concentrations was determined as

detailed in the cabjcion to figure 3.6, Results shown are the mean + s.e.m,
for four cell preparations in the case of four day-treated rats and five for the

others. * indicates a significant difference from normal at a given

- . 3

concentration.
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FI(EURE 3.12 Effect of triiodothyronine replacement on activation of
phosphorylase by isoproterenol in hepatocytes from thyroidectomized rats.
.Comparison with response in normal and untreated, thyroidectomized rats.
e ' Cells were isolated from normal, thyroidectomized, and thyroidectomized

rats treated for four days with Ty as deschkibed in the caption to figure 3.1.
Cells were preincubated for 30 °min after which time isoproterenol was added
(10 pl/ml) to give the indicated final concentrations. After 3 min

phosphorylase was detcrmined as deseribed in the caption to figure 3.9. Values

shown are the mean + s.e.m. for four cell preparations in each case.
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3.7 Effect of phenylephrine on caleium efflux in hepatocytes from normal,

thyrodectomized and thyrodectomized, trilodothyronine-treated rats. .

As desecribed above (section 3.1), thyroidectomy produced a marked
decrease in the efficacy of both adrenaline and phenylephrine in activating
glycogen phosphorylase. A likely explangtion for the decreased efficacy ofp
these two agonists is a decrease in alpha receptor activity. Stimulation ofu
alpha receptors has been shown to lead to the release of calcium from isolated
hepatocytes (section 1.3.3), Thus,’ to further investigate this possible dfecrease
in alpha receptor sctivity, phenylephrine-stimulated calcium efflux from intaect

. cps C
hepatocytes was examined by the use of a calcium-sensitive electrode as

deseribed by Chen et al. (1978).

_In agreement with those authors, preliminary'%experiments (figure 3.13)
showed that phenylephrine produced aJconcentration-dependent increase in
caleium rele?se from Kintact hepatoeytes which could be blocked by the alpha
antagonist phenoxybenzamine. The ealcium inophore, A23187, induced the
release of additional ¢alecium, above that released by maximal phenylephrine
concentrations (figure 3.13 A). Isoproterenol, at a concentration that is
maximall(y effective in stimulating béta receptors, had no effect on calc‘iu;n
efflux in either normal or hypothyroid rats, whereas a second glﬂzc genolytie
hormone, vesopressin, produced significant calcium relet;s:e even qfter blockade
by phenoxybenzamine '(figure 313 B and C). Figur\e 3.13 also shows that
phenylephrine could be measured in a cumulative manner without the emergence
o~f significant tachiphylaxis: responses to single doses were not significgntly
different from those to cumulative doses.

Hence, 'complete concentration-response curves were produced for
phenylephrine in hepatocyte suspensions prepared from thyroidectomized rats
and compared with triiodothyronine-treated, thyroidectomized rats and normal

rats. These results are summarized in figure 3.14. As expected on the basis

of results obtained for phenylephrine stimulation of glycogen phosphorylase,

o 88
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ufhyroidechtomy resulte:d in a marked suppreésion o‘f the phenylephrine

concentration-response curve for calcium efflux when compared to that‘tfor

’ - normal rats. \Triiodothyron‘ine treatment (0.25 mg/kg for four days) réturned
the concentration-response curve of the thyroidectomized rats towards no‘rmal.
The mean EC50 values for.these three groups are shown in table 3.4. The

decrease ,in efficacy of phenylephrine was accompanied by an approximately

six-fold decrease in poténcy of this agonist after \thyroidectomy. T3-—-t1‘eatment
alsotnormalized’ this shift in potency:

'
-
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FIGURE 3.13 Effects of various glycogenolytic agents on calcium efflux from
hepatocytes isolated from normal and thyroidectomized rats as measured by a

calcium-sensitive electrode.

Hepatocytes were isolated \(section 2.3) and prepared for determination of
calcium efflux using a calcium-sensitive electrode as described in section 2.6.
Tracing A shows the caleium efflux produced by incremental doses of
phenylephrine in a s'uspensiorﬂl of cells from. a normal rat. - Adjacent are
tracings showing the efflux produced by approximately equivglent single

phenylephrine doses in separate suspensions af cells from the same cell

preparation. A23187 caused the efflux of more caleium than a meaximum dose

. of phenylephrine. Tracing B shows that isoproterenocl, at a maximally effective

[

glycogenolytic dosg, pt"oduced no calecium efflux in a cell suspension from a
second normal rat. ghenoxybenzamine completely inhibited
phenylephrine-induced efflux, but had no effect on the vésopr'essin response.
Tracing C is produced with cells from a thyroidectomized rat and sh<;ws that
isoproterenol was again without effect on calcium efflux, while vasopressin

o°
produced a rapid caleium loss. .
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... ~FIGURE 3.4 Phenylephrine-stimulated calecium efflux in hepatocytes frome—
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a

‘normal,

b
‘rats (Tx + T3).

- a

o

a

¢

3
.

thyroidectomized (Tx) and thyroidectomized, T4-treated

Hepatocytesuwerebisolated and prepared for determination of caleium’

efflux -by calcium—sensitive electrode as described” in the capﬁon to figure 3.13.-

o

0

After a stable baseline was obtamed phenylephrme was added to gwe the

cummulaﬁwg concegtratlons

L

u

shown.

At tﬁe

conclusxon of each

o
B >

.concentration-response curve, ecalibration pulses of calcium were added and the

amount, of caleium efflux calculated. Values shown are .the mean ¥ s.e,m.

a

o

i

o

of

five cell preparations from T3—treatéd rats and six from' each of the other

"groups.

LI

. ecells from normal rats.

table 3.4,

ot

o

* indicates wvalues significantly diffé}réﬁ;t from those obtained with’

uMeanaECSO values with standard errors are given in

¢
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" Getermined with 2.5 mM extracellular calcium as was

U ) Table 3.4 .

Potency of phenylephrine and vas:opressin';in stimulation of glycogen

phosphorvlase)and calcium efflux in hepatocytes fram normal,

thyroidectcmized (TX). and thyrqidectaﬁized, triiodothyronine=treated

“ ATx L&’I‘3) rats.
w L f AR )
T ) e .

v Normal TX ™ + T3
Phenvlephrine (uM) ' B ew
Phosphorylase 0.8 % 0.3 6.0 % L6* 13407
S (4) . (4 @

/ ’ . s ¥ _
Calcium Efflux 1.1+ 0.4 6.2+ 1.7%* .13 %0.2
(Ca—free) (6) - (6) T (5)
4Bca-Effiux 1.6 + 0.7 n.d. 1.6 £ 0.3 °
(2.5 mM Ca), (4) (4)
\
Vasooress’i'n (nM) ..
Phosphorylase 0.5+ 0.2 1.2 + 0.2 n.c'l;‘D o
“ (4) (4) Lo
Calcium Efflux 1.9 + 0.7 “ 5,14 1.4*% - n.d.
(Ca—free) (5) . (6) -
45, _fa. ; tL N
Ca—Fff)ux 0.5+ 0.1 3,0 + 0.4* n.d. .
(2.5 m Ca) (4) (4) « e

Data are from the same exveriments réported,in figures 3.14, 3.15, 3.19
and 3.20. Each value is the mean * s.e.m.’of the EC;, value for the

number of exper iments shown in parentheses. Phosphorylase activities were

45Ca efflux. .Calcium

efflux (measured by calciumn-sensitive electrode) was determinhed in

naminally calcium-free medium. * indicates values significantly different

from that cbtained in normal rats. For details about the measurement of

3
these resvonses in hepatocyte, suspénsions refer to the legends to the

/
above-indicated figures.
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in the thyroidectomized rat this difference approaches, but does not attain

- . 3
statistical significance., Comparison of this ehange with that for phenylephrine 8

3.8 The effect of vasopressin on caleium efflux from hepatoeytes of normal

and thyroidectdmized rats. e

Vasoi)ressin has been shown to activate hepatie glycogen phosphorylase by
% !
a cyclic AMP-independent mechanism (Kirk and Hgms 1974). Similar to alpha
adreneréic agonists, vasopressin stimulates calecium release from isolated
' \

hépatocy”ces (Blgckmore et al. 1978; Chen et al. 1978) an@ the accompanying

transient increase in eytosolie calecium is believed to mediate the activation of

glyeogen phosphorylase (sectidbn 1.3.3). Since the mitochondrial pool from which
caleium is released and the post-receptor mechanisms for phosghorylase
activation are thought ta be the same for alpha adrenergic agonists and
vasopressin (sec"cion 1.3.3), vgsdpressm was usednto test whether the influence
of hypothvroidism on the responses to phenylephﬁ_rine is selective for alpha
adren%rgic stimulation. The results of the efféct‘of’vasopressin'—induced
caleium efflux from hepat’pcytes .\Of normal and thyroidectomized rats are sh%wn

v

in figure 3.5. Alfhough the response to vasopressin is somewhat suppressed

(figure 3.14) reveals a different pattern of change with a more significant

suppression for the alpha reeceptor ag_onist. The‘ECSO‘ for the vasopressin
response is shifted 2.7-fold to the right (table 3.4) compared with the six-fold

shift observéd for phenylephrine after thyroidectomy (séction 3.7).

! b‘ .

% . ~

- - » ¥
' - \
'
L]
° &
* o
» )
L]
° [
93 ) .

8




g .
b
: 0.15 | N
: f
; *
, L
o
3 ‘\ '
g’ .
0.10 - T
. P u /(f o
2
v £ '/* .
o
: 0
) i - -
0 E o.05k 1 ,
, X ° o
3. /.. @ Normal
- L
.: 6 > / , O Thyroidectomized
%. o . ‘ '
. 0.00 1 1 1} |
E ' 0.1 1.0 10.0 100.0
9 b
8 Vasopressin Concentration (nanomolar)

spatocytes from

-

FIGURE 3.15 Vasopressin-stimulated calecium efflux _ip—~

_normal and thyroidectomized rats.

8 :
Experimental details are as desecribed in the caption to figure 3.14. Each

-

L]
datd point is the mean * s.e.m. of five and six experiments on separate cell

The

~

preparations from normal and thyroidectomized rats respectively.
differences in \Qasgopressin-stimulated calcium efflux in the two groups of rats

approach statistical significance at some points. ” Mean E05~0 values with

i
-

stapdard errors are giyen in table 3.4.
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3.9 Effect of calcium ionophore A23187, on calecium efflux and glycogen
o

phosphorylase activation in hepatocytes from normal and thyroidectomized rats.

Like vasopressin, the divalent cationgionophore, A23187, has been shown
to activate'glycogen phosphorylase by a cAMP-independent mechanism similar
to alpha sgonists (Blackmore et al. 1978). Accordingly, the effect of the
ionophore on glycogen phosphorylase activtation was comparea in
thyroidectomized and normal rats. Figure 3.16 shows that the ionophore
produced a dose—de?endent increase in phosphorylase a activity in hepétocytes
frc;m normal rats tha;c was not altered after thyroidectomy. The slight inerease

in phosphorylase activity at lower A23187 concentrations in the

thyroidectomized group was most likely due to an increased sensitivity of this

“l o TTuy

group to the vehicle, ethanol. This is supported‘ by the fact that phosphorylase
activity is “signifie;ntly greater in thyroidectomiggd raté when alcohol alone was
added (Zero A23187. concentration).

The effect of A23187 on calcium efflux was also examined in hepatocytes
from normal and thyroidectomized rats. These results are summarized in figure
3.17 and show that the concentration-dependent, A23187-induced calcium efflux

N

is identical in the two groups of animals.
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FIGURE 3.16 Activaiion of gls;cogen phosphorylase by ecalcium inophore,
b
A23187, in hepatoeytes from normal and thyroidecomized rats. s

Cells were isolated as described in section 2.3. After 30 min of
incubation in a medium with added gelatin, yA23187 or vehicle alone (zero
concentration, 2 pl ethanol/ml) was added to give the indicated final ,
concentrations, After 3 min 1 m] of cell suspension were removed, diluted
into 5 ml of ice cold Krebs-Henseleit buffer, rapidly centrifuged ar{d pre[;ared -
for assay of phogphoxzylase a as detailed in section 2.4. Values shown are the

mean * s.e.m. of fbur separate cell preparations in each group.
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FIGURE 3.17 Stimulation of caleium efflux in hepatoeytes from

0.1 1.0

10.0
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” thyroidectomiged rats by calcium ionbphore, A23187.

°

o A23187 or vehic}e (2-50 Ml ethanol/l5 ml of cell suspension) were added to
give the indicated cumulative concentration of drug. Each data point is the

mean + s.e.m. of six experiments on separate cell preparations from normal

{

and thyroidectomized rats.
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Experimental details are as deseribed in the ﬂcaption,to figure 3.14.

normal and
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3.10 Phenvlephrine-induced activation of glyeogen phosphorylase and 4»50a efflux

in hepatoevtes from normal, thyroidectomized a.nd thyroidectomized,

triiodothvronine—tr‘eéted rats.

The calcium efflux experiments described above (sections 3.7, 3.8 and 3.9)
were made with hepatoéyte suspensions in nominally calcium-free medium.
Figuré 3.18 shows that phosphorylase activation by. either phenylephrine or
vasopressin is significantly suppressed under these conditions. Similar resuilts
have been obtained by others (Stubbs et al. 1976; Keppens et al. 1977; Van de
Werve et al. 1977). buThus in order to rule out the possibility that differences -
in phenylephrine;stimulated caleium efflux observed when normal and
thyroidectomized hrats were compared (section' 3.7) were due to’ low calcium
conditions, 450& -efflux was examined at physiological calcium coqsentrations.

Figure 3.19 A shows that, in agreement with the results described in
section 3.7, the effect of phenvlephrine in activating 'phospho;ylase was

suppressed in the hypothyroid liver: the maximal response was reduced by 37%

and the ECSO

thyroidectomized, Ty-treated values were similar (table 3.4) indicating that the

increased /8—f01d (table 3.4). Euthyroid econtrol and

effect of hyvpothyroidism was reversed by Tq replacement (figure 3.19).

In support of the findings with phosphorylase and calcium electrode efflux
experiments (section 3.7), figure 3.19 B shows that phenylephrine-stimulated
45Ca release was markedly suppressed in cells frgm thyroidectomized rats

compared with controls: the maximal response was reduced by 829% so that |

‘reliable estimates of EC;, could not be obtained in these preparations.

Nevertheless, the increase in 45Ca release over baselfne was only significant
at 10-4M phenylephrine, which is 100 times higher: than the effective threshold
concentration in controls. Ty treatment of thyroidectomized rats again
partially corrected this suppression (figure 3.19). Thus the effect of
thyroidectomy on phenylephrine-stimulated calcium efflux described in section

3.7 was confirmed at the same ambient caleium concentrations at which
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phosphorylase responses were studied. g v 0

o

3.1 Vasopressin—-induced activation of glycogen phosphorylase and 4504 efflux

in hepatocvtes from normal and thyroidectomized rats.

]

The data in figure 3.20A illustrate that, in contrast to phenylephrine
(f;gure 3.19A), the maximal response to vasopressin was not influenced by
hypothyroidism, but there was a small, 2.4-fold increase in EC, (table 3.4)
that abproached statistical significance. The maximal 45Ca release by
vasopressin was similarly unaffected, whereas the ECg, increased 6-fold (table
3.4). Thus, hypothyroidism caused a moderate reduction in the potency of

vasopressin, but the effects on, phenylephrine were much more substantially

reduced.

p
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FIGURE 3.18 Effect of extracellular calcium econcentration on vasopressin

and phenylephrine activation of glycogen phosbhorylase in hepatoeytes from a

normal rat. i < .

»

f

Cells were isola|ted as described in section 2.3. Half of the yield from
a single isolation was resuspended in nominally caleium free medium as for
caleium electrode studies (section 2.6), while the other half was resuspended in
medium containing normal calecium (both with gele;tin). After 30 min of

incubation vasopressin or phenylephrine was added to give the indicated final

N e

;:oncentrations. After 3 min 1 ml of cell suspensién was removed, diluted
into 5 ml of ice cold Krebs-Henseleit buffer, rapidly centrifuged and prepared
for assay of phosphorylase a as detailed in section 2.4. Values shown are the
mean of duplicate determinations with cells from a single rat. There w;as no

difference in viability of cells determined at the end of incubation. The

experiment was repeated once with the same result.
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FIGURE 3.19 Phenylephrine stimulation of phosphorylase (A) and 45cq
efflux (B) in hepatocytes from normal, thyroidectomized and thyroidectomized,

T3—treated rats. r :

Hepatocytes were isolated and incubated as described in section: 2.3. One

" ml aliquots were taken for the determination of phosphorylase a 3 min after

the addition of phenylephrine or saline. Deter\mination of ¥Ca efflux was

.made at zero time (see section 2.5) and 3 min after addition of phenylephrine
or saline. 100% represents the difference in radioactivity in the medium from

- zero time to 3 min in the presence.of saline alone. Each data point is the

mean + s.e.m. of four experiments on seperate cell preparations. * indicates

. values significantly different from those obtained with thyroidectomized rats.

Meén ECg values with standard errors are given in table 3.4.
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FIGURE 3.20 Vasopressin stimulation of phosphorylase (A) and 45ca

efflux (B) in hepatocytes from normal and thyroidectomized rats.

Experimental details are as described in the caption to figure 3.19. Each .,
'data point is th’e mean *+ s.e.m. of four experiments on separate cell
preparations. At no concentration of vasopressin are values in thyroidectomized
rats significantly different from controls. Mean EC; values with standard

’

errors are given in table 3.4.
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3.12 Results of [3H]Erazosin binding to plasma membranes isolated from

normal,'thvroideétomized and thyroidectomized, triiodothyronine-treated rat

livers. '
Activation of phosphorylase and stimulatian of caleium release in the
normal rat liver are known to occur via stimulation of alpha1 adrenoceptors

(section 1.3.3), In view of the effects of hypothyroidism on these responses,

‘the specific binding of (3H] prazosin, a selective alpha; receptor antagonist, to

liver plasma membranes from normal, thyroidectomized and thyroidectomized,

To-treated rats was examined. Previous studies have shown that [3H]prazosin

3
is a useful probe for alpha1 receptors in various tissues (Hornung et al. 1979;
Barnes et al. 1979; Karliner et al. 1979) including the liver (Hoffman et al

1981; Geynet et al. 1981). Figure 3.21 illustrates that the binding of

[BH] prazosin is saturable in membranes from all three groups. Specific binding

was 80 to 85% at saturating [3H] prazosin concentrations,

Binding of [3H]prazosin to liver plasma membranes from normal rats was
rapid and reversible. + Figure- 3.22 illustrates the kinetics of specific
[3Hﬁ:razosm binding. From the time-course of association, pseudo-first order
association plots were produced and the apparent association rate constant. Kob
determined by linear regression analysis (Williams and Lefkowitz 1978).
Dissociation initiated by the addition of excess phentolamine (lO_SM) was
first-order (figure 3.22) and the dissociation rate constant, kg, could be
deterrpined by linear regression analysis. From these two values the kineticai]y
derived dissociation constant, Kd, of [3H] prazesin could be calculated as
Kd=k2/kl, where kI:(Kob—kz)/ZOO, 200 being the concentration (pM) of
[3H] prazosin in the assay (Williams and Lefkowitz 1978). The mean + s.e.m.
of k, and k, thus determined in three seperate experiments are 6.6 * 0.4 Xx
101 M min? and 0.031 + 0.004 min ) respectively. The resulting kinetically
derived K4 value of 41.9 + 8.2 pM was close to the equilibrium Kd obtained

from saturation experiments (table 3.5). Both these values agree well with the
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appdrent dissociation constant for prazosin determined by Schjld plot for
antagonism of the phosphorylaét; response to adrenaline in intact 'hepatgcyteé’
(89 + 11 pa). g

In order to determine the maximum binding capééity (bma;() a“nc;] the
affinity of [3H]pmzosin in purified liver plasma membranes from ueach gr;)u;
of animals, steady state binding data were a.nalyzed by the method of
Secatchard (1949). Typical Scatchard-plots are illustrated in figure 3.23 and the
cumulated results from ’several‘experiments in each group are shown in table
3.5. These indicate that receptor density was reduced by more thap n40% Cin
thyroidectomized preparations, but reversed to near normal levels aftérz
’I‘3—treatment.' There was no change in the K of [3H] prazosin. The Hill-plots

in figure 3.23 indicate that binding of 3y prazosin was to a single populatioﬁ

of non-¢ooperative sites (ny: 0.92 to L03). T

In order to determine if thyroidectomy had any effect on the affinity of -

adrenergic agonists for the alpha, receptor site, competition experiménts were

‘made with increasing concentrations of agonists ‘and [3Pﬂprazosi’nq§0.2 nM,

figure 3.24 and table 3.5). The Kd of agonis‘ts was determined b\] the mejchod

of Cheng and Prusoff (1973): :\

ICSO ) \ \\’ K]
G — o\
d C :
'I + 0-2 . .

where IC50 is the concentration bf agonist producifg. 50%- suppression of
[3H]prazosin and K* is the equilibrium dissociation constant of [3I{]‘prazoéin.’ g

\
on

N

W\
1Expcriment done by\W.I1. Kan using low hepatocyte’ coneentrations (I mg/ml)
to aveid significant uptake of' prazosin by liver cells (section 1.3.1). -

‘
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I Figure 3.24 illustratés the stereoselect"ivit‘y of [3H] prazosin binding sites

3

- in preparatxons from normal rats, ,as well as the absence of effect of 100 pM

Gp[S(NH)p on l—adrenahne suppress)on of [SH]prazosm bmdmg in any of the .
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FIGURE 3.21, Saturation curves fpr [3H]prazosin binding in liver plasma

. membranes isolated from normal, thyroidectomized and thyroidectomized,

Plasma membranes were prepared from freshly excised livers as deseribed

in section 2.9. 'Binding of [3H}prazosin in the absence (total binding, upper «#

~

- curves) and preser}%c}qspecific binding, lower lines) of 2 uM phentolamine

was_determined as described in section 2.10. Specific binding (middle curves)
was calculated by taking the difference between total and nonspecific binding.

One representative experiment from each group of rats is shown.  Means of

several similar experiments are given in table. 3.5.
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FIGURE 3.22 Kinetics, of specific binding of [SH] prazosf; to purified plasma

o

membranes from & normal rat liver.
® ¢

Membranes were incubated with 200 pM [3H] prazosin in the absence or
presence of 2 upM phentolamine.  A: time-course for specific binding of
[3H]prazosin during association (@) and dissociation (O) after the addition of A
10 uM phentolamine (4). B: a pseudo-first order association plot v(zhose“slope
(r=0.98) represents the apparent associatipn rate constant, Kot‘i = 0.153fsmikn-l,
C: a first-order plot of dissociation, where the slope (r=0.98) is the first order

dissociation rate constant, k2 = 0.033 min'l The kinetically derived Kd ,(sectiorj .

v .
3.12) was 55 pM and the equilibrium K derived from a Scatchard plot was

. I
52 pM in the same membrane preparation. Thg mean *+ s.e.my of these
values determined in three separate experimeﬁts are given in section -3.12. 8
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FIGURE 3.23 Effects of thyroid state on putative alpha; adrenoceptors

labelled by [3H] prazosin in purified liver plasma membranes.

3

o [

§

Liver plasma membranes \’Nere prepared from freshlyfexc)ised, whole livers
of normal @——@), thyroidectomized (é—--—O) gnd. thyroidectomized,
T3:tréated rats (A~—A) as described in s;ection 2.9. Equilibrium binding of*
[3H]pi‘azosin was assayed as detailed in ;ection' 2.10. A: Scatchard plots from

the same three experiments shown in figure 3.2L The K values were

a

T4 (pl\’é) @), 98.4 pM (©O) and 64.6 pM (A). B: Hill plots from the same,

experiments, with n values of 103 (@), 0.92 (O) and 0.93 (A). Data shown

age from the same experiments in figure 3.2L

3
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. Table 3.5
The effect of thyrc;id state on hepatic alphal receptors
. ) labelled by [>H)prazosin.
Normal T X + Tz
b (FTOl/mg protein) - 567+25 % 32651 * 498 + 23
(5) (8) (5)
R, PHlprazosin (p) 69.8156.1  53.7%11.9 616 % 10.2
(5) (8) (5)
Kyl-adrenaline (uM) 0.68+0.17 0.67 £0.15 0.89 + 0.11
(9) (7 (6)
+ 30 M Gpp(NH)p 1.06 £+ 0.45- 0.73 £0.36 0.9 + 0.28
(3) ' (3) (3) »
+ 100 M Gpo(NH)P 0.7340.23  0.76 £ 0.39  0.94 + 0.16
(3) (3) (3)

R4l-phenvlephrine (uM) 2.58 + 0,15 2.56 +0.40 * 4.05+ 0.10
(3) (3) (3) o

o

Liver plasma membranes were incubated with [3H] prazosin in the absence or
presence of competing ].ig;ands as described in section 2.10. The Ky and

bmax of faH]prazosin was determined hy Scatchard analysis of specific

‘bindinq as described in the caption to figure 3.23. In oompetition

experiments with agonists, of ,[3H]prazosin was 0.2 nM and the Kd of

agonists was determined as described in section 3.12. Means + s.e.m are
S

‘'shown with the number of experiments in parentheses. * indicates a

significant difference between adjacent values.
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FIGURE 3.24 Adrenaline suppression of [3H] prazosin binding to putative

“a‘lpha1 receptors in rat liver.

1

Binding éssays ’were done as described in section 2.10. Assay tubes
contained [’ Hlprazosin (0.2 nM) in the absence (Bo) or presence (B) of various
concentrations of adrenaline. Data points represent the means of three
separate experiments. In each preparation, l-adrenaline suppression of binding
was tested in the absence (filled symbols, solid lines) and presence (open
symbols, dashed lines) of 100 uM Gpp(NH)p. d-Adrenaline suppression in the
absence of Gpp(NH)p was tested in controls (B). The mean K, values in the
absence and presen;e of Gpp(NH)p (calculated as described in section 3.12),
-resbectively, were 0.88 + 0.14 and 0.73 + 0.23 UM in controls, 0.60 + 0.12
and 0,73 + 0.39 uM in Tx, and 102 + 0.25 and 0.94 + 0.6 MM in
Tx +T,. The ny values of corresponding Hill plots (95% confidence 1limits)

were 0.77-0.87 and 0.68-0.82 (controls); 0.70-0.84 and 0.75-0.89 (Tx); 0.65-0.75

and 0.82-0.98 (Tx + TB)' ’
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4.1 Géneral Considerations: The effect of altered thyroid state on hepatic

adrenergic receptors.

’

The observations presented here indicate. a change in the adrenoceptor-
mediated activation of hepatic glycogen phosphorylase from an alpha adrenergic
response in hepatocytes from normal rats to a predominantly beta adrenergic
effect in hepatocytes from hypothyroid rats. This was shown by an increase
in both the potency and efficacy of the selective beta receptor agonist,
isoproterenol, and by the ability of the beta receptor antagonist propranolol to
reduce activation of glycogen phosphorylase by adrenaline in hepatocytes from
hypothyroid, but not normal rats. Alpha receptor antagonists, which were
effective in euthyroid rats, were without effect in hepatocyte preparations from
thyroidectc;mized rats. As well, there was a decrease in the efficacy of
adrenaline and phenylephrine, a relatively selective alpha receptor agonist, in
the agctivation of phosphorylase in cells prepared from hypothyroid rets.

hanges in thyroid state are known to influence the activity of enzymes
-involved in catecholamine metabolism and altered disposition of agonists could
conceivably be involved in the observed-changes in their effectiveness. Results
of studies in which this question 'has been addressed are variable and often
contradictory (see section 1.2.2). The effect of thyroid state on the activities
of these er;zymes specifically in rat liver has been extenfsively studied in
numerous preparations, but no one to date has e;{amined this problem using
collagenase dispersed hepatoeytes. Zimon et al. (1976) examined the
metabolism of 14C—labelled noradrenaliné in isolated perfused livers from
hypothyroid, euthyroid and hyperthyroid rats. They inferred from their results

that both COMT and MAO activities are slightly decreased in hypothyroid rat
livers, while in hyperthyroidism increased metabolism is observed. Sourkes
et al.\ (1977) examined the metabolism of a series of 14¢-labelled monoamines

in whole liver homogenates and reported reduced MAO activity in

1
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hyperthyroidism with no change after thyroidectomy. Note that the

observations of -neither of these studies ‘may be directly applicable to

experiments with isolated parenchymal cells; it is not clear what the relative
. . .

importance of other tissue eleinents in catecholamine metabolism may be.

Even so, it is unlikely that altered metabolism of drugs used in this study could

account for the apparent differqences in adrenoceptor activitv between groups.

of rats for the following Treasons.

(1) The amount of tissue relative to extracellular medium was lower in the

present experiments than in those described above making it unlikely that

concentrations of agonists were significantly depleted, particularly since
phosphorylase activity was deter.nined after only 3 min of stimulation.

(2) Adrenergic agonists and antagonists are metabolized by very different
pathways (Weiner 1980). That enzyme activities would be altered in such a
manner as to produce compatible changes in agonist and antagonist actions
would be an unlikely coincidence.

(3) When beta receptor activity was evaluated by comparing cAMP

accumulation in normal and thyroidectomized rats (section 3.4), the magnitude

of the response was found to vary directly with the amount of cell material

present. : )

2>

(4) The major change in the hepatic adrenoceptor response pattern was’

observed in the hypothyroid state where either no change in enzyme activity
or a similar small deerease in both MAP and COMT was noted (see above).
These Observations cannot explain the opposite changes in the effectiveness of
phenylephrine, whieh is a substrate for MAO, gnd isoproterenol, which i;
preferentially metabolized by COMT (Weiner 1980).

The increase in beta receptor activity in hepatocytes from hypqthyroid
rats has béen confirmed by others (Malbon et,al. 1978&;\Malbo'n et al. 1980;
Malbon 1980a). . Malbon (1980a) has extended these studies by examining both

)
isoproterenol-stimulated adenylate cyeclase activity and specific binding of




!

(125 iodohydroxybenzylpindolol ([IZSI]IHBP), a seqlecti\‘/e beta receptor
antagonist, to plasma membranes purified from he[)ag;cytes isolated from
euthyroid, hypothyroid and hypothyroid, T3—treated rats. As expected on the
basis of the enhanced beta rcceptor-mediated st‘imulation of phosphorylase and
cAMP accumulation in isolated hepatocytes, beta receptor activation of plasma
membrane adenylate cyelase was inereased in hypothyroid rats (Malbon 1980a).
The specifie binding of [1251]IHBP was also increased in preparations from
hypothyroid rats and Malbon (1980a) suggested that this increase in the number
of putative beta receptor sites was the major factor responsible for enhanced
beta adrenergic ac\tivity. .

Mglbon and Fain (1978) also desceribed findings of a marked reduction in
the ability of adrenz}line and phenylephrine to activate glycogen phosphorylase
in hypothvroid rat hepatoeytes suggestive of a reduced alpha adrenergic
/activity. However, in subsequent reports (Malbon ct al. 1978a, 1980), this
group did not confirm the decreased alpha receptor contripution in hypothyroid
he[’)atocytes described here and in their earlier work (Malbon and Fain 1978).
Some possible reasons for this diserepancy will be discussed later (section 4.3).

Hepatic gluconeogenesis is regulated by adrenergic receptors in a manner
analpgous to the glycogenolytic responsc since both beta and alpha receptors
are involved, the latter being more important in the rat (Tolbert et al. 1973;
‘Kneer et al. 1974; Hutson et al. 1976). The effeets of adrenergic agonists
and antagonists on ng_Zzoneogenesis from lactate hav& been examined in perfused
hypothyroid rat livers (Hagino and Nakashima 1973, 1974). The findings of
those studies silggcste_d that gluconeogenesis is mediated by both alpha and beta
receptors in normal rats and that the cc?ntribution of beta receptors to this
response bec.omes less important in hypothyroidism. Those results appear to
contradict the present findings in isolated hcpatocytes as well as studies that

have clearly shown catecholamine-mediated gluconeogenesis in the normal rat

to be predominantly an alpha receptor response (sec above). The findings of
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g
Hagino and Nakashima (1973, 1974) are difficult to evaluate; agonists were
used at only single doses and neither alpha nor"léctia antagonists were eff ective
in normal rat livers even at very ﬁigh concentrations (0.4 mM). Moreover, in

a later study, Hagino and Shigei (1976) found that cAMP accumulation in

response to in vivo injection of catecholam‘ine was enhanced in livers of

hypothyroid rats. This latter finding contradiets their cio‘nclusiof\s” and is more

o

compatible with the interpretation of the presént discussion: an increased beta

;

receptor activity in hypothyroidism. However, it is important to bear in mind

that conclusions regarding adrenergic receptors made on the pasfs of the

glycogen phosphorylase activation response alone may nol be extrapo‘lated to

other adrenergic responses in the liver without caution (see section 1.3.3 for

a list of these other responses). This is particularly true of-the gluconeogenie -,

response, which probably involves more than one enzymatic step under
adrenergic control. This point is discussed in more detail in section 4.5.

The effect of hypothyroidism on hepatic adrenoceptors developed slowly
and was not apparent at two weeks after surgical thyroidgctomy even though
serum thyroxine levels were as low as those seen at 10 to 14 wk. Malbon and
coworkers identified similar effects on hepatic beta adrenoceptors after 18 to
25 days of iodine-deficiency and propylthiouracil administration (Malbon et al.
1978a; Malbon 1980a); ‘however, effects on alpha adrenergic receptors were not
apparent after this shorter period of thyroid deficiency (Malbon et al, 1978a).
Although there may be other reasons why these latter investigators could not
identify changes in the alpha receptor response (secton 4.3), these findings
suggest‘ that beta receptor function may be more sensitive to serum thyroid
hormone levels than alpha. On the other hand, the effeets of thyroid
deficiency were almost completely reversed by only four days of, T3 treatment
in the present study and two days in that of Malbon (1980a). Taken together,
theseé results suggest that both alpha and beta receptor functions have a

‘l'élatii’!ely hich sensitivity to regulation by thyroid hormones; detectable changes

~
~

!
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9

“in these rec@ptors are likely to occur at low hormone levels.

The effect of thyroid hormone excess was also examined in hthe present
study. Hyperthyroidism, induced by the administration of thyroxine, produced
a similar decrease in the efficacy of adrenaline and phenylephrine to that seen
in hypothyroid rat hepatocytes. Basal phosphorylase activity was unaltered and
the slight stimulatory effect of a high concentration of isoproterenol (probably
an alpha receptor-mediated effect) was not changed. These findings could
suggest that hyperthyroidism in the rat results in a decrease in alpha

4

adrenoceptor activity, without a concomitant change in the beta receptor

contribution to the ph‘osphorylase response in the hyperthyroid rat. ) '
Similar findings- were reported by Malbon and LoPresti (1981) except that

those authors found a 70% reductio\n in basal phosphorylase aétivity in

hepatocytes from hyperthyroid rats. In agreement }}Nith the present firjldin\gs\,

~ adrenaline stimulation of phosphorylase was suppressed in hyperthyroid rats.

Malbon and LoPresti (1981) extended their study by demonstrating an increased
phosphorylase p{hosphatase activity and decreased number of [3H] DHE binding

>

éite?,s in‘pl;asm'a membraneslfrom hyperthyroid rats. Th{e;} suggested that’ these
effects co(xld 'alécount for the sttenuated phosphorylase responsé.' In the
[;?éparqtions studied by Malbon and LoPresti (1981), there was a significant beta
recépt'or cloln’t‘ribution to phosphorylase activation eve;l in the euthyroid rat and
this was also suppressed inhyperlthyroidism.JThat this change was not detected
in the present study may be be reldted to the fact that the beta_ receptor
component of adrenergic activation of“phosphbrylaée is Jmore‘ ir;lportant in. p'
female as compared to male rats (Studer‘ and Borle 19‘82); Malbon and LoPresti

(1981) used female rats, ;Nllereas only males were u’sed‘lin th.e present -.
investigations. In a second study, Malbon and Greenberg (198?) found that the

reduced beta receptor activity inhynerthyroidhepatoevtes could be localized to

the hormone-sensitive adenylate cyclase. The properties of the beta

receptor-adenylate cyclase complex were altered at several loci by thyroid

N
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hormoﬁe excess, including a 35% reduction in the number of [msl]IHBP binding

sites. The effect of hyperthyroidism on hepatic adrenergic receptors was not

iy e

further investigated in the present -study.

b

4.2 The effect of hypothyroidism on hepatic beta édrenergic receptors.

P
+

Comparison with glucagon.

The emergent beta adrenergic contribution to glycogen phosphorylase

|

activation in hypothyroid rat hepatocytes was found to be associated with an

increased accumulation of cAMP (section 3.4). Thus, the difference between
¢ :

normal and thyroidectomized rats is apparent in production of the second

messenger, an early step in the glycogenolytic cascade. However, decreased

. )
metabolism of ¢cAMP in hepatocytes from hypothyroid rats could also contribute g

5

to this enhaneed response. As described in section 1.2.3, beta
receptor-mediated stimulation of lipolysis and ¢cAMP accumulation in adipose
tissue is sugpry'essed in hypothyroidism and at least part of this suppression is
thought by some’ work;rs to be due to an increased activity of the particulate
high " affinity form of phosphodiesterase in fat cells from hypothyroid rats
(Armstrong et al. 1974). nAccordinlgly, theophylline, a phosPhodiestérase;

inhibitor, enhanced adrenaline-stimulated lipolysis and ¢AMP accumulation to a

greater extent in adipocytes from hypothyroid than normal rats (Goswami and’

Roscnberg 1978; Van Inwegen ‘et al. 1975). In the present experiments on

isolated hep.atocétes, “the difference in isoproterenol-stimulated cAMP

“

\ H / N . {
dccumulation between thyroidectomized and normal rats became even more

pronounced in the presence of a phosphodiesterase inhibitor, Jisobutyl-

methylxanthine (section 3.4). Thus, unlike the situation in adipocyte
preparations, the differences described could not be attributed to changes in

phosphodiesterase aciivity. Furthermore, Gumma et. al. (1977) haye directly

examined the effect of thyroidectomy on cyeclic nucleotide phosphodiesterases

9
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rltself be subject to hormonal mfluenees (I‘rancw an

in rat liver. They found that the acti“vx\,ties of both thefhigh and low affinity

phoshodiesterases were increased after thyfoidectomy. Hence, on:this basis one
¢ ‘ ! .

stimulation, However, the present findings\show a clearly increased resporse

after thyroideetomy Gumma et al. (1977) poiit out that the@e changec in

hepatic cAMP phosphodxesterase actxvxty parallel those fOUnd\m 8dlpOSG tissue

from 'hypothyroid rats and aISO*suggest hat- the . observed changes in
phosphodiesterase activity in adipose tissue acc\eunt (at least in.part) for the

decreased cAMP and lipolytie “resp@nse of these animals. ’I‘he resultslpresénted

b

" here show that this is not a geneml property f adenylate cyclase/cAMP—

dependant systems. Fur‘thermore, one must keep m mmd the fact that flndmgs ‘

°

1n unstxmulﬁted tissues may not reflect the true s;tuatlon dumng hormonalz\

a

activation: tnere is some evidence that cAMP phos hodiesterase activi»tya may

?

dbécause .of the possxble compartmentahzatlon of the cAMP rise a'\d ‘cAMPj

J metabohsm that Has been postulated to exist m somle tlssues (Brunto;it al.

~1981), ‘homogenates of whole tlssue may n{)t refledt aecurately physiologie

Yo

[rﬁetzhanisdms at work in the cell.

¥

The enhanced isoproterenol-stimulated cAMP accumulation in fiepatoqytes

. from hypothyroid -rats was' reduced towards nornmal levels by .in vivo
aadr‘QiniStr'&tion of Tg (section 3.6). Although four days o Tq treatment resulted

“in ‘a cAMP response that was indistinguishable from that observed "in normal

a

rat hepatocytes, isoproterenol-stimulated phosphorylase ctivity, while less than

9

that seen in hypothyroid 0hepatocytcs, was still enhanced above normal (section

-
B

3.6). A similar dissociation of the cAMP response and phosphorylase acfivation_

has been noted under other circumstances (Birnbaum and Fain 1977) and cuan be

explained bv the fact that ver'y small, often inapparent, changes in cAMP are

chﬁable of producing marked increases in phosphorylase activity (sce below).

Very similar results to those presented hecre have been simultancously

q

9
w
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répof-ted By Maltgonl and co-workers. Beta éeceptor-—mediated sctivation of

glycogen phosphorylase and stimulation of \cAMP accumulation was enhanced in
hepﬁtocytes from hypothyroid rats (Malbor\ et al. 1978a). This difference was

not abolished in the presence of IBMX (M%lbon et al. 1978a). A later study

o 9

' 'showed that beta adrenergic activation of adenylate cyclase was enhanced in

¥

hor’nogenates‘énd purified plasma membranes prepared from hypothyroid rat

'hepa;oi':ytes when cSm{S‘ai:e'auf;_’_eEthyt:oid controls (Malbon 1980a), Basal and
t:luoride-stimulatea cyclase \éct‘ivities were unchanged. Specific binding qf
[12?1] IHBP, ajpotent beta adgenergic antagonist, was increased in thﬂose
preparétions. Both the ingre.ased»_[lz‘r)I]IHBP binding and‘_adenylaie, eyclase

activity were reversed by two days of in vivo Tg-pretreatment of hypothyroid

o

Conversely, Jones et al, (1972) had earlier reported no change in basal
i

and’ adrenaline-stimulated adenylate cyclase activity in hypothyroid rat liver

P

homogenates, but an increased fluoride-stimulated activity in these preparations.

‘Reasons for this discrepancy are nbt entiely clear.  Differences cannot be
account;ed for by the typg of preparation used in each study; Malbon (1980a)
also examifled fluoride-stimulated adenylate cyeclase in whole liver hom_ogénates
anci still found the same ‘activity in hypothyroid and euthyroid rats. One
“possible reason for the similarity of agonist-induged adenylate cyclase activation
in these two groups observed by Jones et al..(1972) could beldue to the use

of adrenaline, a mixed alpha/beta receptor agonist, rather than isoproterenol,

a pure beta recepfor agonist. The presence of inhibitory alpha aectivity (Jard

et al. 198l; Assimacopoulos-Jeannet et al. 1982) could have masked am

increase in beta adrenergic activation of adenylate cyclase. -

T .

P

A

IThe report by Malbon et al. (1978a) appeared on Dec. 25, 1978 and our own
study (Preiksaitis and Kunos.1979) on Jan. 1 1979.
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Although in the present stugy both adrenaline and isoprotereunol stimulation
resulted in greatly enhanced cAMP accumulation in hypothyroid compared to
normgl hepatocytes, isoproterenol consistently produced greater maximal
increases than adre'naline in hypothyroid hepatocytes (section 3.6). A similar
difference in resp(\;nse to ad{renaline and isoproterenol could not be observed in

the much smaller ¢cAMP response of the euthyroid:. rat. The alpha receptor

{

nist, phenoxybenzamine, enhanced the adrenaline-induced cAMP response
: ¢

in the hypothyroid, but not in the normal rat. These observations may suggest

‘that not only the beta adrenergic stimulatory influence on adenylate cyclase is

- greater in hypothyroidism, but an alpha receptor-mediated inhibitory effect may

lbe enhanced as well.

' I{emgrkably sirﬁilar re*sultsv were obtained in hepatocytes from
'dclh:enalecto}nizedt’rats (Chan et al. 1979a): enhané}es adrenaiine—stimulated cAMP
' accumulatio,r‘l was even greater after phenoxybenzamine blockade, which had no
effect on this response in hepatocytes from normal control rats. Evidence for
‘th;a existence of alpha receptor-mediated inhibition of adenylate cyclase has
also been reported in liver preparations from carcinogen-treated rats (Boyd and
Martin 1976), as well as a number of other tissues (for references see ‘Fain and
éércfa-S{amz‘lQBO). Jard et al. (1981) have provided evidence that stimulation

of angiotensin II or alpha, receptors inhibits normal rat Hver adenylate cyclase

¢ B

in plasma membrane preparations. However, ‘ghe’ *eonditions réqumed to
demonstrate this alpha,-mediated inhibition of adenylate cyclase were rather
precise:’ membranes -wcere washed in 5 mM EDTA and activity had to be -
assayed in the présence of GTP and monovalent cations, whlch'ralses some
_doubt ébout its role under more physiologic conditions. kExton,and coworkers
= (Assimacopoulos-Jeannet et al. 1982) charagterized a- similar effe'ct in intact
hepatocytes, but concluded that it was mediated predominantly by alpha1
recépto;'s. This point has been diseussed in more deta’i;(‘in afi earlier part of

this thesis (section 1.3.3). .
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v .the other hand, cAMP accumulation was enhanced in hypothyroid hepatocytes,
v k

e Y e e e TR g e

! . & .o !
.but only at glucagon concentrations above that’ required for maximal

p ) N

Glucagon and beta adrenergic agonists share a commop mechanism of

action (Exton 1982). However, in contrast to the effect of beta receptor
3

stimulation, no difference in glucagon activation of glyeogen phsophorylase

could be found in hypothyroid and normal rat hepatocytes (section 3.5). On

)

phosphdrylase activation (10 nM; section, 3.5). Just as for isoproterenol, BMX
enhanced glacagon-stimulated cAMP accumulation in both normal and

hypothyroid rats, but the difference at higher glucagon concentrations was
1}

-

maintained (section 3.5).

Both isoproterenol (section 3.4) and glucagon (section 3.5) were more

. potent in stimulating phosphorylage activation than cAMP accumulation. A

[
Y
similar disparity in ¢AMP-mediated effects and cAMP accumulation in other

systems h“as been noted. This finding in hepatocytes led Fain et al. (1977) to
propose the existence of a c¢AMP-independent mechanism for phosphorylase
activation by low glucagon concentrations. Cherrington et al. (197~7) were ablé
to identify small but reproducible increases in intracellular cAMP at low
glucagon concentrations that resulted in the most sensitive changes in
glycogenolysis and phosphorylase. :It would appear therefore, that these
apparent dissociations of cAMP r:sponse and phosphorylase activation are the
result of the great amplification between the primary receptor signal
(prowduction of ¢cAMP) and the final response, resulting as a consequence of an
efficient enzyme cascade (figure L1). Morevover, careful measurement of
intracellular ¢cAMP levels is required to detect changes at threshold drug
concentrations., In the present study, as in many others, cAMP was determined
in the incubation ‘rpedium plus cells homogenized together. Exton et al. (1972)

-

have found that cAMP released into the medium from perfused liver correlated
; ‘ ) .

better with glucose output than did Xissue levels of ¢cAMP. Intracellular cAMP

alone was not assayed in the present experiments and hence it is not known

/
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whether- thg increased accumulation at higher glucagon concentrations in cells

from hypothyroid rats would also be. observed in the physiologically important

intracellular compartment. The role of the 'extra' cAMP released from cells

Q

or produced by agonist at levels greater than those required to maximally
activate phosphorylage is unknown and hence, it is difficult to attribute
physiotogical significance to this change. “ . ’ ;
Several other groups have examined the effect of thyroid state on
0
glucagon ‘actions in the liver. The results are quife variable and often
contradictory. In agrecement with results Jf the present experiménts, Malbon

4 o

et al. (1978a) found no change in glucagon-mediated phosphoryldse activation
]

' in hepatocvtes from hypothyroid compared with normal rats. They also found

@

no diffe?‘ence in cAMP accﬁmulation, b,utoglucagon concéntrations above 10 nM
were not tested by Malbon et al. (1978a); the difference between hypothyroid
and normal hepatocyteé in the’ present study ‘was apparent only at higher
glucagon levels. In?) a subsequent report, plasr;lq membrangs purified frorm
hypothyroid rat hepatocytes showed an increased specifiec binding of
[lzsﬂglucagon when compared Wit;l euthyroid co;1t1’ols (Malbon 1980a).
Homfever, only a single concentration (2.0“nM)r;)f [lzsl]jglucago‘n was exa;rnined
and hence these results must be interpretﬁecul with caution; single point binding
determinations cannot be used to differentiate changes in af;inity and binding
site densitv, and are prone to errors introduced by cooperativity “or the
existence of multiple binding sites (Sperling et al. 1980). Glucagon-stimulated
adenylate'cyclase— activity was examined in the same preparations (Malbon
1980g).  While 1 UM glucagon produced greater cyclase activity in liver
Romogenates and membranes from hypothyroid rats, this difference was not
statistically significant. ’ /1

These latier findings agreed with those of earlier investigations that

showed no change in basal, fluoride- or glucagon-stimulated adenylate cyclase

in homogenates of hypothyroid rat liver compared with euthyroid controls

o
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(Harkcom et al, 1978). Treatment of hypothyroid rats with thyroxine resulted
in higher basal and glucagon-stimulated adenylate cyclase activity than thatIi of
either hypothyroid or‘ euthyroid rat preparations (Harkcom et al. 1978).

Sperling et ~al. (1980) demonstrated a substantial readuction of glucagon
receptdr number and adenylate cyclase response in plasma membr';mes from
hypothyroid rats without any significant difference in these parameters between
hyperthyroid and euthyroid ratls. Scatchard analysis of specific [lzsl]glucagon
binding data revealed evidence for high and low affinity glucagon receptors,
which may account for some of the discrepancies in the above-described
findings (Sperling et al. 1980).

An additiongl reason for these variable findings may be the fact that
some of the above preparations were whole tissue homogénaﬁtes, while others
were from collagenase-dispersed liver cells as in the present experiments.
Hanoune and co-workers have demonstrated the presence of a proteolytic;
contaminant in commerecial preparations of crude collagenase which produced
at least a two-fold ir?crease in adenylate cyclase activity (Hangune et al.
1977; Lacombe et al. 1977). This factor, "which was shown not to be
collagenase itself, enhanced basal as well as catecholamine-, glucagon-,
fluoride- or GTP-stimulated activity. Activationr was time-dependent and
irreversible. It may be noted that some variation in maximal cAMP reponses
to isoproterenol were observedﬂin the present experiments (sections 3.4 an;l
3.6). The most likely explanation for ‘these differences is variation in the
amount of contaminating pro‘teases in collagenase batches used in preparing
hepatecyte suspensions. Although care was taken to prepare all cells in a
given series of experiments with a single .batch of collagenase, one cannot rule

A}

out the possibility that cyclase activity in hypothyroid preparatio}xs has an

increased scnsitivity to activation by the protease contaminant. This possibility

was not investigated in the present study.

Glucocorticoid deficiency has been shown to have similar effects on
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hepatic.adrenoceptorsi as thyroidectomy in the prescnt study (section 4.4). In
confrast to the effect of hypothyroidism, glucagon-stimulated phosphbrylnse
activity 1s impaired in adrenalectomized rats, while GAMP accumulation remains
pormall(Chan ot al, 1979b). Further investigation revealed tha’pl‘msphorylase
b Akinasé activat;on by glucagon was suppressed after ’adrenalectomy and this
offers the best explanation for the impaired phosphdrylase response (Chan et
al. 1979b). Thus, while adrenalectomy and thyroidec{omy have similar effects
on hepatic adrenergic rececptors, their effects on glucagon are quite dlfferent.

In summary, the presen£ findings indicate that beta receptor activity is
unequivoecally increased in preparations from hypothyroid rats when compared
with normal. This increase was apparent at the level of production of the
second messenger, cAMP, and could not be attributed to differential metabolism
by phosphodiesterase in the tw;vo groups of rats. A concomifant increase in
putative beta adrenergic receptor binding sites has been identified by others

(Malbon 1980a) and is the most likely reason for the increased activity in

hypothyroidism, although additional changes in the coupling of beta receptor to

adenylate cyclase cannot be ruled out. These changes were reversible by 1n

vivo administration of T3.

The effects of hypothyroidism on the hepatic actions of glucagon are less
clear, Nonetheless, it appears that glucagon-stimulated phosphorylase activation
and cAMP accumulation are not influenced in the same way a\sl beta
. , \
tje_ceptor-médiated responses. The fact that glucagon activation of glyc\ogin
phosphorvlase was the same in normal and hypothyroid rat hepatocytes indicateg

that changes in the sensitivity of the glycogenolysis cascade to ¢AMP did not

contribute significantly to the altered beta adrenergic response.
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4.3 The effect of hypothyroidism on hepatic alpha adrenergic receptors.

Comparison with vasopressin and A23187.

The observations presented inq this thesis indicate that hypothyr:oidism in
rats results in a decrease in the ;alph’a adrenergic 'stimula jon of glycogen
;)hosphory?sjg to"g eonversion and calecium release in iséi/z:;} hepatocytes.
These changes were accompanied"b'y a decrease in the density of plasma
membrane binding (sites for [3H]prazosin°, a selective alpha; receptor
antagonist, which may be the basis of the al’tered physiological responsiveness
observed ina the intact cells. Furthermore, the change in both binding site

density and alpha adrenergic responses could be returned towards normal levels

by; in vivo administration of T4 to thyroidectomized rats..

Work from several laboratories has indicated that alpha adrenergic'

stimulation of rat liver resqlts in the )release of intfacellular cdleium from
mitochondrial stores and its subsequent ex)trusion intLo the extreellular space
(for references see section 1.3.3). The transient increase in cytosolic calcium
levels.so produced is believed to activa;te glycogen phosphorylase kinase, which
in turn phosphorylates glycogen phosphorydase to thue active a form of the
engyme, Vasopressin has been shown {o activate ‘glycogen phosphorylase by a
cAMP-independent mechanism (Kirk and Hems 1974) and to cause changes in
c{a]cium distribution similarotoh those produced by alpha receptor agonists
(Blackmore et al. 1978; Chen et al. 1978). Tfle divalent cation ionophore,
A23187; c&;n also cause- release Jnof calciﬁm from the same intracellular pool
(Chen et al, 1978; Blackmore et al. 1978; Babcock et al. 1979) which results
in the activation of gly"coger} phosbhorylase (Blackmore et al. 1978).
Accordingly, , the effeet of thyroidectomy on phosphorylase activation and
caleium release in resg)oxﬂwe ‘to A23187 and vasopressin were examined

In contrast to the effects of phenyiephrine, neither vasopressin nor A23187

activation of glycogen phosphorylase and stimulation of calcium release were

®
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greatiya influended by thyroidectomy (sections 3.8 and 3.9), although the
response to vasopressin was moderately reduced. Since the source of released
intracellular calcium\ and the subsequent post-receptor events are believed to
be the same for phenylephriné, vasopressin and A23187 (section i.3.3), these
findingi suggest that the locus of the impaired alpha adrenergic response in the

e

hypothyroid he;patocyte is\at a site proximal fo the release of intracellular
caleium. |

The fact t)1at A23187 prgduced iaentical caleium release responses in
hepatocytes from normal and hypothyroid rats (section 3.9) indicates that
releasable calcium stores were not\ affected by thyroidectomy. Rosenqgvist
(1978) has examined the effect of thyroldectomy om-the amount and distribution
of exchangeable calcium in isolated rat liver cells, He identified two distinct
intracellular caleium pools: é large, slow \turnover pool and a smaller, more
rapidly exchangeable po;ol. Thyroidectomy did not significantly alter the pool
with rapid turnover, but markedly reduced the slow turnover pool. Another
group of workers (B\arritt et al. 1981) found a similar intracellular calcium
distribution. They suggested that each l/(inetically defined compartment 1s likely
to be heterogeneous with respect to ana?tomical composition, but that. the ];rr\'\g’er
compartment represents calcium seque“stered in organelles and the smaller,
exchangeable caleium in the eytoplasf\p. Stimulation with alpha agonigts
resulted in an increase of about 100% é?\f exchangeable calcium in the small
compartment and a decrease of 20% in 'the large (Barritt et al. 1981). The
time-course and ddse-response relationship. of cytosolic free caleium changes
during alpha adrenergic stimulation closely follow the increase in phosphor‘}}lase
a (Murphy et al. 1980). Thus it would appear that it is changes in the
smaller kinetically defined calcium pool that are important in the activation
of glycogen phosphorylasé. Rosengvist (1978) found no change in this pool after
thyroidectomy. The 20% decrease in the larger pool during stimulation (Barritt

et al. 1980) most probably represents release of calciumwfrom mitochondrial
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‘may be, the present findings that maximal stimulation of caleium

10.30 nmol per mg cells; Blackmore et al. 1978) or the esti

. L3
f . '
! * !

»

. » .
stores (Babcoclg et al. 1979; Blackmore et al. 1979b,e; Murphy et al. 1980).

This larger compartment was decreased after thyroidectomy (Rosenqvist 1978);/

.but unfortunately, changes in caleium pools during hormonal stimulation hav

not been compared in thyroidectomized and normal rats. Whatever this effqét
efflyxgand

L { v
phosphorylase activation by A23187 and vasopressin were not or omyﬁ slightly

. )
affected by hypothyroidism indicates that a change in the hormone-sensitive

caleium pool cannot fully account for the marked reduction in the effect of

phenylephrine.

Experiments in whieh calcium efflux was measured with a

caleium-sensitive electrode were made in nominally calcium-free med1um/—’f

(sections 3.7,:3.8 and 3.9). Total cellular calcium can be directly related to

the concentration of calcium in the medium (Borle 1975). Hence the possibility
' \

arises that the decreased phosphorylase re‘sipo

1

* .
se to vasopressin and

-

phenylephrine observed under these conditiens (section!3.10) copld result from

—=

a depletion of calcium from the hormone sensitive calejum pool} which may be
4

greater in hypothyroid than in normal rat hepatocytes) A simjilar decreased

responsiveness ‘under low calcium conditions®™ has been\ reported by others

(Keppens et ‘al. 1977; Stubbs et al. 1976; Van d t al. 1977).

L
However, the net caleium loss in response to agonist stimuljtion injthe present

hepatoeytes at normal medium calcium concentrations (appr

.
e

low extracellular calecium concentrations, whereas it was enhancéd
~ ' \
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substrate was fructose. 'These authors proposed that calcium influenced the
rate of transfer of reducing equivalents between cytosol and mit;chondria.
Thus the increased cytosolic NADJH/ISAD ratio under low caleium conditions
would‘ favour gluconeogenesis from oxidized substrates (fructose) but not
reduced substrates flactate). ‘It is possible, therefore, that suppression of
phosphorylase response under low-calcium may be the result of secondary
alterations in the metabolic state of the hepatocyte and not an effect on
caleium homeostasis per se. '

"In order to rule out the possibility that the observed differences in
calcium release were related to the low calcium c;)nditions under which these
experiments were made, g efflux from prelabe\lled hepatocytes was examined
with normal calciu}n levels in the medium. Results of these experime;ts
confirm those obtained with ‘the calcium—sgnsitive electrode (sections 3.7 ‘énd-
3.8): phenylephrine—étimg\l\ated 45cq release was suppressed after thyroitlectomy

- A

and re\farrl\e*d“to“mﬁds”ﬁgr"r\nal by Tg replacement. ¢
While both the use of the calcium sensitive electrode and 45ca efflux are
felt to reflect alpha adrenoceptor activity, methodological differences preclude
a direct comparison of these results. Nonetheless, one observes that by using
either approach, phehylephrine—induced caleium efflux is suppressed in the -
thyroidectomized rat. However, the results obtained wilth vasopressin are
somewhat less straightforward. The concentration-response curve for 45Ca is
somewhat supressed at lower vasopressin concentrations, aznd is significantly
shifted to the right in the thyroidcctomized rat (figure 348, table 3.4). On
the other hand, in the calcium electrode studies the effect of vasopressin curve
in thyroidectomized rats was somewhat suppressed over the entire concentration
range, but this difference is not statistically significant (section 2.8). Hence,
one cannot conclude that vasopressin-mediated caleium release is unaffected by
thyr(;idectomy. Nevertheless, 1t is clear that the reduction of the

<

alpha-mediated response is substantially greater. o . ,
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- Using [311]prazosin\ a decrease in putative alpha,- receptor binding sites

in liver plasma membranes from hypothyroid rats eould be demonstrated

(section 3.11). Just as for the abov?-described'effécts on alpha adrenergic
stimulationeof phosphorylaséoand caleium mobilization, the deecrease in
l3H] prazosin binding was reversible by T3 replacement. The observed decrease
in the. density of putative alphal receptor binding sites points to a decreased
alpha; receptor number as the ‘likely basis for the altered response to alpha
)

adrenergic stimulation in hypc;thyroid hepatocytes. No change in the affinity

of binding sites for ?m prazosin or antagonist could be detected.

In the absence of significant "spare" alpha receptors in rat liver (Kunos °

et’ al. 1983), a decrease in re(céptor»number is expected to result in a

decreased maximal response to agonists as observed (section 3.7). However,

one cannot rule out additional effects o_f tﬁyroidectomy on the coupling of

" receptor activation and the release of intracellular calcium, sivee the nature

of this process is not fully understood. Indeed, the smaller decrease in the

effectiveness of vasopressin 1n hypothyroid rats could suggest‘such a possibility. -

»

. Alternatively, an independent effeet of hypothyroidism on vasopressin receptors

could also account for this. The latter effect would be analogous to the effect

of hypothyroidism on adenylate cyclase-coupled receptors in rat liver, which

. )
involve a marked increase in beta adrenergic and a much smaller, but

significant increase in glucagon receptor number (section 4.2; Malbon 1980a).
Direct binding of [3vaasopressi11 to isoluted hepatocytes énd liver membranes
has been examined b;l Cantau et al. (1980). A comparison of [3H]vasopréssin
binding in euthyroid and hypﬂothyroid raté would clarify the effect on
vasopressin-medfated responses. It is of interest to note that adenylate cyclase
response to vasopressin s'timula‘tion in renal tissue éz;rticulaté fractions wés
réversibly decreased by thyroid hormone déficiency (Harkom ct «al. 1978),
although this response is mediated by a different- subtype of vasopressin

receptor (Cantau et al, 1980).
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I?ece‘nt studies have implicated alpha; adrenergic effects on
phosphotifiylinositol in the activation of glycogenolysis, possibly as an
intermediate in‘ the release of intracellular calecium (section 1.3.3).
Garefa-Siinz and Fain (1980) have examined the effect of hypothyroidism on
the alpha adrenergic stimulation of phosphotidylinositol labelling in rat fat cells
‘and find no difference in this parameter when compared with euthyroid
“eontrols. These observations cannot be extended to the present résults since
effects of altered thyroid state are highly tissue dependent. The effeét of
h,ypothyroidism on phosphotidylinositol turnover in re'at liver reméins to be
determined. |
*LChanfD‘fes similar to those oceurring after‘ thyroidectomy have been .
- demonstrated in the adrenalectomized rat (see section 4.4), Chan et al
(1979a) found that adrenalectomy produced a reciprocal change in alpha and
beta adrenergic activation of hepatic glycogen phosphorylase, including a
decreased alpha ;‘eceptor—mediat'éd ;nobilization of intracecllular caleium.
However, binding of [3H] noradrenaline to liver ‘plasma’ membranes showeé no
significant change after adrenalectomy in 4he initial study (Chan et'al. 19.7'951).‘
"This was interpreted as evidence for no change in alpha receptor binémg
c&ipacity or af}"inity. Similar results were obtained by Guellean et al. (1978)
using [3H]DHE as a binding probe for alpha receptors. However, after
fe—examming the binding of 3H—catecholamir-1es the former authors (Chan et al.
1979a) have Lunpublished results showing a dccréase ‘in alphd receptor binding
sites after adrenalectorpy (Exton et al. 1981).

As deseribed in section 1.3.3 and L.3.4, it-has recently been shown that
rat liver has at least two populations of aléha receptr;rs (Hoffman et al
1980a,b; HOffm%ln et al.k‘,\l981): alphay receptors “that can, unde;"cer’iain
conditions, ‘inhibit adcnyiate cyclase (Jard et al. 1981) and also alpha
receptors responsible for the activation of glycogen phosphorylase (Hoffrr\l\m\

\

et al. 1980b; Aggerbeck et al. 1980a). - 3H-Catecholamlnes were shown to \

1

130




<l

B e T Ty

.
.

label alpha; (El-Refai 1980a) as well as alphaz receptors in the rat liver -
(Hoffman et al. 1980b), and [*H) DHE also labels both"alpha receptor subtypes

(Hoffman et al” 1980a,b;" 198]).  As discussed above, an inhibitory alpha

o

. component (possibly mediated by the alpha, receptor) may be enhanced in the
hypothyroid liver and this eould have influenced the gbove results, )Irgu the

present experifn’ents this difficulty was avoided by the use’ of an alpha,

K

receptor -selective ligand: [%i]prazoéin. , ) c

A question of obvious importance is the identity 'of [3H] prazosin binding

sites.with functional alphal'receptors, and the evidence for this is nece’ssa}ily

‘c.ircumstantial.' While the binding K4 values of a‘ntagonistg qdetdermined by their

competition for ’['3H]prazosin wére identical with their Kp values for

"antagonising adrenaline activation ‘of phosphorylase in isolated h;e:patocytesl, the

EC50 of adrenaline was 20 times and that of phenylepyhrme 3 times lower than

o

their respective K’d values (section 3.I12). This discrepmis'similar to
that noted with other radiolabelled antagonists (EI-R&fai et al. 1979), cannot

be zi‘gtrii)uted to spare reqeptors, sin_ce experiments with the irreversible alpha
antégonist phenoxybenzamine indicated a.lack of significant receptor re‘serve in
the rat liver (Kunos et al. 1983). Hanoune and coworkers (Geynet et al. 1981)
recently compared the binding characteristics of [3H] prazosin, [3H] DHE and
[3H] noradrenaline in liver plasma membranes. On the basis of their fi’ndings
they proposed that [Sﬁ] noradrenaline labelled the physiologically ac_tive form
of the alpha receptor and that [3H] prazosin labelled either a precursor of the
active receptor or an alphal—like binding site not coupled to the effector
system. The present findings do not rule out the possibility that only a small
fraction of the [3H]prazosin binding sites with high affinity for agonists is
functionally r'elevént, the rest being precursors for such sites or sites with
undefined function (Geynet et al. 198]1; El-Refai and Exton 1980b).

LA™

IResults of experiments done by W.H. Kan at low hepatocyte concentrations.
P .
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"* However, neither the agenist displacement curves (figure 3:24) nor the kineties

of [3H]prazosin binding (figure 3.22) gave any indication of, binding site

“heterogeneity that could suggest such a possibility. An alternative explanation
.of the above anomaly is offered by the hypothesis put forward by Franklin

. (1980). He proposed that the nonproductive interaction of antagonists with

receptors is fully translated into tightness of binding, which results in Kd

values similar to physiological Kp values. However, the productive binding

.energy of strong agonists is largely used to cause conformational changes

>

necessary to initiate the biological response. This may explain the apparent
paradox of low binding affinity of biologically highly potent agonists as seen in
the present as well as in many previous studies (for references see section
L3.4). Finally, the bmdmé characteristics of [SH] prazosin are compatible with
seperate interacting agonist and antagc;nist alpha1 receptor 5s)ites, the latter
being labelled by [3H]Drazo'sin. The low binding potency o; agonists could
reoflect th'ei[' low affinity for the antagonist site. The pomlst net
agonist and antagonist fqrms of the alpha receptor was first proposed by
U'Prichard et al. (1977), although their findings were Jlater attributed to
differential binding to alpha; and alpha, receptors (U'Prichard et al. 1978).
The present findings are more consistent with the original proposal, since
[3H]prazosm is hiéhly selective f;)r the alpha; receptor.

Comparison of [3H]prazosin binding in membranes prepared from normal,
thyroidectomized and thyroidectomized, T3—tre?ted rats showed that _th\e
decreased density of binding sites in thyroidectomi}fed rats was unaccompanied
by any change in affinity for this ligand (scction 3\1.11). Similarly, the affinity
of adrenaline for these sites was unchanged even in the presencc of guanine
nuclleotide analogue, Gpp(Nll)p (section, 3.31); agonist displacemeht curves were
shown to be shifteé to lower affinity in the presence of Gpp(NH)p when binding

was to alphm2 receptor sites (Hoffman ct al. 1980a). A similar effect on

alpha; receptor sites in liver has nol been demonstrated (Hoffman et\ al.
/ s
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19804,b) which supports the contention that the present experiments examined
only binding to alpha1 recepltor sites. ) r.’

~ ‘,LRecoveries of specific marker enzymes fog plasma membranes were not
exami“nc’adjn the present study. Sperling et al. 21980) show‘gd that basal and'
fluoride-stimulated adenylate cyclase activity, ‘wer‘ge;é1 the sa;fﬁe in_euthyroid,
hypothyroid and hyperthyroid rat hepatic plasma membranes isolated from whole
livers by the sanfd method used in the present experiments’ Malbon (1980a)
also found no difference in recovery of basal and fluoride-stimulated adény}gte
cyclase or in 5'—nuclgoti%ase ac?iv'ity irr. membranes [?y['epared from hypothyroid
and normal hepatocytes. However, the latter results are not directly applicable

r;o/th/e,/eﬁ presefit experiments since in Malbon's study, membranes were prepared
S,

on f/f.(m isolated hepatocytes rather than whole liver.

The present experlments clearly show a change in phenylephrine-induced
activation of glycogen phosphorylase (section 3.10). However, as stated in
secti;)n 4.1, others were unable to identify similar effects of thyroidectomy on
al%ha receptor activily (Malbon et al. 1978a, 19802. A lack. of thyroid

«~:regulati<;n of hepatic alpha receptors was suggested (Garcia-Séinz and Fain
1980) on the basis of tohe absence of changes in the effect of phenylephrine
(Malbon et al. 1978a; 1980). While classically considered an alpha receptor

- agonist, phenylephrine can stimulate.both beta and alprha receptors in various

tissues (Chahl and O'Donnell 1969; Wagner and Schumann 1979). Its EC50 for

relaxation of guinea pig trachea, an effect mediated by beta, receptors is

=
3.1 ﬂM (Chahl and O'Donnell 1969), which is close to its EC50 of®

0.8 + 0.3 a4M for *alphh"E'écep;cor—mediated activation of phosphorylase in

—
P

normal rat liver (table 3.4). Since hepatic beta receptors are also of the betaz
subtype (section 3.3), it is very likély Fhat a significant beta receptor
activation by phenylepbrine con_tributes to its effect on phosphorylase in the
hypothyroid rat liver. It may be noted that in the present study the difference

in the effects of phenylephrine@in cells from euthyroid and hypothyroid rats is
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greater for caleium release, a pure alpha adrenergic response, than for

_ phosphorylase activation, a mixed alpha/beta effect. The observation of Malbon

et al. (1978a) that propranolol reduced the phcnylephriné-induced) activation of

phosphorylase in hypothyroid, but not in normal hepatoeytes (Table I in Malbon

et al. 19784a), also indicates potentiation of the ‘beta receptor component in

tﬁg effect of phenylephrine”in the hypothyroid liver. In this group of rats,

phépylephrine was more effective in hypothyroid tha“n euthyroid controls and
prop\‘ranolola/boﬁ\s ed this differen¢e; the similar residual activity of
T A '

phenylephrine in the phesence of propranolol indicated that alpﬁa receptor
activity was unchanged. However, in another group of rats used in the same
:study, phenylephrine tested in tlhe absence of propranolol was not more, but
even less effective iQ hypothyroid than in normal cells (Figure 1 in Malbon
et al. 1978a). Thus i\n\thfase lattoﬂe\rﬂ')ﬁ,fni;nals, the increased beta receptor
activity must have been offse;t \by a sin}ii;;r decrease in alpha receptor activity,
which is consistent with the conciusionls of the present study.

Some additional difference between the present :study, and that of Malbon
i

et al. (1978a;, Malbon 1980a) could ac;codnt for the absence of an identifiable

2

effecet of hypothyroidism on élpha activation of. phosphorylase in their studies.

() In the present experiments rats were surgically- thyroidectomized and used
after 10 to 14 weeks while Malbon et al. (1978a; Malbon 1980a) induced
hypothyroidism by feeding an iodine—deficient diet and propylthiouracil for 18
to 25 days before the ekperimeni. A -comparison of thyroid effects producecd
in thelse two different ways on*hepatic metabolism has not been made.

(2) The presént study “used exclu%ivel"y male rats, whereas the latter used only
females. Bitensky et al. (1370) have found that adrenaline-stimulated hepatic
adenylate cyc}ase activity was greater in preparations from fgrhale rats when
compared to males, More recently, Studer and Borle (1982) demonstrated that
in hepatocytes isolfted f.rom female rats beta receptor-mediated stimulation of

cAMP accumulation and‘its contribution’'to glycogen phospliorylase activation
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was enhanced when compared to males. Conversely, the alpha
receptor-mediated caleiym efflix was greater in males than females and
accounted for virtually all the activation of phosphorylase by adrenaline in the
former. Since the female rats i'n their euthyroid state appear to possess
hepatic adrenoceptor properties similar to the hypothyroid male, it is possible
that a further reduction in alpha recep\to%s in the hypothyroid female rat may
be difficult to demonstrate clearly. °
(8) Animals used in thre; present experiments were older (250—350 g) than those
used by Malbon et al. (1978a; 100-150 g). Blair et al.%(1979a) have examined
the adrenergic control of glucose outpuf in hepatoeytes from juvenile
(100-150 g) and adult (greater than 300 g) rats. They found aging to be
accompanied by a loss of functional beta receptors with adrenaline actir{g
primarily through £g1';he alpha adrenergic receptor system. Hence, it is possible
that the alpha I'espon:se was m;re pronounced in the older animals used in the
present study than it may have been in younger animals.

(4) Malbon et al. (1978a) express their xl'euIts fonr phosphorylase activation as
% change over basal. In spite of the fact that basal enzyme activities were
not different when hypothyréid and euthyroid rats were compared, small
changes in basal activity in a givgn experiment could profoundly influence the
calculated stimulated enzyme activity when expressed in' that way. Actual
enzyme activities are repor‘ted in the present experiments.

These consideration notwithstanding, one must point out that changes in
the beta adrenergic activation of phosphorylase after thyroidectomy are more’
profound than for the alpha receptor system. The mechanism underlying these
changes and how either the emergence of beta receptors or the suppression of
alphé responses in the hypothyroid rat might influence overall metabolic

regulation in vivo remain matters of speculation. Each of these questions will

now be briefly considered.

i1

135

gt

&4



-~

4,4 Similar changes in hepatic adrenoceptors produced by non-thyroidal

influences.

, ,
o
/ f] ‘ . \

Thyroid hormone effects on adrenergic receptors in a number of other
/

k]

8
tissues have been described (section 1.2.3). . Most of these studies have involved

either adipose or cardiac tissue and have shown that beta adrenergic

)

responsiveness is decreased and alpha responsiveness iniereased in hypothyroidism.

(for a more detailed discussion and references, see section 1.2.3). Thus, the

¢

effect of hypothyroidism on hepatic adrenergic receptorsi is opposite, to that
seen in these tissues indicating that the effects of thyroid hormones on these
receptors are highly tissue specific and cannot be géneralized. Indeed, in some
preparations no effect of altered thyroid state’ on adrenergic receptors could
be found (for references see section 1.2.3).

As already discussed in sgc‘tion 4.3, similar changes in hepatic adrenergic
receptors have been described in adrenale’ctomized rats. Vl’olfe et al. (1976)

found an increase in isoproterenol-stimulated adenylate cyclase activity and
v

)

specific binding of [IZSI]IHBP, a potent beta antagonist. However, this latter
finding is of questionable reliability because of the unusually low affinity for
this an{agonist observed in that study (’see sectign 1.3.4). These studies were
extcnded by Chan ét al. (1979a) who reported a greater beta receptor—mediaied
cAMP accumulation and phosphorylase b to a conversion in hepatocytes from
adrenalectomized rats. Alpha adrenbceptor—lmediated phosph‘orylasb activation
and calcium mobilization decreased after \adrenalecto}ny. The fact that these
changes are analogous to those reported here after thyroidectomy suggests the
possibility that they may have occurred as ‘a consequence qu a thyroid hormone
effect ;)n the pituitary-adrenal axis. Indeed,'ii has been shown that in the rat,
d’eficiency‘of thyroid hormone is associated with subnormal concentrations of

corticosteroids in plasma (Bray and Jacobs 1974). Also, the effects of

adrenalectomy were more rapid than thyroidectomy oceuring after only 3 to 8

136 . v




R L P r—

C e - w..w-‘-a

b
& 2

days. However, administration of cortisol to thyroidectomized rats using a
treatment regimen that was shown to reverse gdrenalectomy-induced changes
in hepatic adrenogeptors (Wolfe et al. 1976) had no effect’on the pattern of

phosphorylase response to adrenergic agonists (section 3.3). These findings

]

argue ageinst thyroid effects being secondary to changes in the

édrenal—pituitary axis.
But what of the converse of this hypothesis: could the effects of
- . _
adrenalectomy on hepatic adrenoceptors be secondary to an effeet on thyroid

hormone action? ' Thyroid hormone receptor levels and consequently tissue

sensitivity to Ty and T, can be influenced by a variety of factors (Samuels et
al. 1982). It may be then, that the liver becomes "functionally hypothyroid"
in the presence of normal circulating thyroid hormene levels, and hence show;vs
changes similar to those seen following thyroidectomy. Unfortunately, there is
no simple a}pproaqh to testing this hypothesis, since treatment of

adrenalectomized rats with excess thyroxine may not reverse the effect in “the.

~ h

face of reduced tissue responsiveness. It would be 6f interest to know how
thyroid hormone receptors are influenced by adrenalectomy. To the‘best
knowledge of the author, neither of theie experiments has been done.
Hepatie adrenergic‘ receptors can also be modulated by non-hormonal
influences. Hornbrook (1978) has shown that alpha-mediated activation of
glyeogenolysis in hepatocytes frpm normal rats takes on the characteristies of
a mixed alpha/beta response when examined 2‘4 h after part’ial‘ hepatectomy.

In support of these findingg,/,Bréﬁé/{éd and Christoffersen (1980) ‘later

—

demonstrated that adrenaline-stimulated cAMP accumulation and adenylate

eyclase activity was enhanced after partial hepatectomy. Again, there exists -

a relationship with thyroid hormone effects on the liver. Partial hepatectomy
in the rat reduces the number of nuclear thyroid hormone receptors (Dillman
et al. 1977). Plasma glucagon levels are markedly elevated after partial

, .
hepatectomy (Morley et al. 975) and glucagon administration has been reported
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to lower hepatie nucléar‘T3 binding capacity (Dillman et 'al. 1978). Thus,
p';n‘tial hep'étectOIny might also pm‘)duce a situation in which the liver becomes
"funectionally hypothyroid" and hence, manifests changes in adrenoceptor
pr(;perties analogous to those obscrved following $thyroidectomy. Starvation also
.produces an elevation in circulating glucagon levels (Grey et al. 1970) as well
as a decrease in T3‘nuclea[‘ binding sites (Burman et al. 1977). It would,
thkere,fore, be of interest to seé whether cither starvation or exogenous glucagon
‘administration would produce changes in hepatic adrenergic receptors similar “
to those produced bgf thyroidectomyr Burns et al. (1979) have observed that.
after only one day (u)f fasting, the adrenergic receptor activity of human
adipocytes is altered in a way similar to that seen in hypothyroid subjects.

Treatment of adult rats with the hepatic carcinogen 2-acetylaminofluorene

resulted in a marked increase in hepatic adenylate cyclase response to

e

adréna,line (Christoffersen et al. 1972).  Hornbrook (1979) later found that
feedin;of the same carcinogen to rats' shifted the adrenergic activation of
-hepatie phosphorylase in isolated hepatocytes from an alpha to a mixed
alpha{tﬁ;Té\;'esponse. Increase in beta adrenoceptor activity in isolated
hepatb@&zs' )has also been reported following feeéing of a second hepatic
carcinogen, 3'-methyl-4-dimethylaminobenzene (Christoffersen and Berg 1975).
Boyd and Martin (1976), studying the action of this second carcinogen, found
an increased catecholamine- and decreased glucagon-responsive adenylate
cyclase activity in preneoplastic liver. These changes were seen in non-turmor
as well as tumor tissue (Boyd et al. 1978) which suggest that they may be the
manifestation of some reactive change in non-tumor tissue analogous to that
seen following partial hepatectomy.

Of some relevence to these studies of hepatic tumors are reports
comparing adrenoceptors in normal rat liver and the Zajdela ascites hepatoma

\

cell line (Lacombe et al. 1976). The adrenoceptor mediating adenylate cyclase

activation in the normal rat liver is typically of the beta, subtype (Lacombe,
< 8, g
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et al. 1976; Vanquelin et al. 1976). However, in the Zajdela hepatomé,

adenylate cyclase stimulation occurs predominantly via activation of a betal

Ll . 3
adrenergic receptor; moreover, the response is greatly enhanced when compared
v Iy s v

with normal rat liver (Lacombe et al, 1976; Hanoune et al. 1977). The

present results indicate that enhanced beta receptor detivity observed after’

thyroidectomy is mediated by receptors of the beta"2 subtype since adrenaline

is more potent than noradrenaline in stimulating cAMP acecumulation (section

3.4). Leray et al. (1973) reported that enhanced adrenaline-stimulated

adenylate cyclase in preparations from adrenalectomized rat liver was also

mediated by beta, adrenoceptors. And,udaté shown in the study of .

preneoplastic liver tissué also suggests that the reteptor remains the beta,
) 3

éubtype; noradrenaline was less potent than adﬂx‘zﬁi—ifiné (B:oyd and Martin 1‘576).

Thus, unlike the Zajdela hepatoma, where enhanced beta receptor activity is
associated with a betal adrenoceptor type, prreneoplastic Jiver tissue,

preparations from adrenalectomized rat liver .and hepatocytes from

thyroidectomized rats show the characteristics of beta, adrenergie receptors

as in the normal rat liver. The beta receptor usthype in liver after pérti_al

hepatectomy or in young rats (see below) has not been analyzed Jin detail.
Extrahepatic cholestasis produced by ligation of the common bile duct in
the rat has been shown to pt‘ooduce a 2.6-fold inc’r\ease in
isoproterenol-stimulated adenylate cyclase activityr in isolated liver plasma
v .
membrancs after two days (Schmelck et L811. 1979). This increase in activity
was associated with a four-fold enhancement of beta receptor binding site

density as measured by (341 DHA specific binding (Schmelélc et al. 1979).

Although the characteristics of alpha receptor responses have not yet been

reported in cholestatic livers, Guellaen et gl. (1982) have found a two- to.

three-fold decrease in the number of [3H] DHE and [3H] prazosin binding sites.
Apparently only single concentrations of [3H] prazosin (1 nM) were examined

in the latter study and detailed reports of binding data are lacking.
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Another parameter that is known to influence hepatic adrenergic receptor
properties is age. Hornbrook (1978) reported that catecholamine-mediated
activation of glycogen phosphorylase occurred predominantly via beta
adrenoceptors in weanling r;lts. In a later report, Blair et al. (1979a)
examined adrenergic control of glucose output and cAMP levels in juvenile rats,
They found that in hepatocytes from young rats (27 to 35 days old, weghing
100 to 150 g), adrenaline stimulated glucose~ output from endogenous glyeogen
stores and"c‘AMP accumulatipn via predominantly beta adrenergic receptor
activation. Maturation (60 to 120 days, 300 g and greater) was accompanied
by a loss of funetional beta I;eceptors with adrenaline acting primarily through
alpha receptors. Butlen et al. (1980) used [*H} DHE as an alpha receptor probe
" to study the ontogenic development of alpha receptors in rat liver. They found
that in 19-day-old fetuses the density of [3H] DHE binding sites was about 1.5
times that of the adult, but decreased to one quarter in late fetal life and the
first two weeks after birth, Unfortunately, beta receptors have not as yet
Bee‘n studied in a similar way. On the other hand, Kalish et al. (1977) found
that adreraline-sensitive adenylate c¢yelase  activity was doubled in liver
membrancs prepared from 24 month old rats when compared to that found at
3 or 12 months. Those findings could imply the existence of an enhanced
hepatic beta receptor lactivity in senescent rats, although the receptor
mediating adrenaline's effect ’was not characterized in that study. Moreover,
basal, fluoride- and glucagon-stimulated activities were also enhanced, but not
to‘ the same degree as adrenaline.

Three points sbout these observations that relate to the present stludy are
| noteworthy.

(1) Properties of hepatie adrenoceptors are similar il:l normal young rats and
adult rats foliowing thyroidectomy.
(2) This suggests that thyroid hormones may cxert a primary effect on hepatic

adrenoceptors by influencing the developmental state of the liver (for further

¢
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discussion of this point refer to section 4.5) \

(3) Normal euthyroid controls used fhroughout the| present experiments were
weight-matched, and hencq hypothyrold rais were on average 10 to 14 weeks
older than controls. ﬁowéver, the fact that in adult\xrats (300 g and greater)
ecomes and remains an alpha receptor

\ \
(Blair et al. 1979a) argues against the pdpssibility that the observed difference

the predominant hepatic adrenoceptor

between these groups was due to age. Kalish et al. (1977) found no difference
in adrenaline-stimulated adenylate eyclas¢ in liver plasma membranes from
three month and 12 ymonth old male rats. |

A final factor that is known to influence the balance of hepatic
adrenergic receptors is sex and has already heen briefly discussed in section
4.3. Recall that Studer and Borle (1982) have shown that hepatic adrenoceptors
in female rats resemble those deseribed for hypothyroid males in the present
study; activation of glycogen phosphorylase is by catecholamine is shared by
a‘ipha and beta rec’eptors, alpha receptor-mediated calcium mobilization is
suppressed and beta receptor-mediated cAMP accymulation is enhanced when
compared to males. How these effects might be related ‘[co thyroid influences
is not clear, although, sex differences in the metaboli§m and actions of thyroid
horinones have been deseribed (Harris et al. 1979), and el might postulate that

female rats behave such that their zlivers are "functignally hypothyroid" as

compared to males.' This interesting sex-related difference and what it might
_ _ mean physiologically invites further study.

Changes in the propérties of hepatic adrenergic receptors have also been
described in the ex vivo state. Okajima and Ui (1982) have examined the
adrenergic regulation of glycogen phosphorylase and sy”nthasé in rat hepatocytes
in primarv culture. They found that beta receptor contributions become
predominant over alpha after onfy 8 h in culture, This shift in adrenoceptor

properties could be prevented by the addition of cycloheximide to' the culture

medium suggesting a role for protein synthesis in the observed change. It
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would be of interest to examine the effect of addition of thyroid hormone or
glucocorticoid in a similar experiment, ,

The findings presented here as well as those of Malbon (1980a) suggest
that the alterations in hepatic adrénoceptor properties+in hypothyroidism are
the result of changes in the density of adrenergic receptors in the plasma
membrane. A similar conclusion can be drawn about ehanges occurring after
adrenalectomy (Guellaen et al. 1978, Ext’on et al. 1981) or hepatic cholestasis
(Schmelek et al. 1979; Guellaen et al. 1982). Unfortunately the effects of the
%er factors described above on alpha and beta receptor densities has not been
examined direetly. Thus one cannot conclude that these changes are

complete\l\y analogous to the hypothyroid state. Nonetheless, 1t appears that
{

hepatic adrenoceptors are influenced by a number of physiological and
4 .

pathological changes of which hypothyroidism 1s a single example. WMoreover,

several of these can be hypothetically related to altered thyroid hormone

funetion and heiee, may share-rta common mechanism.  Although evidence

+ supporting this notion is at present only circumstantial, some aspects are

worthy of further experimental consideration. .

4.5 Phjsiolo;jcal implications of thyroid-induced changes in hepatic adrenoceptor

properties.

The physiological role of the sympathetic nervous system in the control

- of hepatic carbohydrate metabolism remains enigmatic. Therefore 1n the

context of this broader question, any discussion of how changes in hepatic
adrenoceptor properties of the kind described here influence in vivo metabolic
regulation would be pure conjecture. Nonetheless, some interesting aspects of
this problem are worth considering in a speculative way.

Why two different pathways whereby catecholamines stimulate hepatic

glu'cose output should coecxist is problematic. Exton and Hérper (1975) have
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e speculated that the duality of this system may have éux'viyal value, pointing

f

dut that the liversplays a vital role in the "fight or fligﬁt" situation, Ho‘wever,

’ the developmental, sex and species dependent variation in the balance of alpha

and beta receptors remains unexplained; duality of the system if it has survival

’

value should be of berefit under any circumstances.. The shift in this balance
observed in various pathological statés such as carcinogenesis, hepatectomy,

o adrenal insufficiency, cholestasis &nd hypothyroidism (section 4.4) can be viewed

o
o

" in two ways. FEither it is an undesirable change and contributes to the"

pathologig stabte or it represents an adaptive response that allows the ’animal
to optimize its metabolic machinery in this pathological state. If alpha and
beta receptors represent mere duplications that contribute survival value, one
would expect these changes in t‘he balance of repeptors to gain little advantage
in, acute pathological states. One must, therefore, presume that alpha and beta
receptor activation must have different effects on the overall metabolism of
the cell, .

Hormones affecting hepatic metabolism can be considered in two broad
groups (see section 1.3): those whicoh, like beta adrenoceptor agonists, produce
effects that are mediated via the adenylate cyclase/eAMP-dependent protein

% kinase system and others, such as alpha receptor agonists, w?iose effects are
calcium-mediated. While most studies have stressed the similarities of the
effects on cellular metabolism of these two pathways some differences have
been noted. The identification of metabolic effects that are not shared by
these two groups suggests possible p“oints at which alpha and beta receptor
stimulation would have different metabolic consequences. Unfortunately, there
are few studies in which the metabolic effects of hepatic beta and alpha
eceptor activation have been compared within the same experimental
preparation.  However, cAMP-dependent hormonal effects (usually glucagon

stimulation) and calcium-dependent hormonal effects (alpha adrenergic,

vasopkessin and angiotenéin II) in hepatocyte preparations have been compared.

143 ,

T TR AT (TP T T R em e 1% s e e e
A .- €



*

By analogy, these observations grovide support for the hypothesis that albha
and ‘beta receptor stimu’lation can alter cellular metabolism in very different
ways, and hence probably provide the animal with a métabolic "flexibility” 'that
under some circumstances may be essential for survival rather than a mere
duplicafion of receptér systems. '

Garrison et al.' (1979) have compared the patte’rn of phosphorylation of
rat liver proteins after stimulation with glucagon and noradrenaline, These
authors were able to resolve 11 to 12 ecytoplasmic proteins that were
phosphorylated in response to hormonal stimulation. ‘Protein peaks whose
phosphorylation was increased by naradrenaline in the presence of ‘20 /aM
‘ Ipropranolol were the same as those increased by glucagon both in position and
magnitude. Three of these peaks were identified as phosphorylase a, glycogen
synthase and pyruvate kinase.' Vasopressin, angioteﬁsin II and A23187 gave
similar results. However, one-dimensional SDS gels used in that study, lack
sufficie_nF resolution to determine if the proteins phosp’Y;OI'ylated by
calcium-linked‘ho,r;nones were distinet from those affected by glucagon
stmixlétion. "Thus, when two*dim(ansfnal gels were analyzed in a subsequent
series of experiments (Garrison and Wagnero 1982), it was observed that
calcium-dependent hormones and glucagon werc able to affect the
phosphor‘ylatic;n/ of distinct substrates. These authors found six substrates
uniquely phosphoryléted bv glucagon, one by the calecium-linked hormones and
seven by both.

Garrison and Wagner (1982) draw particular attention to some of the
enzyies of the gluconeogenic pathway. In contrast to glucagon, the
calcium-dependent hormones did not stimulate the phosphorylation of
phosphofructokinase, fructose-6-phosphate 2 kinase or fructose-1,6-
bisphnghntase and had only a shight effect on pyruvate kinase. Others (Chan

and Ixton 1978; Garrison and Borland 1979; Hems et al. 1978b) have observed

. that while gluconeogenesis can be stimulated by both cAMP-dependent and

£
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caleium-dependent pathways, hormones functioning via the latte/r‘sﬁ'mulate
gluconeogenesis to a lesser extent at a 'glyccfg'éholytic /eqlm dose.

, . -
In this context the resultso/fone/stmhere indirectly the effects of

"

alpha and beta stimulation were compared is of interest, Blair et al. (1979b)
have shown that adrenaline markedl; inhibits pyruvate kinase and lactate
production in juvenile rats, but is only slightly effective in adults and yet,
adrenaline-stimulation of glucose output in these two groups is comparable
(Blair et al. 1979a). These authors suggest that this difference is due to to
the fact that catecholamﬁa effe_cts in younger ;mimals are mediéted
predominantly by beta adrenoceptors, whereas alpha receptors are relatively
more important in older rats (Blair et al. 1979b).

Others have shown that alpha-mediated inhibition of pyruvate kinase is
" less effective than that produced by glucagon (Chan and Exton 1978; Garrison
and Borland 1979). It has been suggested that this may be the reason for the
generally observed less effective stimulation of gluconeogenesis by
‘ catecholamines compared with glucagon (for references see Garrison and
Borland 1979). However, Rognstad and Katz (}977) have reported that in cells
’from. fasted rats, maximal concentrations Sf adrenaline stimulated
glucneogenesis as effectively as glucagon, but had no effect on flux through
pyruvate kinase, while glucagon inhibited flux through this step by
approxfmately 60%. This observation led Chan and Exton (1978) to suggest that
alpha adrenergic stimulation of gluconecogenesis could occur at another control

point in the pathway, possibly fructose-l,6-bisphosphatase. It is interesting to

note that recently Van Schaftingen et al. (1980) have shdwn that

fruetose-2,6-bisphosphate is an important regulator at this point in the--

gluconeogenic pathway. This metabolite inhibits fructose-l,6-bisphosphatase and

activates phosphofructokinase (Her& and Van Schaftingen 1982).  Glucagon

stimulation of isolated hepatocytes causes a marked decreases in levels of this

metabolite and is thought to be in part responsible for the enhanced

4
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_agents also stimulate gluconeogenesis (Whitton et al. 1978).  The intekrestin_j

gluconeogenesis under these conditions (Van Schaftingen and Hers 1982).
However, A23187, phenylephrine and vasopressin cause an increase i

fructose-2,6-bisphosphate content of the hepatocyte and yet the latter two

Q

possibility that this regulator exerts effects on other metabolic pathways and

control points requires further investigation, o~

Still other mechanis;ns not involving enzyme phosphorylation directly may
be at work in the cell. For example, Merryfield et al. (1982) have shown th
phosphénolpyruvate carboxykinase, another key enzyme in the gluconeogenic
pathway, is activated by the release of Fe*" from rat liver mitochond'ia
mediated bv free calcium. These authors speculate that alpha receptor agonists
as well s other calcium-dependent hormones may exert a regulatory influepce
on this enzvme via this mechanism. Whether cAMP-dependent hor‘mones/’ ay

have a similar effect 1s unknown.
Another indication of profound differences in the effect of these two

groups of hormones on hepatocyte metabolism comes from the study of
! "3

Reinhart et al. (1982b). These authors demonstrated that phehyle; hrine,

vasopressin and angiotensin II administered to perfused rat liver prodiiced a

rapid parallel increase 1n glucose output and oxygen uptake. On the other

hand, glucagon's effect on glucose output was slower- and occum’eld in the

absence of any large change in respiration. These authors concluded that

mitochondria play a vital role in mediating the glycogenolytic effect of the
/

/

7

calcium-dependent hormones, but not glucagon. ;
Although these two groups of hormones appear to have different cffects

on cellular metabolism, evidence exists to suggest that these pathways do not

/
funetion ndependently: hormones of one group may modily or override the

effects of the second. Exton and coworkers (Assimacopoulos-Jeannct et al.
A

1982) demonstrated that phenylephrine and adrenaline could suppress

glucagon-mediated elevation of cAMP and gluconeogenesis from lactaté in

-
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isolated hepatocytes. In contrast to the studies of Jard et al. (1981) who

demonstrated that adenylate cyeclase inhibitiorr in isolated plasma membranes

occurred via alpha2 receptors, Exton's group (Assimacopoulos-Jeannet.et al.

i

1982) showed that the inhibitory effect on cAMP accumu]at'in in hepatocytes

vsuggested an alpha1 receptor mechanism was more itnportant. The

<

contradictory nature of these findings may be a consequence of the different -

preparations used. Whether this inhibitory effect is mediated by alpha, or
alpha, receptors, the ability to also inhibit stimuiationﬂof gluconeogenesis by
exogenous cAMP suggests that other loci in addition to adenylate cyclase may
be ir;volved (Assimacopoulos-Jeannet et al. 1982). The elucidation of the °tr\'ue
nature of this interaction and its possible role in vivo require further stuc}y;’

Assufning that alpl{a and beta receptor -stimula,}_xipn do affect the ceil's
metabolic machinery in different wayus, how and under what circumstances does
differential stimulation of these receptors occur? As can bg seen from table
3.1, the sensitivity to glycogen phosphorylase stimulation by&adr‘enaline is not
markedly changed in the hypothyroid rat; half-maximal phosphorylase activation

dceurs at 7.73 (pDz) and 7.96 (pDZ) for normal and hypothyroid rats

respectively. Since at least some residual alpha receptor activity remains, one

. would not expect the threshold for phosphorylase activation to be greatly

altered in the hy'ﬁothyr,oid rat liver. However, hypothyroid rats possess
) !

adrenoceptor§ of the betaZJ subtype, (section 4.4) which are very much less |

sensitive to noradrenaline released from hepatic sympathetic nerves (section

Y

1.2.3) than- are alpha receptors. One may then speculate that in the
hypothyroid rat the major pathway for adrenergic activation of liver

phosphorylase is through stimulation of beta, receptors by adrenaline released

i

from the adrenal medulla, whereas in normal rats noradrenaline relcased from
7z ]

[

important. As deseribed in section L4 there is some evidencé that such an

arrangement might exist in the rabbit and the guinea pig which normally

v

’
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sympathetic nerve, endings and acting on alpha,; receptors’ would be more
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. possesses both alpha and beta hepatic adrenoceptors.

Q

14

. .
In conclusion, one must concede that in the face of only sparse

. information about the role of sympathetic nervous system in control of hepatic

\
metabolism there is little that can be saidq, about the physiological role _of

]

. thyroid-induced changes in adrenoceptor properties. However, as deseribed:

above, logical reasons do exist for expecting that such changes may have

important physiological consequences.

4,6 Possible mechanisms of thyroid induced alterations in hepatic adrenoceptor

properties.

' The present study documents a clear effect of thyroid state on hepatic

a'drenoceptor properties, but unfortunately provides littlc; insight into the
possible mechanism of such changes. However, isolét'ed hepatocytes provide an
ideal model system which might be used to Ar‘eproduce and study these effects
under controlled in vitro conditions. Thus far tﬁere is some evidence that

thyroid horniones ean produce changes in adrenergic receptor properties in

- isolated cardiac tissue (see section 1.2.3), but attempts to affect similar

changes in isolated adipocytes has met With little suecess (see discussion in
Fain 198]). ¢

One must consider that t;.t]yr;oid hormones could influence adgenergic
receptors other than by a directéeffect on tissue for which the change is
identified. For example, thyroid-induced alterations in the metabolic state that
result in charlxges in adréanergic receptors could represén‘t pal‘t{u of ‘an overall
adaptive response of the animal to its new physiologic state. UThere is at
present little that can be said to refute or support this possibility other than
to reiterate the facts that thyroid hormones have profound effects on almost
every metabolic systecm studied and that adrenergic receptorso‘ exhibit significant
"plasticity" in their ability to change in order to—accommodate new stimuli

)
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(Hoffman and Lefkowitz 1980). Furthermore, the fact that similar changes are

- observed in a number of situations not directly related to thyroid hormone
action argues for a generalized nature of the phenomenon (section 4.4).

Thyroid hormones can modulate the actions of a number of other
hormones ‘and may influence adrenergic receptors secondarily via one of these.
This possi;)ility hés been discussed with respect to Forticosteroids (section 4.4).
Results presented here suggest that thyroid hormone effects on hepatic
gdrenoceptors do not occur because of corticosteroid deficiency in
hypothyroidism.  However, the possibility that part of; the effect of
adrenalectomy on hepatic adrenergic receptors may be due to an effect on
thyroid hormone actions cannot be ruled out (see section 4.4).

One possible clue to the mect?anism relates to the apparent effect of
thyroid hormones on the developmental state of the tissue. Adequate thyroid
function is necessary for normal growth and differentiation of many tissues
(Greenberg et al. "1974) as are glucocorticoids, Hepatic beta receptors are
rel‘étivel'y mor['e important in young rats and there is an apparent shift in the
predominant hepatic adrenoceptor from alpha to beta after partial hepatectomy,
e}fposure to hepatocarcinogens or in hepatocytes maintained in primary culture
(see section 4.4). The similarity bet\;veen these situations and the hypothyroid
rat model suggests that the presence of \thyroid hormone may be required to
maintain the state of differentiation of the tissue. When thyr;id pormone is
removed the hepatocyte may revert to a less well differentiated form in which
the beta receptor contr"i/b‘ution is more significant than in the normal adult
animal.

An1 effect of thyroid -h6fmone directly on thge~ tissue could influence
adrenergic reponsiveness by an action on the receptor si“ig or some post-reeptor
" event, The loss of beta receptor activity in fat cells from hypothyroid rats
provides an example of the latter (see section 1.2.3); the refractoriness of

adipdse tissue to adrenergic stimuli was due in part to an increase in cAMP
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phosphodiesterase (Armstrong et al. 1974) and possibly also a loss of coupling
between the beta receptor and adenylate cyclase (Fain 1981). In the present
expef'iments the increased beta and decreased alpha receptor responsiveness are
accompanied by an increase in beta and decrease in alpha receptor binding site
densiti;as. Although this is the most likely expla:mtion for the altered tissue -
responsiveness the possible existence of additional thyroid effects on receptor
coupling or other post—receptor, events cannot be ruled out.
How then might thyroid state modulate adrenoceptor numbers in the hver?
Thyroid hormone recéptors have been deseri,bed in a number of sub-cellular
struetures includi‘ng the plasma membrane and the nucleus (Sterling 1979;
Bernal and DeGroot 1980). There is evidence th‘at thyroid hormone stimulates
‘protein synthesis at both the level of translation and transcription (Bernal and
DeGroot 1980). Hence, it is possible that thyroid hormones may, directly
influence, the production of receptor protein or some other gene product that
ﬁas a regulatory effect on the adrenergic receptor, If these effects could be
reproduced In vitro one could test the role of protein synthesis directly by the
use\\of specific inhibitors. Recall that the emergence of beta receptor activity
in H\epatocytes maintained in primarz culture could be prevented by the addition
of c‘yc‘loheximide, a protein ;ynthesis inhibitor (Okajima and Ui 1982).

Kempson et al. (1978) reported changés in beta receptor binding in

f

\
cardiae \tissue incubated in vitro with thyroid hormone that appeared not to be

\ -
dependént on protein synthesis (seetion 1.2.4). Thus one could speculate that

a specific effect of thyroid hormone at the level of the cell,membrane may
be important. Th;e incorporation or activation of ecryptic receptors from an
inactive mqembrane’or cytoplasmic pool may be regulated by thyroid hormone
through either a direct effeet on such receptgrs or as a consequence of a more

gencralized change such as altcration of membrane fluidity (Mendoza et al

o

1977).
Of particular interest with respect to possible dircet effects of thyroid

- .
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hormones'on adrenergic receptors is the proposal that alpha and beta receptors
represent t_v;forms of a single protein which can interconvert in response to
certain stimuli such as temperature or thyroid state (Kunos 1977, 1978).
However, in light of ;'ecent demonstrations of the existence of at least four

types of adrenergic receptors, some with very different mechanism for response

2

“activation (section 12.3) this interconversion hypothesis has become somewhat

strained. Wood et al. (1979) have solubilized from hepatic plasma membranes
seperate macromolecules that have the property of binding [3H] WB 4101 and
[3H]DHA respectively, and concluded that these receptors, therefore, do not
reside on the same mac¢romolecule. However, recovery of alpha receptor-like
binding sites was low (1-5%) and may not' be truly reprqsentative of the hepatic
receptor. Furthermore, as discussed in section 1.3.4, the most appropriate

ligands for identifying alpha and beta receptors in liver are unsettled issues.

Kunos (1980, 1981) has broadened the definition of "interconversion" to imply '

a close functional coupling betweer; receptors. Hence, a decrease in one
x;eceptbr type would result in a concomitant inerease in the second type to
which it is coupled. Such coupled regulation may be mediated indirectly by a
thyroid hormone-dependent cellular signal other than the adremergic receptor
itfelf. Indeed, observatipns in many experimental systems have shown that in
many cases when either alpha or becta receptor ac'tivities change they do so in
a ‘reciprocal manner. The explanation for this'is not known.

In conclusion, a variety of possible mechanism whereby thyroid hormones
could modulate adrenergic receptor activity exist. Some of these have been
described above. The elucidation of the actual mgchanism(s) involved in this
regulation will requir;e a greater understanding of both thyroid hormone action

“
and adrenergic receptor properties, Such studies would be fadilitated by a
reliable in vitro model system in which thyroid regdillation of adrenergic

receptor properties can be demonstrated.. The isolated rat hepatocyte might

-

~

provide such a model.
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1. The effect of thyroid hormones on hepatic adrenergic receptors was

examined -in hepatocyte suspensions prepared from euthyroid, hyperthyroid,

hypothyroid and hypothyroid, triiodothyronine-treated rats.

o

2. Experiments with adrenergic agonists and selective antagonisté showed -that

"activation of liver glycogen phosphorylase in cells prepared from euthyroid and

hyperthyroid rats was mediated by alpha adrenergic receptors.

3. The induction of hypothyroidism revealed the emergence of a significant
beta rec’eptor contribution to this response, as well ds an enhanced
accumulation of ¢cAMP in response to beta receptor stimulation. The presence
of a phosphodiesterase inhibitor did not eliminate this differénce.

4, The response to glucagon, which also 'activates glycogen phosphorylase via
a cAMP-dependent mechanism, was not similarly affected; ph'osphorylase
activation by glucagon was the same in hepatocytes from hypothyroid . and
euthyroid rats. Cyeclic AMP accumulation was enhanced in hypothyroid
hepatoeytes at high glucagon hconcentrations and this difference was maintained
in the presence of a phosphodiesterase inhibitor,

5. This emergence of beta receptor activity in hypothyroidism was

agcompanied by a decreased alpha receptor activity, as demonstrated by a
suppression of phenylephrine-stimulated phosphorylase a;:tivation and caleium
efflux from isolated hepatocytes. ' |

6. Responses to vasopressin and the divalent cation ionophore, A23187, which
like alpha agonists produce ac;tivation of liver glycogen phosphorylase by a
release of intracellular calcium, were not similarly affected; the effectiveness
of vasopressin in stimulating calcium efflux was slightly reduced and that of
(A23187 unaffected iin hypothyroid hepatocytes.\

7. Analysis of specifie binding of [3H]prazosin, a selective alphal antagonist,
to liver plasma membranes revealed a decrease in the ‘(élensity of putati;/e afpha

receptor sites in preparations from hypothyroid rats. Hypothyroidism did not

influence the binding affinity of adrenergic agonists or [3H]prazosin to alpha,
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re(c:eptor( sites. This change was opposite to the increase in density pf be;ta
receptc;rs in hypothyroid rat liver reported by others.

8 All of these‘changes: the increased beta reéeptor activity, the decreased
alpha receptor activity and the decreased density of alpha; receptor binding
sites could be returned towards normal by prior administration of
triiodothyronine to hypothyroid rats. - .

9, It is concluded that'f\ypothyroidism produces a seléctive and reversible
enhancement of beta receptor activity and su;yression of alpha receptor activity
in rat hepatocytes. These changes are most likely the result of alterations in

the density of receptor sites in the plasma membrane.
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