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ABSTRA.CT r' , ., 

Hepatic adrenoceptors were examined in ,different thyrQid states. Activation 

of glycogen phosph<;>rylase in hepatocytes from euthyroid and hyperthyroid rats 

was media ted by alpha adrenoèeptors. In hypothyroid rats there was a 
"" ' 

significant beta receptor contribution to q. this response and enhanced beta 

receptor-mediat~d accumulation of cAMP.' Respons,~s to glucagon, a hormone 

which aIsa activates phosphor~lase via cAMP, were !lot similarly affected. 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 acti~ation and calcium 

efflux. Similar effects produced by vasopressin and the calcium ionophore, 

A731B7, were changed only slightly or not at aIl. Alphal receptors in liver 
, 0 

plasma membranes were identified by [3 R ] prazosin binding. Hypothyroidism 

dia not influence the binding affinity of agonists or [3 HJ prazosin, but reduced 

the density of alphal receptors. This change Wf}.s opposi te to the ir:crea.se in 

density of beta receptors in hypothyroid rat liver reported by others. AU' the, 

changes observed in hypothJroidism were partially reversed by in vivo thyroid 

hormone replacement. It is concluded that hypothyroidism produces a selective 

enhancement of beta and suppression of alpha receptor responses in, rat liver. 

These changes are most likely the result of corresponding aItera tions in the 

density of membrane receptor sites. 
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RESUME 

Les récepteurs adrénergiques hépatiques furent examinés sous d~fférents états 

thyroidiens. L'activation de la phosphorylase du glycogène dans les hépatocytes 
, 

\ de rats euthyroidiens et hypertli'yroidiens s'effectuait par-devers les récepteurs 

adrénergiques alpha. il y avait, chez les rats hypothyroidiens, une participation 

significative du récepteur b~ta a cette réponse. Ce dernier provoquait en outre 

une, 'accumulation al crue de PAMP' cyclique. Les réponses au glucagon, une 

. hormone qui active également la phosphorylase via l'AMP cyclique, n'étaient 
" 

pas ~ aff~ctées. de façon similaire. L'augmentation des réponses obtenues par 

l'interm~di-aire des récepteurs bêta chez les rats hypothyroidiens était 

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

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

la sortie du calcium en réponse a la phényléphrine. Des effets comparables; 

,produits par' la vasopressine et l'ionophore calcique A23l87, ne furent que 

légèrement ou nullement changés. Les récep!eurs de type alphal dans les 
J 

membranes- plasmatiques du foie fur~nt identifiés par la liaison de prazQsine 

tritiée. L'hypothyroidisme n'influencait pas l'affinité de la liaison des agonistes 

a~énergiques ou de la prazosine tritiee, mais reduisait toutefois la densite des . ~ 

recepteurs de type alphar Ce changement était en opposition à l'augmentation 

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

,que notée par d'autres chercheurs. Tous les changements observés lors de 

l'hypothyr?idisme ét~ûent partiellement renversés, in vivo, par un apport exogène 
~ " l " 

d'h,ormone thy~oidienne. il est de ce fait conclu que Phypothyroidisme produit 

au niveau du l'oie une augmentation sélective des çéponses reliées a l'activité , 

des récepteurs bêta et une suppr<:ssion de celles relevant des récepteurs alpha. 

Ces chahgements sont vraisemblablen:ent le fruit d'une 'modification au niveau 

de la densité des .sités récepteurs membranaires. 

iv 
-\ 

, " . - r ... 

... 

, 
1 
1 

'1 

i 
j 

l' 1 , . 
'l , l 

i 

l 

1 
j .. 
1 
l 

l 
i 
1 

, 
1 

~J 



1. 

l' 

TABLE œ ClN.I.'ENJ'S .: v 

LIST (li' FICDRES IX 

LIST(li'~ XII 

XIII 

ABBREVIATIœS USED ': XIV 
1,\ 

. il 
SlCI'ICN ailE: TI1l'IOJlCI'ICN ' 

\ 
1.1 Histddcal Perspective and Preamble ... : .................. " ..... . 

1.2 Svrrrpathetic Nervous Svstem-""hyroid Interactions .... ," ........... 2, 

1.2.1 General effects ..................... , ....................... 2 

1.2.2 Catecholamine dis]X)si tion: effects of thyroid state ......... 3 

1.2.3 Thyroid effects. on end-organ responsiveness to 
1 

/:Ii' catecholamines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 5 

1.2.4 Thyroièl effects on aàrenergic radi.oligand binding ........... 12 

1. 3 Eepa.tic Adrenerqic Receptors . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .. 15 

1.3.1 Classification of henatic adrenergic receptors ............. 15 
. 

1.3.2 The mechanism ot beta adrenergic activation ot: 0 hepatic 

glycoqen phosphoryJase ..................................... 21 

1.3.3 The mechanism of aJ1?ha aàrenergic activation of' hepatic 

glycogen phosphorylase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 27 
I:l 

1.3.4 Identif ication of hepatic adrenergic receptors hy 

r adiol iqand binding ............................... : ......... ,.39 

1.4 Role of the Autoncrnic Nervous Systan in the Control of Hep:!tic 

Metabol ism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • .. 46 

l.4.1 Anatanical considerations .................................. 46 

1.4.2 'T'he effects of splanchnic nerve stimulation ......... ','" .. , -46 

1.4.3 The effects of stimulation of the hepatic parasvrnpathetic 

nerves .................................................... . 

v 



( , '-

--

( 
d 

1.5 Effects of Thyroid State on '1ppatic Carrohydrate Metatolism ... 
L5.1 Glycogen levels and phosphorylase activity •. , ........•••.. 

, 
1.5.2 Heœtic enzvrne activities ...•.•.•••••... , ......•..••....•.•. 

1.5.3 Effects on redox state and energy charge ..••.•.......•.••.. 

1. 5. 4 St.lIllIllary ... "."" 9 " " .. " " • • " ••• " " " • • " " • " " " , " • • • .. • • • • .. .. • .. • ..... " • • • 

49 

49 

50 

50 

51 

1.6 Formulation of the Problem •... : . • . . . . . . . . . . . . • . . . . . . . . . . . . . . . .. 51 

2. l Animal s 4O"" ................. " , .. " .. " .. " .... " " " " • " " " " " " " " •• " .. " .. " " " " • " " " " ... " 54 

2.2 Drugs and Chemica ls. . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 54 

2.3 Isolation of Hepatocytes ........•....... !. . . . . . . . . . . . . . . .. . . . .. 55 

2.4 Assay of Gl~en PhosPhory1ase .•..................•.......... 56 

2. 5 Determination of cAMP.... . . . • . • • • • • . • . . . • . . • • • • • • • . . . . • • • . • • • •• 60 

2.6 Calcill1l Efflux Electrode Studies ............................... 60 

45 ( 
2.7 ca Efflux Studies".,..""" " "."" " tt " ".". " ....... " " "" ". "" .... " .. .p,t" " " ". 61 

f~ 

2.8 'rhyroid Hormone Assavs. " .. " " •• " • " ...... " ..... " t •• " ...... ! ... " ••• " • " ... ". 62 
, 

2.9 ,Preparation of Liver Plasma ME'ffibranes ............... '. . . . ... . . .. 62 

2.10 [~] Prazosin Bindinq Studies ................................ " .. 62 

. 2.11 Stat;i.stics· and Expression of Resul ts .......................... . 63 • 

~CN THREE: RESULTS 

3.1 kti vat ion of gl ycogen phosTXlorylaSe by aélrenergic agonists in 
1 

hepatocytes fran euthvroid, hypothyroid and hyperthyroiél rats.. 65 

3.2 Effects of adrenerqic antagonists on adrenaline activation of 

1 
1 
t 

1 
1 ~ 

j 
j 

1 
1 

j 
1 

1 
1-

t 
1 
1 
1 
1 

1 

glycogen phosphorylase in hepatocytes from euthyroid, 1. 
hyoothyroid and hyperthyroid rats .....................•......•. 70 

3.3 The effect of oortisol-treatment on g~ycogen phosphory1ase 

activation by adrenaline, isoprotereno1 and phenylephrine in 
l"-

hepatocytes froll thyroidect(]l\iz~éI rats......................... 72 

3.4 AœlDTIulation of cAMP in resPOl1$e ta sti.mulati~ by adrenergic 

agonists in hepatocytes frou norm9-l- and thyroiélectanized rats 74 
j 

l 
,1 
J 



• 

(1 

'~ 

l 

--- ~ --- --------------~-----------------

3.5 Glmaqorr-induced activation of glycogen phosphorvlase and cAMP 

accumulation in hepatocytes fram thyroidectamized and normal 

rats ...... '": ......................... . -{' ........ t ............... , ...... " • • .. .. .. .. .. • .. .. .. .. • .. .. .. • .. .. 82 

3.6 Effect of trUodothyronine replacement on isoproterenol-induced 

cAMP accumulation and qlycogen phosphbrylase activation in 

hepatocytes fram thyroidectomized rats ........•.......•.......• 85 

3.7 Effect of pheny~eFhrine on calci.lJTI efflux in hepatocytes fram 

normal r thyroide<+anized and thyroidectamized, T3-treated rats.. 88 

3.8 The effect of vasopressin on calcium efflux fram hepatocvtes 

of normal and thyroidectamized rats~ ........................... 93 

3.9 Effect of calcium ionophore, A23187 , on calcium efflux and 

glycogen P00st=horylas~ activation in hepatocytes fran normal 

and thyfoidectamized rats .• _ ........................ '.' . • . . . . . •. 95 
î ' • 

. 3.10 Plîeny1ephrine-induc~d activation of glycogen phosphorylase and 

45ea efflux ,in h~patocytes fran normal, thyroÏdectanized and 

thyroidectanized, triioàothyronine-treated rats ...... ".. . . .. . •. 98 

3.11 Vasopressin-inàuced activaEion of glycogen phosphorylase and 

45Ca erflux in hepatocvtes.from normal and thyroidectomized 

rats .. . .. .. .. .. . .. .. .. .. .. .. .. .. . .. .. .. .. .. .. .. . .. .. .. . .. .. .. .. .. .. .. .. . .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. . 99 

3.l2 Results of r%]prazosin binding to plasma manbranés isolated 

fran noIJ11al, thyroidectanized and thvroidectanized, T3-treated 

rat livers ........................................ 1 • • • • • • • • • • •• 103 

SFCl'ICN FOOR.: DISaJSSICN 

4.1 Ge1eral Considerations: The effect of altered thyroid state on 

hepatic adrenergic reœptors _..... . . . . . . . . . . . . . . .. . . . . . . . . .. . .. 112 

4.2 The effect of hypothvroidism on he~tic beta adrenerqic 

receptors. Compar ison wi th gl ucagon ........................... 117 

4.3 The effect of hYfOthyroidisrn J on hepatic alpha adrenerqic 

recel?tors. Canparison with vasol?ressin and A23187 ............... 125 

vii 
~ 

.' 



4.4 Similar chanqes in hepatic adrenoceptors produced by 

J1()fl-thyr'"oiàa.l. inf]~uences •. t"'" Il ••••••• t ••• Il .. , ••• Il Il • • • • • • • • • • •• 136 

4.5 Physiol.ogical implications of thyroid-induced changes in 

hepatic adrenoce~tor properties ......... " ••.•.•...... '. • • . . . . . .. 142 
• à 

4,6 PcSsible mechanisms of thyroid induced alterations in hepatic 

adrenc:x:::eptor properties ....•..• : ..... Il •••••••••• , • ~ ••••••• If ..... 148 

. ' 

SEX:!.l'ICN J?IVE: SlMo1ARY AND CINCLUSIŒJS" 153 

156 

" , . 

o 

" 

C 1 

viii 



'('" 
" 

o , 

LIST Œ' FI-GJRm:j 
/ 

1.1 Calcium- and cAMP-depen.dent pathways for .. the activation of 1iver 

glycogen pho"'phorylase ................ , .......... ~ , ...... ', ., .. = .. 45 

2.1 Time- and protein-dependent increase in [U_14C]'glucose 

incorporation into g]ycoqen in the assay of hepatic glycogen 
, 

phosI;i1orylase a .... " ...... " " . " " . " " " " " , " " " , " " . " ~ " " " " " " " " " " " " " " " "" 59 - " " 

'3.1 Tirne-coûrse of activation of glycogen phosphorylase ~ by 

adrenaline in hepatocytes from euthyroid, hY}X>thyroid and 

hYJ?9rthyroid rats ..................................... '. . . . . . . . .. 67 
, " 

3.2 Activation of glycoq,en phosphorylase a by adrenaline, 

isoproterenol and phenvlephri~e in hepatoéytes fr<l'!l euthyroid, 

hyp::>thvroid and l1yperthyroid rats •.. , , ... , , ........... , , , ....... 68 ~ 

3.3 Eft"eqts of, adrenergic antagonists propranolol, phÈmo,~~~rrr+I'\7->---r-:----4 

and. dihyaroerq~cryptine on activa~ion of glycogen phosphorylase 0 

a by adrenaliné' in hepatocytes fran euthyroid, hYJ;X)thyroid and 
- , <) l.. 

hyperthyroid rats •............................... , .... ' ...... : . .. 71 
.. , ~ 1 

3.4 The effect ()+ oortisol treabnent on the activation of, gly~ep; 
, , 

phosphorylase ~ by adrena] ine, iSbproterenol anel 'phenyr~pl;lri'n.e 
" 

in hepatocytes f ran hYJ?Othyroid rats., .... , .............. ',' ... :, 73 

3. 5 'l':ime-~urse of cAMP accumulation in resp:mse' te, isoprotereno1 in 
, ' 

heratocytes fran normal and thyroidectanized rats •.... , ........ , 76 

3.6 Accumulation of cAMP in reSfX)nse to stimulation ,bv adrenaline, 

isoproterenol and phenvlePhrine in hepato....')Ttes fran normal and 0 

thvroidectanized rats •.............................. " , .. -........ 77 . , [, 

3.7 Accumulation of cAMP accumulation in resJX)nse to stil111.il,ation by" 

adrenaline and ~oradrenaline in hepatocytes from. a . 

thyroielectanized rat •................................. ,: .....•. ;. 78 

3.8 Isonroterenol-stimulated cAMP acclllllulation as CI. function of 

ix -- ------ --
o , 

... 

, ' 

,0 

" 

o 'l 



.' 

, . 

, 
\, 

"C 

u~, , 
.\ 

1 
'9 

'. 

l' 

, q 

( 

, , 

, ,a 

, 

0' 

" 

<l .. " 1 

0 

J, 

• 6 

1 , 

, , 

" 

tissue amount in hepatocytes fran normal and thyroidectanized 

~ a1;:.S •• ' .... , • « ... , ,'~. 4: ............. e, ••••••••••••• , •••••••••••••••••• a •• 79 

3.9 
, 

Activation of"qlycogen phosphorylase by glucaqon in ~epa,~es 
, of! ' 1 

frcrn normal and thyro'ideconized rats •........................... 83 

, 3,,. 10 Accumulation, of cAMP in resJ?:)nsè "to stimulation by glucagon in 

hepatocyt:es fran noœlal, and thyrQidectan~zeà rats ............... 84 

3.lJ. Effect of triiodotbyr'on"ine' replacement on isoproterenol 

~~imulate,d accumulation of cAMP in hepatocytes from 
_Il. 

thyroiàectanized rats. ~êCmœ.rison with res'[X>nse in ,normal and 

. untreated thyroidectanized rats'. ....... . . . . . . . . . . . . . . . . . . . . . . . .. 86 
, " 

3.12 Effect of trii~dothyr:t'il1e' rep1ace1)1ent on :activation of 

, 'phosphory:lase by isoproterenol in hepatocytes from 
} Q" r , 

thyrolaectanized rats. Canparison with resJX)nse in normal and 
• 

untieate':f, thyr6iàectanizéd rats. . ... ,' ...... ;--;-. "~ .' . . . . . . . . . . . . . •. 87 
v (,C> u .,' 

3.13 Effects of various qlycogenolytiÇJ agerts on 'calcium efflux fran 

hepatocytes isolated frcm a normal and thyroidect$lllized rat as 

'measured by a calcium-sensitive elect~ode.' ...................•.. 90 

3,..,14 PhenylephriFle:"'stimulatea calcium efflux iTl "'hepatocytes fran 
, " 

, normal, thyroidectani~~d and thyr 0 idectan i zed , T3-treated rats. 91 

, ' 3.15 V~e~sin-stimul,ated ca1c~urII efflhx in hep~Ù~~es fran normal 
li 0\.,) 

'and thyroidectanized rats~ .... ~ .. , .'. ' .. <" ...... ~ .............. , 94 
0<1 (] 

J '~ , 

3.16 Acth"'8tion ®f glycÜgen phosPhorylase by calciun inophore, A23187, 
, 'l· • U 0 1" 

, in, l1epatocytes fran nOrJTIal and'thyroidecanized rats., .•....... ~.. 96 
1, • 

'3.;1.7 Stimulation of ~alciU'l\ efflux ~n, hepatocytes" fran normal and ~ 

thyr~idect~izea rats bv calcium ionophore,' A23187 ,"' .•• , . . . . • • • •• 97 

0, ~. lB Effect of extraceHular calciun conq=ntr:atiol) 011 vasopressin and 
~ '- l ' i 

~nylephrine activation of glycogen phosphoryl~-in hE~patocytes 
, " '. , , , 

fran a normal rat •• _. ','" .' .................... '. :'."., ... : ......• 100 

3.19 l?henylephrine stimulation of phQsPoor~lase and 45Ca 'efflux in" 

'0 
x 

" " 

" 
) 

• 

{ 

! 
j 

t . i 

l ,,\ 
~j 

\1 
1 , 
1 
l 
j 
l 
l 

j 
, 1 

·1 
t 
l 

î 
1 

r 



( 
, 0 

" , " 

'>fi 

.. 

o 

,-

Q 

" 

, 
.1 . 

::::= rf:t:. ~: ... :~~~~~i~~. ~~.~~~~~~~~~:. t 
3.20 Vasopressin s~imu1ation of phosphory1ase and 45Ca eff1ux in 

, hepatocytes fran normal and thyroidectanized rats .............. 102 , ' 

3.21 Saturation cl1rves for r3:Hl prazosin binding in 1iver plasma 

membranes isolated from normal, thyroidectornj zed and 
, ' 

1} , , 

thyroidectanizeà, T3-treatei:l. rats.' .•........................•... 106 
_!1.. ~ 

'h ' . -, 
3.22 Kinetics of specificbinding of [~]pra~sin to purified p~a . 

membranes fram a normal rat liver ........................ ~ ...... 107 

3.23 Effects of thyroid state, on putative alpha1 adrenooeptors 

labelled by rJm prazosin in p.lr ified 1iver plasma manbranes •.... 108 
• li 1 III 

3.24 k1r61ëÙine suppression of [:mlpr a"zos in , bindlng to"pjtative a1pha1 
o , 

t • 't l' 1";" u' .. 110 reœp ors ln ra lver .... ,1-, ............................ " ........ : ..................... " 

'"' 

- .. 

; t, 

-" 
" 

s'O 
<6 

'L 

~ 

.. , , 

'1 ' 

" 

xi 

- 1 



, 

: 

., 

(. 

LIS'l' œ TABLES ' 

1.1 Agents that Stimu1ate Hepatic G1vcogeno1ysis ••.....•.•...••. : •... 20 
Il I;l' " 

" " 
3.1 The influence of thyroid state on the potencv of 'adrenergic~ .' 

agoni~ts in activating hepatic glycogen phosphory1ase ............ 69 

3.2 Effect of pho~}Xlodiesterase inhibitor (IB~) on isoproterého1-. 
and glucagon-stimulat~ c:AMP 'accumulation in hepatocytes fram 

normal and thyroidectomized rats .............................. "0 BOU 
/;\ 

3.3 Effect -of phenoxybenzamine on adrenal ine-stirnulated cAMP 

accumulation in hepatdcytes fram a normal and a thyroidectamized 

rat.. . ... , . . . . . , . . . . , ... , . ~ . . . . 1 • " • • • • • • • • , • • • • • • • • • • • .. • • • • • • • • •• 81 

3.4 Potency of phenylephrine and vasopressin in stimulation of 

glycogen phGsphorylase anç3 calcium efflux in hepatocytes fram 

0° 
normal, thvro,idectomized and thyroidectom~zed, 

triiodothyrontne-treateël rats .. ~ ... , ... ; or::.; ...... o •••••••••• o •• 92 

3.5 The effect of thyroid state on hepatic alpha l receptors labelled 
" ~ \:1 • ~ 

}:)y' r~] pr aros in ... . ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . .. l 09 

....... 

1 
b \ 

,f 
4 -

xii 



.l(l 
ACKNOWLEDGEMENTS 

The author wishes to acknowledge the followi,ng. 

Dr. John Ruedy and Dr. Richard Ogilvie for the opportunity of studying 

pharmacology at McGill University. 

Dr. George Kunos for his enthusiastic and indulgent supervision of me and this 

work. 

Drs. Brian Collier, Alan Tenenhouse and Mark Nickerson for their teaching, 

advice and encouragement. 
u 

Julio (W.H.) Kan an.d Charles Peterfy for thE~ir helpful collaboration in sorne of 
o D 

t1ie eX!j)eriment~l work. 
a ~ 

Lucia Fallavollita for her skilled technical assistance. 

Royal Ray mond for the photography and manufacture of sorne of the 

equipp1ent. 
a ~ 

o 

Andre Côté and Yves Théoret for translating the abstract into French. 

~nnifer Kelso and JoAnne Perreault for typing. 

The Faculty of Medicine, McGill University for allowing me to continue this 

wor~ while studying medicine. 
~ 

The National Research Council of Canada,' la Direction Générale du 

'il l'Enseignment Supérior du Québec and the Canadian Heart Foundation for 

financi/ll support. 

Lastly; Charlie Priee, H,~imo Scheer, Charles Peterfy, Jane Batten, ·Peter 
• Il 

GrosserrGeorge Colpitts, Tom Dikens, Seana O'Reljan, Herj(:mi DeMatos, Kenny 

4 Kwok and other~ who made the too many years it took to prepare this thesfs 

seem too short. 

. '\ '" 

. xiii 



( -, 

,'" 

~ 
- ----- --.-- ,-- ----...... ------ -_. 

ABmEVIATI<m usm 

cAMP, cyclic AMP 

ATP, ADP 

.M'IP, 5'-.M1P 

mA 

mE 

lliBP 

roB 
Gpp(NH)p 

EIJrA 

NAD, NAm 

'1RIS 

Brmx 

'K d 

K! 

caterhol~thyl Transferas~' 

Mbnorunine oxidase 

Adenosine-3' ,5'~nophosphoric acid, cyclic 

GUanosine-3' ,5'~nophosphoric aci6, cyclic 

Adenosine triphosphate, di phosphate 

Adenosine-5'~nophosphate 

Thyroidectanized 

3,3',5'-Triiodothyronine 

Thyroxine 

Isobuty~thylxanthine 

Dihydroalprenolol ., 
Dihydroergocryptine 

Iodohydroxybenzylpindolol 

GUanyl-5'-ylimidodiphosphate 

Ethylenediaminet~tracetate 

Ethylene glycol bis( -amino ethyl ether)­
N,N,N',N'-tetra acetic acid 

1 

Nicotinamide adenine dinucleotide (oxidized, 
reduced) 

Tris(hydroxymethyl)-aminamethane 

1V.bx inun b i njin~i ty 

Dissociation constant , 

Cbncentration of agonist causing half­
rœxiIml activation 

:-loglOCGO) 

Hill coefficien~ 

xÎ'v 



o (j 

\ 
\ \ 

1-

SECTION ONE 

1 N T R 0 DUC T I 0 N~ 

1 

( 

1 
, \ 

",. 



r 

f 

1.1 Historical Perspective and Preamble. 

c 

- -Many-of the manifestations of thyrotoxicosis in man resemble 

hyperactivity of the sympathetic nervous system. That sorne relationship 

between the thyroid and adrenergic activity exists was first realized in the 

mid-nineteenth century (Ha~ison 1964). The earliest concept that alterations 

in the activi ty of the cervical sympathetic' nerves resulted in enhanced 

glandular function gave way to the more widely held contemporary opinion that 

thyroid-induced changes in end-organ responses ta sympathetic stimulation were 

important in the pathogenesis of thyroid disease (Harrison 1964). Indeed the 

ef!ect of, altere.Çl thyroid sta te on adrenergic responsiveness has been 

extensively studied especially in cardiac and ~dipose 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 
\ 

in sorne instances, thyroid-induced alterations in a,drenergic responses can be 

attributed ta ~hanges at the level of the catecholamine recepto!, (Kunos 1981). 

However, In spite of the many excellent studies of this phenomenon, the 

underlying mechanism of these changes in adrenoceptor properties remains an 

enigma. 

The concept of multiple types of adrenergic receptors was first proposed 

by Dale (1906) and la ter modified in the dual receptor theory of Alquist (1948). 

SÙbsequently, most ,adrenergic responses were classified as being 'mediated by 

eitner alpha or beta 0 receptors. However, the glycogenolytic response of 

hepat,ic tissue to c<l.techolamines 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 ean contribute to the glycogenolytic response of the liver. In the 

heart, where force and rate responses ta catecholamines similarly invo1ve both 
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alpha and beta receptors, hyperthyroidism was sh6wn to increase beta and 

decrease alpha receptor aetivity. Therefore~ it seemed logical to postulate that 
- -

hepatic alpha and beta receptors wou1d be mo~u1ated by thyroid hormones in 

a similar manner. This thesis describes the testing of this hypothesis and 

confir ms an effect of thyroid state on hepatic adrcnergic receptors, although 

the observed change is not as" predicted. 

The introduction which tc;Îlows briefly reviews thyroid effects on the 

sympathetic nervous system (section 1.2), hepatic a~!'lIergic receptors (section 
t, 

1.3), the role of the sympathetic nervous system in the control of hepatic 

metabolism (section 1.4) and the met~bolic effeets of altered thyroid state with 

special emphasis on the liver and carbohydrate metabolism (section 1.5). No 

attempt has been made to comprehensively review here the huge literature that 

exists in any of these subject areas. Many controvel'sial points arise, however, 
, .""" . - -

in the interest of elarity and brevity, only those ~!b a>re felt to pertain 
'-

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

in Section IV: Discussion. 

1.2 Sympathetic Nervous Svstem-Thyroid Interactions. 

1.2.1 General Effects 

As might be expected for a subject that has' been investigated for 

approxima te1y 100 years, the vast amount of accumu1ated literature on 

sy mpathetic nervous system-thyroid interactions is often contradictory and 

confusing. Several excellent attempts have ~een made at organizing this 

information in recent reviews (Harrison 1964; Waldstein 1966; Leak 1970; 

Spau1ding anel Noth 1975; Landsberg 1977; Kunos 1981; ,Fain 198)). 
! ' 

Many clinieal observations suggest tha t some manifestations 'of , 

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

Increased heart rate and contraetility, sweating, muscle tremor and weight loss 
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are seen in patients with thyrotoxicosis. Similar effect.s can be produced by 

the administration of sympathomimetic agents to normal subjects and are also 

seen in patients wltïl pheochromocyto-ma; -îndeed, the latter must be considered 

in the differential diagnosis of hyperthyroidism. Moreover, these manifestations 

may be ameliorated by the administration of a,drenergic blocking agents. 

However, when sympathetic activity was determined directly by measuring 

noradrenaline turnover in hearts of hyperthyroid animaIs, 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 low, and plasma 

dopamine-beta-hydroxylase activity is decreased in hyperthyroidism, whereas in 
; 

hypothyroidism, plasma noradrenaline and dopamine-beta-hydroxylase are 

increased, and urinary noradrenaline levels are either increased or normal. 

Neither hypothyroidism nor hyperthyroidism appear to have, a significant effect 

on urinary 1evels, plasma levels or the secretion of adrenaline. These findings 

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

or unchanged in hyperthyroidism and increased in "'hypothyroïdism. Neither state 
,-

appears to pl'oduce a significant alteration in secretion of adrenaline by the 

adrenal m edulla. 

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' 

catecholnmines including adrenaline released from the adrenal medulla are 

, destroyed mainly by catechol-O-methyl transferase (COMT) in the liver and 
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kidney (Mayer 1980). Since gross alterations in circulating adrenaline or 

atlrenaline released from the adrenal rpedulla are not produced by changes in 

thyroid hormone levels (see above), it is unlikely tllat deranged metabolism 

-could account for ~ltered sympathet~c acÙvity in the intact animal. 

Of perhaps grea ter significance, particularly with respect to 

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

cate~holamines in the vicinity of the adrenergic receptor. Normally, 

approximately 9096 of ,noradrenaline ' released into the synapse is rapiqly taken 
" 

up again in ta the symp~thetic nerv~ terminal 'by à' specifie transp?rt system 

(Mayer 1980). Adrenalin'e, which finds its way into the synaptic space, is also 
, 

a substrate for up~ake "via this mechanism. flome ~vidence exists ta suggest 

that the activity of this transport system is decreased in hyperthyroidism and 

unchanged in hypothyroidism (Wurtman et' al. 1963; Landsberg and Axelrod 

1968). \\'urtman et al. (1963) suggested~ that this, could be, the basis for 
, 

. apparently increased sympathetic activity in thyr?toxicosis. Howevet', additional 

factors must be involved since tissue sensitivity to isoproterenol~ an .E,drenergic 

agonist which is not a substrate for, neuronal up,take, still showe~ 

thyroid-dependent changes (McNeill and Brody 1968; I{unos 197,7). Moreover, 

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

addition of steroids did not modify the, reduced sensitivi~y' of the inotropié 

,response in the hypophysectomized rat (Kunos et al. 1980). "Thus at least ï'n 

this example, alterations in extraneuronal uptake of the sympathomimetic coulg 
, .. 

not account for alterations in adrenergic sensitivity. 

Uptake into'~ the noradrenergic rlerve terminal is followed by st orage 'of 

catecholamme in vesicles for subsequent re-release and, to a lesser extent, 

.metabolism by monoamine oxidase (MAO), Where~a-neuronal uptake results 

in metabolism by 'COMT (Mayer 1980). Effect~hyrOid hormone levels on 

" both MAO and COMT have ,rbecn reported for many tissues and the findings are 

summarized in several. rec~~t publications (Youdim et al. 1976; Sourkes et al. 
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1977; Kunos 1981). These enzyme activities vary with species, age, sex and 

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

som e aspects of altered tissue sensitivity to cate~holamine, they are unlikely 
J 

to be of major· im'portance (Kunos 1981). 

1.2.3 Thvroid Effects on End-organ Responsiveness to Catecholamines. 

Present-day understandÎllg of adrenergic - receptors had its foundation in 

the: dùal receptor theory. of Ahlquist (1948). He proposed that adrenergic 

rEfc~tors be divided into two groups based on the order of potency of" agonists 

for producing the response: isoproterenol > adrenaline > noradrenaline for beta 

receptor-mediated responses and adrenaline > noradrenaline > isoproterenol for 
, -

alpha . receptor-m~diated resppnses. This theory was later refined to include 

two subtypes of beta receptors: betal for w,hich adrenaline = noradrenaline and 

beta2 for which adrenaline > noradrenaline (Lands et al. 1967). Alpha 

receptors have also been sUb-divided, originally on the basis of anatomical , , . 
loca ti~n as pre- and post-synaptic' receptors (Langer 1974). The more recent 

terminology of alpha1 and alpha2 receptors reflects pharmacological rather than 

anatomical' differences (Berthelson and Pettinger 1977)1 This modification in 
. . 

theory,: is justified since both receptor subtypes have been identified by 

pharmacological and vligand b'lnding stu1es at post-Syn~Ptic sites (F~in a~d 

Garcla-Sainz 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 mechamsm by which they affect a tissue response. While both beta1 and 

'betai receptors are coupled t6 adenylflte cyclase ànd stimulation results in 

incl'eased tissue cAMP levels (Ross and Gilman J.980; Limbird 1981), alphal 

receptors mediate their effects through the mqbiIization of calcium and alpha2 
, f) 1 

' •. : receptors ,inhibit a~enylate cyclase activity (Fain and Garcfa-Siiinz 1980). 

,This c~':lcept of multiple subtypes of adrenergic receptors has been 
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emerging during recent years and has proven ta be much more complex th an 

-one !,"ight have anticipated only a few years aga. Therefore, it is easy to 

appreciate the difficulties encountered in early attempts ta understand the 

mechanism of thyroid effects on adrènergic responses. More' reeent studies of 

this problem attempt to analyze thyroid effects within this framework by 

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

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

discrepanci es include seXj age; species differences, both ~i th respect to 

catecholamine actions and sensitivity to thyroid hormones; the lack of complete 

dose-œsponse studies and inadequate assessment of sensitivity changes, as weIl 

as differences in treatments used to pmoduce hypothyroidism or hyperthyroidism 

in experimental animaIs (for a more complete discussiqn see Kunos 1981). 

Effects of thyroid hormones on adrenergic responsiveness of cardiac and adipose 

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

Cardiac TIssue. 
; , 

Most studies have sbown that hypothyroi_dism produced an increased alpha 

and decreased beta receptor contribution to adrenergic stimulation of the rate 

and force of contraction in iso1ated cardiac tissues (Nakashima et al. 1973; 

RUIlos 1977; Kunos et al. 1980). The opposite was observed in hyperthyroidism 

(Ku~os 1977; Hashimoto and Nakashima 1978). These results~,are supported by 

" 
the finding of enhanced catecholamine-stimulated adenylate cyclase in cardiac 

preparations from hyperthyroid animaIs (Tse et al. 1980) and an attenuated 

aativity in preparations from hypothyroid animaIs (Levey et al. 1969; Kunos 

et al. 1976; Brodde et al. 1980). Not aIl studies, however, are in agreement 

with these findings sincc sorne authors have f~und catecholamine-stimulated 

adenylate cyclase activity unaltered in hyperthyroid myocardium (McNeill et al. 

1969; Young and McNeill 1974). The cardiac glycog'enolytic effect of 

adrenergic agonists was 9Iso reported to be enhanced in hyperthyroidism, 

although these effects were not ana1yzed in detail with respect to l'eceptor 
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type (Hornbrook et' al. 1965; McNeiU and Brody 1968; Hornbrook and Cabral 

1972). In ail of the above-noted studies thyroid state was altered .in the, intact 

ani mal. Tsai and Chen (1978) have demonstrated a T 3-mediated enhancement 

of beta receptor-;:stimulated cAMP accumulation in cultured fetal heart ceUs. 

This finding indicates that thyroid hormone could produce an' increase in beta 

receptor activity in vitro. 

Adipose TIssue. . 
Catecholamine-mediated activation of lipolysis in adipose tissue occurs via 

activation of the beta receptor/adenylate cyc1ase system (Hirnms-Hagen 1972; 

Young and Landsberg 1977). In additi0n, adipocytes al80 possess alphu2 

receptors that mediate inhibition of the adenylate cyclase and alpha} receptors 

that affect changes in glycogen metabolism an,alogous to those in liver (see 

section 1.3; Garcla-Sainz and Fain 1980). While the presence of ail three 

types' of adrenergic receptors havy been shown in preparations of human and 

hamster adipose tissue, there is no evidence for alpha2 receptors iJl rat fat 

ceUs (Garcfa-Sainz and Fain 1980). 

D~bons and Schwartz (1961) showed that in adipose tissue from the rat 

the in vi tro lipolytic resppnse to catecholp.mine was enhanced in 

l1yperthyroidism and suppressed in hypothyriodism. The decreased, response in 

hypothyroidism was thought to be due to an attenuated cAMP accumulation 

during stimulation (Malban èt .al. 1978b). Sorne investigators did show a 

decr~ase in adeny'late cyclase respoflse to catecholamine in hypothyroidism 

(Correze et al. 1974; Malbon et al. 1978b), wt>ile others found no change 

compared with euthyroid controls (Armstrong et al. 1974). Fain (1981) 

k ttributed these variable results ~to the use of different preparations and the 

1 

inability to prccisely c0!ltrol experimental conditions. Moreover, on the basis 

of unchnnged peta receptor binding found in sorne studies (see section 1.2.4), 

he suggest-ed that the impaired beta receptor responsivcness in hypothyroid 

B:dipocytes was due to a defective coupling of hormone receptor complexes to 
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, adeny1ate cyc1ase. However, other effects cannot be discounted and probahly 
1 , 0 

" contribute to the impaired response. 
0' 

The presence of ptwsphodiesterase inhibitor potentiated adrenaline-indllced 

lipo1ysis to a greater extent in adipocytes from tlypothyroid than euthyroid rats 
~ 

'J , " 

(Goswami and Rosenberg 1978). Acc?,rdingly, others (Armstrong et al. 1974, 

Van In wegen et al. 1975; Correze et al. 1976) reported' inqreased 
, 
phosphodiesterase activities in preparations from hypothyroid rat aoipose tissue. 

These findings sugg'est th~t at least a portion of the impaired responsiveness 

of hypothyroid adipocytes Il)ay be due ta increased metabol!sm of cAM P. 

However, .\lalbon et al. (l978b) were unable ta find any change ;n the cAMP 

phosphodiesterase activity of fat ceU gtiosts. This may have been due' to: ' 

differences in the preparation used' in that study compared with oth~rs 

, described above. 
, 

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

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

suspensions or the inclusion o~ adenosine de,aminase in the incubfüion medium •. 

This suggested that increased production or sensitivity to adenosine by, 
, Q 

hypothyroid adipocytes could contribute to the impaired responsiven,es,s. On the, 

other hand, Fain and Malbon "(1979) found a decreased relea~~ ~nd also impaired 

oxidEitive degradation of adenosine in hypothyroid adipocytes whieh' tends to 

refute the importance of adenosine in this phenomenon. 

, Catecholamine-stimulated cAMP accumulation and lipolysis' were enhaneéd 

in fat cells' from T 3-trea t~d rats, although this ~{fect was not reflected" in an 
, , 

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

1978b). Thyrold state had an opposite effect on c'AM'P accumulation in. harn:ster 
1 Ir) _ 

adipo~ytes. Isoproterenol-stimulated cAMP accumulation was enhanced in 
, 1 

à ' 

.hypotllyroièisrn and impaired in hyperthyroidism, the latter, being attributed ta 
, : 

1 

a toxie effect of high doses of thyroid hormone (Fain 1981). ',Conver~èly, 

Giudicelli et al. (1980) also working wHh hamster adlpocytes, inferl'ed that the", . 
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", decreasè'dQ cAMP response in hyperthyroid animaIs was due to an alteration !n 

alpha recep!or ~ctiv!ty. 

adenylate cyclase {Fain 

Alpha2 receptor stilllulaiion resul~s in inhibition 9f 

and Garcra-Sâinzo, 19'80t and Rosenqvj~t et al. (1971) 
, 0 J <J j 

/ i suggested that th~ impaired lipolytic r,esponse in ,human adipocyt~s could in part 

" 

c, 

. 
4 

, 

be due to a gre~ter alpha2 süppression .of cAMP accumülation. However, it 

"---;---~ later shown that neither hypothyroidi;m nor hyperthyroidism altered the 
r,0 (j ~ , 

~lpha2 receptor-medited inhibltion of ~~enylate cyclase ln' hamster adipoqytes 
" " " ~'l 

(Garcla-S~,inz, e~ al. 1981). As ~entioned be!,'0[e; (hYt~/effects on adrenergic 

re~êp~o~s can' show marked species variation ahd hence cannot readily be 

'extrapolated. ,Therefore, the question of thyroid effects on a1pha2 re~eptors 

in humàns and their role in altered sensitivity of the lipolytic response to· 

catec'holamines remains unaI1$w~red. 
'0 

'Alpha} receptor~ stim~lation increases p~osphatidylinosi!ol turnover which 

"is though~ to be linked tp an elevation of intracellular calcium (Fain and 

'. 
Gar?la-Sainz 1980). Botg alpha and- beta receptor stimulation can p!'oduce 

activation of. glycogen"phosphorylase and inactivation of glycggen synthase in 

adipocytes (Lawrence and Larner 1977) just as in the liver' (section 1.3). 
, " , O' ,', 

,Garcla-Sa.iri~ '{l'nd Fain 
'J a , Il 

(1980), have reported no change in a lp hal 

recept~'r-med'iatM stlmulation of phosphatidylinositol turno'ver or glycogen , " 
" synthase inhibition in hyp,othyroid rat (at ceUs. However, Kunos (1981) has 

suggested tija t the" lack 0\ change in inactivation of glycogen synthase by the 
" ' 

mixed agonist adrenaline in tl"te face of markedly impaired inhibition by the 
II ,," , 

? " ~ 

beta agonist ',isQprotererioI' in the above study must suggest the presence 'of an 

,inçreased, alphal! rèceptor activity in the hypothyroid state. This point \requires 
1) \ ,- 1. 

" ~làri fica tion." 'GàrcÎa-Sâinz et al. (1981) also reported a lack of effect of 

thyroid hormone on alphal stimul~tion of phosphatidylinositol turnover in 
c' 

hamster adipocytes • 

Hepe tic Tissue. 
C 

Earh' stti'dies demon~trated that the glycogenolytic effects of adrenaline 
u .. u\ 

, ' 
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are potentiated in hyperthyroidism (Harrison ~964). In re~nt years it has peeh' 

shown that both alpha and beta recêptors ~, influence hepatic carbohydrate 

metl\bolism (see section 1.3). 
.. ~~~ 

Ho~er, the glyco~enolytic response in the 

intact animal is complex (Hornbrook 1970) and interpretation' in terms· of 

receptor effects is very difficult. At the outset of the pres~nt 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 

contribution of a1ph~ receptors wfls enhanced, (Hagino &: 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 1.3). Nor are they in 

agreement with the findings to be presented here or· thase .. JI Malbon and 

, ., co-workers (Malbon et 'al. 1978a, 1980; Malbon 1980a). A ~ore complete 
li 

discussion of this is deferred to section 4.1. 

Cther Tissues. 

Effects of thyroid hormones on catechoiamine-f!1e~iated responses i4l a 

number of other tissues hav~ been reported. These relatively feW studies have 
. 

been recently reviewed by Kunos (1981) and will not be described in detail 

here. Howeve'r, of sorne re1evance to the present sturlies, in as much as they 

dea! with carbohydrate metabolism, are the effects of thyroid hormones on 
.~ 

:ï< 

insulin secretion 'by' the ,pancreas. Beta receptor stimulation e'nhal)ces insulin 
~~ 

secretion while alpha stimulation i~ inhibitory (Young and Landsberr- 1977). 

Beta receptor activity dom~nates in ,hyperthyroidism and
u 

hence the mixed 
; , 
\ . 

alpha/beta agonist adrenaline potentiates glucose-induced insulin secretion 

(Okajima and Vi 1978'). In contrast, alpha receptors dominate in the 

hypothyroid pancreas, vJhich resu1ts in an adrenaline-induced suppression of" 

i'1sulin release (Okajima and Di 1978~. Precisely how these changes relate to 
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the overall altered metabolic state of hypothyroidism or hyperthyroidisrrl3 is 

unknown. 

Summary. 
~ 

From the foregoing it is clear thdt generalizations about the effects C:f 
~ 

thyroid hormones on adrènergic receptor-mediated responses must be made with 

caution. Most evidence suggests that hypothyroidiSUl results in a decreased 
o 

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

hamsters appear to represent a noteworthy exêeption (~~in 1981). Similar 

effects have been noted in pancreas (Okajima and Di 1978). Alpha rece~tor 

activity is apparently enhanced in cardiac tissue from hY[>othyroid animaIs 
o 

although this effect has not been analyze81~ i~ 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 alphal o~ alpha2 -receptors (Fain 

1981;' GarGla-Sarnz et al. 1981; Garcla-Sainz and Fain 1982), although the 

suggestion has been made that su ch an effect has been overlooked (Kunos 

1981). 

Hyperthyroidism produces changes opposite to those' found in 

hypothyroidism, although these effects are tn general 1ess 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 level 'appears ta 

follow a continuum. Thus, treatment of euthyroid animaIs ~th thyroid 

hormone produced opposite changes in' cardiac adrenoceptor properties to those 

se en in hypothyroidism (Kunos 1977; Hashimof6' and Nakashima 1978). g' 

\ 
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1.2.4 • Thyroid Effects on Adrenergic Radi'oligand Binding. 
4 ~ 

Direct radioligand binding ~tudie~ of adrenergic receptors have been of 
u 

great value in precisely 'defining the l'ole ~f receptors in thyroiéhinouced 

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

understandmg of mechanisms \'Ihich underlie these changes, studies using tbis - , 
~ 0 

approac~ ~ appear ta have introduced even more controversial and °apparently 
1) ~ cO 

contradictory findings into the literature. These investigations are subject to 

the san:e pitfalls and prob1ems of variations in species, age, sex, etc. (see 
o _. 1 

rection 1.2.3) that have hampered the development of a clear understanding of 
~ 

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

studies have not in ail cases supported the existence of changes in receptor 

properties tha\ cOlHd explain the observed altera.tions in responsiveness ev en 

when the same tissue was examined for both' (see below). There are tW9 
~ 

possible explanations for this: (1) thyroid hormones ,affect changes in 
Q 

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

on receptors ~ se or (2) the lIgand blnding study does not adequately assess 
, ~ 

receptor properties. Clearly the existence of a change in re,ceptor properties 
'YÎ 

which could explain the observed change in tissue fesponse doe; not preclude 

the possibîllty of additional thyroid hor\mone effec~s on post-receptor events. 

~ven ,in those situations wnere biochemical changes, other thun at the receptor 

site itself, are no~, found, one cannot rule out possible addi tional effects o~ ",the 

coupling of receptor to the eff~ctor system. In the case of the beta rec,?ptor, 

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

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

confidence. 

The first sucessful IJ.drenergic i3inding studies were made in 1974 for beta 

• 
receptors and in 1976 for alpha- receptoÏ's (Hoffman ar'ïd Lefjvowitz 1980). 

Although this field hns gl'own,rapidly in a short pcriod, the methodology lis still 

being developed, as is an appreciation fo~ the complexity of the receptor 
Q 
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systems being studied. Rence the over-zealous interpretation of earlier studies 

Ms undoubtedly eontributed rto incorrect and misleading conclusions. Moreover, 

the common praetice of restating in print many tirnes the results of a single 

study has led to the premature acceptanee of data without adequate 

reinvestigation and confirmation. Renee, any dogrnatic statements about 

adrenergic receptors based 9n binding studies must be viewed with sl<epticism. 

Thyroid hormone effects on radioligand binding properties of adrenergic 

receptors has been reviewed and sorne of the comrnon prob1ems encountered 

discussed (Hoffman and Lefkowitz 1980; Kunos 1981; Fain 1981). The resu1ts 

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

Cardiac Tissue. 

Mest studies have shown an in"r~ase in beta receptor numbers in cardiac 

tissue from thyroid normone-treated rats and a decrease in hypothyroid 

preparations (Hoff man and Lefkowitz 1980). In general there was no or little 

change 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 [3B ] DHA, a beta antagonist, when nanomolar amounts of thyroid hormone 

were added in vitro to either cultured rat myocardia1 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 0.5-2 h) 

increase in binding sites tha t was not affected by protein synthesis inhibitors 

as weil as a slower increase (15 h) which was. ,Although most investigations 

have demonstrated incrè'ased alpha adrenergic responsivenes~ of hypothyroid 

hearts (section 1.2.3), results of alpha receptor radioligand binding assays have 

been variable. Thus, studies using [3H ] DRE to evaluate alpha receptor changes 

in hypothyroid rats have shown either a decrcase (Ciaraldi, and Marinetti 1977, 

1978) or no change (Williams and Lefkowitz 1979; McConnaughey et al. 1979) 

in alpha receptor binding site density. Reasons for these discrepant findings 
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are not clear, although it is possible that the presence of" presynaptic alpha2 

receptor binding sites or differences in the physicBI-biochemical properties of 

preparations from normal and hypothyroid rats may have been factors. 

However, Noguclli and Whitsett (1983) using [3 H] prazosin, a selective alpha
1 

antagonist, also found a decrease in alphal receptor binding sites in hypothyroid 

rats hearts. On the other hand, Sharma and Banerjee (1978) had sllown that 

T 3 trelil tment of thyroideC'tomized rats resulted in a decrease in [3 H] DHE 

binding site density. This finding was later confirmed by Chang and Kunos 

(198]) who found that the binding of [3 H] prazosin was decreased in hypothyroid 

rats after treatment with T 3 for 36 h, while [~H] DHA binding was increased. 

Similarly, T4 treatment of hypophysectomlzed rats for two days produced an 

increase ln [3I-I] DHA binding sites and a decrease in alphal receptor binding 

sites ide~tified as prazosin-suppressible [3 H] WB 4101 binding (Kunos et al. 

1980). 

Most studies on tissue responsiveness to sympathomimetics have shown 

that hyperthyroidism decreases the alpha receptor component in cardiac tissue 

(section 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 ~lcConnaughey et al. (1979) found evidence of.a decrease in alpha 

receptor binding iil cardiac tissue from hyperthyroid rats. 

Adipose Tissue. 

[3 H] DHA has been used to assess thyroid-induced changes in beta 

receptors of adipocytes. Malbon et al. (l978b) and Goswami and Rosenberg') 

~ (1978) reported no change in beta receptor binding sites with thyroid state. 

However, beta binding site numbcrs have been reported to be decreased in 

hypothyroid (Giudicelli 1978) and increased in hyperthyroid rats (Ciaraldi and , . 

,Marinetti 1978). Non-linear Scatchard plots (Malbon et al. 1978b) in the 

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

[3 H] DHA binding may bc to heterogeneous sites and hence these studies must 
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be interpreted with caution. 'Moreover, Malbon (I980b) found that the weIl 

known effect of guanyl nucl~otides on agonist affinity for the beta receptor 
1 , 

(Ross and Gilman 1980; Limbird 1981) was lost in preparations from 
1 

/ 
hypothyroid or hyperthyroid adipose tissue. This finding suggests th~r'" there 

1 

may be a complex regulatory role for guanyl nucleotides in thyroid \~rmone 

"-
effects on fat cells. ~--.,,-

Alpha receptdrs have been little studied in adipose tissue. Giudicelli 

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

1 
adipose tissue from hyperthyroi d hamsters and no change in hypothyroid hamster 

---

adipocytes. Garcia-Sainz 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 alphal and alpha2 receptors, and a definitive 

statement about possible changes in alpha receptors in adipocytes must await 

studies with selective alehal and alpha2 ligands. 
,) 

Findings of work on adrenergic receptor binding properties in hepatic 

tissue will be discussed later (section 1.3.4). 

1.3 Hepatic Adrenergic Receptors. 

1.3.1 Classification of hepatic adrenergic receptQrs. 
,1 

The body, stores glucose in the form of glycogen which can be rapidly 

mobilized, such ,as during, strenuous muscular exercise, to supply fuel for 

glycolysis when' local glucose or oxygen are in short supply'; Hepatic 

glycogenolysls together with gluconeogenesis supply glucose for tissues such as 

brain and erythrocytes which utilize glucose as their basic metabolic fuel. 
o 

Hence, the liver has the important role of maintaining the euglyce~ic stute 

during ~hort periods of fasting. o , , 

The control of liver glycogen metabolism has recently been reviewed (Hers 
o , • 

1976; Hems" and Whitton 1980)." In 1940, Soskin (1940) put forward the concept 
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tha t circulliting glucose itself is the primary stimulus for glycogen breakdown 
o 

or deposition in the liver. However, glucose storage and output is additionally 

moduluted by hormonal and nervous influences, principally those of insulin al)d 

glueagon. These hormones aet to control the activation or inactivation of 

glycogen phosphorylase, the rate-limiting enzyme for glycogen breakctowR and 

glycogen synthase, the enzyme that catalyzes glycogen synthesis (Hems and 

Whitton 1980). 

A variety of hormones in addition to ~lCagon can activate glycogen 

phosphorylase and hence rapidly stimulate hepatic glycogenolysis (table 1.1), 

however, the physiologieal importance of these is unknown. Adrenerglc agonists 

are included in this liste Although the effects of catecholamines on hepatic 

carbohydra te metabolism have been studied for many years (Hornbrook 1970), 

it is only recently that the mechanism of adrenergic activation of hepatic 

phosphorylase has been clarified. This is particularly ironie in view of the 

important role the study of adrenuline effects on phosphorylase activation 

played in the discovery of cAMP by Sutherland und coworkers in the late 1950's 

(Robison et al. 1971). The historical development of our understanding of 

adrenergic receptors in the liver has been reviewed by Baylett (1979) and will 

be dealt with only briefly here. 

Hepatic adrenergic receptors could no t, until recently, be easily classified 

as alpha or beta (see section 1.2.3): At least part of thlS difficulty arase 

because of attempts to analyze the effect of,i"cateeholamines on the 

hyperglycernic response in the intact animlllj catecholamine-induced 

hyperglycemia is a complex response involving direct effects on the liver, 

effects on insulin and glucagon secretion by 'the pancreas, glucose uptake and 

lactate production by muscle, llpolysis in adipose t!ssue, as weIl as a number 

of othel' minor effects (Hornbrook 1970j Young and Landsberg 1977; 

~im.ms-Hngen 1972). In addition, the responsc shows considerable variation with 

species and route of catecholamine administration (Ellis 1967). Sorne 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). However, studies from this laboratory (Kan 

et a!." 1979} as well as others (Jenkinson et al. 1978) demonstrated the need 

for very high antagonist concentrations in order to bloCk the response even in 

in ~ preparations. This is most likely due to the high capacity of the liver 

to 'take up antagonists th us reducing the effec,tive concentration in the vicinity 

of, the receDtor (Jenkinson et al. 1978; Kan et al. 1979). 
, -

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

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

phosphorylase via the be+.a receptor-adenylate cyclase pathway (see section 

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

questioneâ (Hornbrook 1970). Earlier evidence that, at least in the fed rat, 

adrenaline'-induced hyperglycem ia had the characteristics of an alpha 

receptor-mediated effect (Fleming and Kenny 1964) did not gain acceptance 

until the \'.ork of Sherlme et< al. (1972). These authors demonstrated that in 

the perfused rat liver catecholamines acHvate glycogenolysis by a beta 

receptor-mediated effect resulting in a rise in cAMP, but also by a 

cAMP-independent alpha receptor-me~iated effect. However, they cautioned 

that phosphorylase activation by alpha" receptors could be secondary to hypoxia 

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

et al. 1972). At about the sarne tirne Haylett and Jenkinson (1972b) showed· 

that catecholarnine-stirnulated glucose release from ginuea pig liver slices 

involved both beta and alpha receptors. Later, Exton and ~o-workers confirmed 

the existence of alpha receptor-rnediated activation of glycogen phosphorylase 

and glucose output in suspensions of isolated rat hepatocytes, th us ruling out 

the possible effects of tissue hypoxia (Exton and Harper 1975; Hutson et al. 

1976). ,In addition, studies showed evidence of alpha receptor-mediated 

activation of gluéoneogenesis in isolated rat livet' ceUs (Tolbert, et al. 1973; 
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Kneer· et al. 1974; H~tson et al. 1976) that was also independent of changes -.--------
in cellular cAMP (Tolbert et al 1973; Hutson et al. 1976)., 

It appears therefore, that both alpha and beta receptors ,are present in 
, \" ~ 

the liver. Adrenaline effects on carbohydrate metabolism in the rat liver are 

ffiediated predominantly via the alpha receptor with only' a minimal contribution 

by the beta re,ceptor (Exton and Harper 1~75). However, it has b'een shown 

that the relative importance ' of these two receptor types varies with the 

species examined, which also accounts for sorne of the confusion in earlier; 

attempts to> classify 'the hepatic receptor. 

\ 
that (at least 'in vitro) both alpha and beta 

,..---

, 
A t present ther~ is good ~idence 

, 

components contribute significantly 

in guinea p~ (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 sfudied in detail since the importance of hepatic alpha 

receptors became accepted. However, Kuo et al. (1977) have demonstrated in , -
vivo thet the cat has both alpha and beta receptors, that contribute to the 

glycogenolyti~ response. 

'. ln man, earlier studies comparing the effects of adrenergic agents on the 

hyperglycemic response in vivo indicated a major role for alpha receptors (see 

Exlon 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. Onder these conditions they could analyze the effects 

of selective alpha and beta blockade and concluded that hepatic glucose output 

was directl~~ Încreased by a beta adrenergic mechanism. This effect could be 

augm~nted. by alpha receptor-mediated inhibition of pancreatic insu lin secretion 

and beta-stimulation of glucagon release. Alpha blockade was judged to be 

relatively ineffective in inl1ibiting adrenaline's direct hepatic effect. The 
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" relative contribution o~ alpha,' 'a~d:'beta recepto~s to eatecholarhi'rre effects in 
r • l [~J , l 

, < 

" the liver aIso appears to be influenc~ed 'Oy age (H,ornbrook 1978; Blair et al. 
e '): "/ '1 •• • ()., 

1979a; Kawai and' Arinze 1981), sex (Bitensky et al. 1970; 'Studer and BorIe 
\ ' 

1982), hormonal state (Wolfe' et al. 197'6; Chan et al. W79a)' and the presence 

of pathologieal changes in.liv~r' (section 4.5). These ef~ectsAAar~ discussed !00re 

fully in a la ter part of this thesis. 
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'rable 1.1 . ~ 

,Aqents that Stimulate Hepatic Glyoogenolysis.* 

Cyclic AMP-àependent Agents 

beta adrenergic agonists 

glucagon 

parathyroid hormone 

Cyclic AMP-independent Agents 

qipha adrénerglc aqonists 

vasopr ess ln 

oXytocih 

~I': angiotensin II 

A23J87 

* for rE;:ferences see text and -Hans (l977). 
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1.~.2 The mechanism of beta adrenergic activation of hepatic' glycog~n 

phosphory Iase. 

Our 'contemporary understanding of the mechanism of catecholamine 

activation of glycogen phosphorylase via the beta receptor is based on the 

classic studles of Sutherland and co-workers (Robison et al. 1971). Much of 

this infor mation has been reviewed recently (Exton et al. 1981; Exton 1982) 

" and will be briefly summarized here . .. 
The presently accepted scheme as depicted in figure 1.1 is based on the 

contributions of a great ma:ny investigators working with various tissues and 
\ 

experimental systems. Interaction of catecholamine with the beta adrenergic 

receptor Ion the plasma membrane of the liver celI leads to the activation of 

adenylate cyclase. This interaction invo1ves at least three separate 

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

guanine nucleotide-sensitive regulat0ry protein which is absolutely required for 

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

cyclase catalyzes 'the formation of cAMP, the so-called second messenger, from 

'ATP. Cyclic AMP in,turn activates protein kinase. Protein kinase exists in 
", 

the celi as an inactive tetrameric structure composed of two catalytiG and two 

regulatory subunits. Cycli? AM~ 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 extr~sion from 

the ceil or metabolism t9 5'AMP ,by phosphodiesterase returns intracellular' 

cAMP 1evels 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 ' 
0, , 

local methylation of membrane phospho1ipids. They, demonstrated that in 

several tissues stimulation of the betn receptor (as well as other cAMP-Iinked 

receptors) activated a membrane bound methyltransferase II which catalyzes 
, c 

methyllltion of membrane phospho1ipids. This erfect is not cAMP-mediated ,and 
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results in a localized increase in membrane quidity. They' postulated that this 0, 

increase in fluidity permits the coupÙng' of 'receptol to adeflylate çy~lase, ~'nd 
o J 1 b 1 ~ 

in so doing leads to cAMP generation. If indeed this hypothesls, 'praves corl'ect, 

it adds a vit~l link in' th,e undetstal)ding of receptor mechanisms. Jtecept" "' 
\ ~ Q 1\ 

r~ports su~est, however, that. this mechanism may not ?e' generalized. 0 In , 

particular, it may not app1y to the 
Q. ',~) 

'of methy1transfera'se activity- léft hormone:-induced siimulatio'1 ,of adeQylate 
, , 

cy.c1ase virtually intact ,(Colarq and Breton 19BI; Sa~che' et, ai: 1982). 
" . 

Hotm onal stimulaÙon of adenylate cyC'lase r~sults ulti'mately" in ~he 
" , l " 

pllOsphorylation of a number, ~f cellular co'mpofJents (G~r~ison et al. 1979). .' . 
, ' , 
U 1 ~ " • 

" , \ 

~wo isoenz~-mes of" cAM P-;-dependent protein' ~inase have been shown to ~xist • 1 

" ~, • , 1 

. " 1~ mamma"lian tissues and' tbese appear "~p ,dif{er" o~ly i'h ~heir regulatory 
'l te" \'"'~ 1 

Thus, . t~e" catalytic ;ubunit possesses' Nl.ther loroad 
, ,\ (', . " , 

, , 

subunits ' (Walsh 1978). 
o ,~ le. 1 j ~ 

substra1e specificity.' ,Three substrates for 'the .Â TP-depenoent phosphorY1a.tion 

" 
'. 

; 
", 

", 

. 

" " ' 

" , 

" 

r" 

0 

, ' 

? , 1 ~ \, 0 ! , , 

by ,this" prQtein kinase, have thus, far been identified (Exton )979). As depicted ,~' 
\/ ~ J 

~ \) • c" Q 1 ~ n ~ 

,c ," in figure 1~1. ,phosp~Qrylase kinas~ is phosph~rylated to the active ïorm by the 

c,a talytic suburllt of prote in 'kinase.' This\ enzyme, in' tu~rn, activa~es, glycogen 
, ' , 1 ~ 1 a Ù 1 (' 

, ,~ • phosphorvlase b to l the a or active form by' a. secbnd ATP-requiring' 

,; 

?, 

L ... _ _ \ ~\'J 0 \j , 

, j , ~ j 

, . 
p1"!0sphorylation.· Phospho'rylase' ~ catalyzes the breakdown of ,glycogeij ~eading 

o , 

, t6 increased glucose' .o~t!ùui. The sCG,ond 'substrate for cAM P-dependent prùtein 

,kinase ris ~!1ycogen synthase. " Phosphorylation of this enzyme results iO 

• 
inActivatIOn, and hencc decreased glycogen synthesis. Mo~t recentl;{ 'L-type 

pyruvate kinas~ M.s ~lso been shown to 6e inactivllted through 'pho~phor~lation 
o 

by cAMP-dependent protein kinase. 
, , This' enzy,me represents an important -, 

control pomt in the Embden-Meyerhoff pathway. ,.Its inactivation probably plays 

,an' importal1t role in th~ stimulation of gluconeogenesis by cAMP~dependent 
" , , 

Hormones. A number of other hcpatic enzyme activities are thought to be 
1 ~ ~i 

a 
regulated by cAM P-dcpcndent protcin kinase phosphorylati?n, '.but these have 

not bcen as weIl studicd (Exton et al. 1981). Also, there exist a number of 
" 
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hepatic ele~ents that undergo cAMP-depende~ phosphorylation for which the 

function of I~his' regulation is 0 n~t yet known (Garrison et al. 1979). 
" 

ln addition to beta receptor agonists, several other hormones are able to 

~ctivateo 'hepatic glycogeno1ysis via the adenylate cyc1ase-cAMP-dependent 
o t:I IJ 

pro'teil1 kinase pathw~y (Hems 1977; Hems and Whitton 1980). Those so far 

, identified, include glu"cagon and are listed in Table 1.1. Interaction of. glucagon 

wi th its membr,an~-bound receptor activa tes adeny1ate cyc1ase in a manner 

ex,actly ana10gous to that descriqed above for the beta receptor (Exton 1982). 

Hence post'-receptor ev~nts that lead to specifie protein phosphorylations are 
0' 0 ~ , . -

likely to be 'identical for thesé hormones. However, one cannot ignore the 

possible existence of additiona1 effects of these hormones that might not 

involve the adenylate cyclase system. For example, high concentrations of 

g]ucagon have been shown to mobilize intraeellu1ar _.9a1cium, an effect which is 
< 

undetectable at physiologie concentrations (Black more et al. 1978, 1979c). 

While most evidence suggests ~hat this effect does not c0!ltribute significantly 
~ , ~ ~ 

" .-
to the stimulation of glyeogeriolysis (Exton et al. 1981), one cannot rule out 

~ 0 ~", 

a l"ole in regulating l"oth~r metabolic proee~es in the hepatocyte. Côté and 

'Epand (1979) have described the synthesis of a glucagon analogue, which 

antagonizes glucagon stimulation of adenylate cyclase and yet is capable of 
p 

activating glycogenolysis in isolated Tat hepatocytes. Cardenas-Tanus. '-It et al. 

(1982) found that ~ngiotensin II Înhibited glucagon-stimulated cAM~ 

accumulation in is?iated hepatocytes, but did not alter- the hormone's metabolic 

effects in the cell. The mechanisms underlying these findings are not yet 

established and untj1 more is known about these effects it is reasonable to 

accept that cAMP is the major mediator of the effects of g1ucagon. 
, 

Insulin is able to counteract the effects of adrenaline and glucagon on 

hepatic glucose output (Soderling and Park 1974). Although the mechanism of 
l 'i. 

this," effect is not fully understood, insulin lowers glucagon-stimulated cAMP 

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

\) 
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glycogen phosphorylase by low concentrations of ~lucagon (for references see 

Blackmore et al .. 1979a). Loten et al. (1978) have demonstrated that insu lin 

will increase the 1Iiow K fi Ir cAMP phosphodiesterase of liver suggesting tha't this 

is the basis for the hormonels effects on cAMP-mediated processes. However, 

pœsible a2ditional effeets on adeny1ate cyc1ase itself in the intact celI Oï t~e 
> • 

regulation of phosphoprotein- phosphatase activity may be important (Soderling . 

and Park 1974). The effects on beta receptor-mediated glycogenolysis are 
, , 

likely ta be same, but diroee~ ekperimental ~vidence for this is laeking. 
, } 

(Vàn de Werve et al. 1977). Inhibition of ~ 'alpha reeeptor activation of' 

phosphorylase by insulin will be. discussed in section 1.3.3. Thê're is aIso sorne 
, 

evidence that stimulation of ,l:'arasympathejic nerves to the liver can have 

effects similar ta insulin infusion on cAMP accumulation (Shimazu 1968). 

The pr,operj:ies and, regulation of liver phosphoprotein phosphatases 

represent somewhat of a grey area in our understanding of hepatie' :metabolic 

regulation. This- has be~,n > the subject of recent reviews (Lee et al. 1980; tLi 
, " 

1982; Krebs and Beavo 1979). Since the activity level of phosphoprotein 
f 

enzymes is dependent ôn the n,et result of phosphorylation and 

dephosphorylati6n, phosphoprotein phosphatase activities may aIso' play an 
. ~ 

....., important raIe in metabolic regulation by hormones. Numerous forms of 

phosphoprotein phosphatases varying in their physicochemica1 properties and 
o 

substrate specificities have been described in m~y tissues inc1uding the rat 

1iver' (Li 1982). : Early findings which suggested that eaeh phosphoprotein 

possessed a corresponding specifie phosp'hatase gave way ta the concept of a 

single :"multifunctiona1 phosp~oprotein phosphatase with broad substrate . ' 

specificity~ the previously identif,ied forms representing degr-adation products 

'that retained some activity (Li 1982). H~wever, most, current evidence would 

support the existence of multiple forms of phosphoprotein phosphatase with 
" > 

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

- • phopha\ase and phosphorylase phosphatase have different properties and can" be 
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separa ted by i?n exchange chromatography (Lee et al. 1981). Phosphoproteit\ 
S 'Il 

phosphat,ase activity can be regulated in a number of ways some of which may 

,be important mechanisms in vivo (Krebs and Beavo 1979). Consideration of~ the 

regulatory phenomena describeà for glycogen phosphorylase phosphatase will 

serve t'o' illustrat~ this point. The activity of phosphorylase !l is inhibited by 

glucose which, by' binding to phosphbrylase, increases its affinityl'l for 

deactivation by the phosphatase (Li 1982). Other ~etaboliteso sach as 

glucQse-6-phosphate have a similar so-called substrate-directed modu1ating 
-~ , 

influenc~ (\Krebs and ,Beavo 1979). Direct protein-protein interactions may also 
, 

play a,n impor!ant role. Thus, phosphorylase kinase can interact wifu a 

phosphatase and 'i~hibit the deph?sphorylation of phosphorylase ~ (Krebs and 

Beavo 1979). Phosphorylase ~ can inhibit the phosphatase-mediated activation 
• IfJ ' 

I()f glycogen synthase (Hers 1976). '\) Hers and cowor.kersà (Hers 1976) have 

proposed tha t these interactions play an important roIe in intracellular 
~ . 

regulation. They point out that high levels of phosphorylase a may inhibit the 
" -

concomitant activation of g1ycogen synthase. 
~ 

Their scheme, however, is not 

generally 8ccepted (Krebs and Beavo 1979; Lee et al. 1981; Li 1982). 

Specifie proteinaceous phosphatase inhibitors have been isolated from 

muscle a'nd liver as weIl as other tissues (Lee et al. 1981). These have been 

" 
most extensively examined i~ muscle where two different pr.otein inhibitors 

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

1 phosphorylated by ,a cAMP-dependent protein kinase to be able to inhibit a 

specifie phasphatase activity, ];ed Cohen (1978) to propose a central role for 
~ 

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

(Cohen 1978), the cAMP-dependent ph'osphorylation of inhibitor-l would lead to 
% 

inhibition of the phosphoprotein phosphatase l'esponsible for the activation of 

, glycogen synthase and inactivation of glycogen pllosphorylase, assuming these 

are the sa~e enzymes. Whil: this scheme still lllcks much supporting evidence, 

Foulkes and Cohen (1979) have demonstrated the in vivo phosphorylation of 
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muscle Jnhibitor-l in response to adrenaline injection • 

A similar scheme could be hypothcsized to play a role in regulation of 

hepatic glycogen metabolism. Sorne sparcc evidcnce for the possible hormonal 

regulation of phosphorylase pttosphatase in liver does exist. Goris ct "al. (1978) 

have reported finding à phbsphorylatable phosphoprotein phosphatase inhibitor 
~ 

in& dog liver. Shimazu and Amakawa (1975) demonstrated that stimulation of 

sympathet.ic nerves to rabbit liver enhanced glycogenolysis and attributed this 

to inhibition of e.{)hosphorylase phosphatase tl1e1 observed. Under those 

conditions, Shimazu and Amakawa 09~5) found no increase in cAMP and 

suggested the presence of an unidentified neurotransmitter 1 to account for the 
1 

phosphatase inhibition. It is convenient to digress at this point from 
~ 

cAMP-medlated effects and deal brPefly with phosphoprotein phosphatases in 

relation to hepatic alpha adrenergic actions which are discussed more fully in 

the next sectlOn. Repatie alpha receptor-mediated activation of phosphorylase 
, Il 

is indepenèent of cAMP and proceeds via the r~lease of mtracellular calcium 

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

dn divalent ca tians (Li 1982), a role for calcium in regula ting this activity has 
u 

~ not been established (Kh.o0 and Steinberg 1975). Furthel'more, Proost et al. 

(1979) in experiments very similar to thosè of ShifTIazu and Amakawa (1975) 
\.. 

found 'ho evidence for' a raIe 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 phosphorylnse Q k~nase activity. This finding 

suggests th8t it is modulation of the kinase activity that contraIs the le~el of 

activation of phosphorylasc, but a possible additional role for the phosphatase 

cannat be ruled out. This area requires further study. , . 
BefoltE' concluding this brief discussion of hormonal effects occurl'Ïng via 

the cAMP system it is worth drawing attention to the fact that a number of 

cellular actlvities not directly related to carbohydrate m,etabolism are regulated 

o ' 
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in a similar manner. Beava and Krebs (1979) have campiled a list of 22 
,J 

enzymes that have been reparted to undergo phospory1ation-dephosphor~lation. 

1.3.3 The mechanism of alpha adrenergic activation of hepatic glycogen 

phospharylase. 

Agents that are capable of stimulating hepatic glycogenolysis by a 

cAMP-independent mechanism are listed in table 1.1. While most studies have , 

concentrated on alpha adrenergic effects in the liver, vasapressin and 

angiotensin II actions have also been examined in sorne detail. These latter 

two agents have effects similar to alpha adrenergic agonists and evidence for 

this will be summarized la ter in this section. Since the first clear 

demonstration by Exton and co-workers (Exton and Harper 1975) that alpha 
~ 

adrenergic agonists can activate glycogen phosphofylase without a concomitant 

Ïncrease in cellular cAMP levels, much effort, has been expended in establishing 

a mechanism for this action. Considerable advan1es have been made and th.iS 

work has been l'eviewed recently '<Exton 1979" 19fO, 1981; ~xton et al. .;. 

1978, 1981). The development of current understanding of thk cAMP-indepedent 

activation of glycogen phosphorylase will be summarized here. 
; ., ...... ~ 

Goldberg and co-workers (Goldberg et al. 1973) first suggested t~at alpha 

adrenergic effects were mediated by cGMP in a manner analogous to the 

involvement of cAMP in beta' receptor-mediated events. Although, alpha 

stimulation does result in an increase in cGMP levels in the liver (Pointer 

et al. 1976), this effee!. can be produced by a number of other agents that do 

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

Renee, this idea was discarded. 

Many lines of evidence pointed to the invalvement of calcium ions in the 

cAMP-independent activation of glyeogen phosphorylase. Alpha 

"'" l , 

adrenergic-activation of hepR.tic glycogenolysis is inhibited when extracellylar 

calcium is removed (Keppens et al. 1977; Assimaeopoulos-Jeannet et al. 1977; 

" 
27, 

t 

l 
1 



/ 

( 

1 
1 

V~n de Werve et al. 1977; Chen et al. 1978). The divalent cation ionophore, 

A23l87, mimicked alpha adrenergic effects çm hepatic glycogenolysis in a 

calcium-dependent fashion {Keppens et al. 1977, Assimacopmt>s-Jeannet et al. 

197'7). Bla'ekmore et al. (1978) then demonstrated that the rapid chelation of 

extracellular calcium ion by the stochiornetric addition of EGTA with the 

agonist did not signiflcantly impair the alpha adrenergic activation of 

phosphorylase in isolated rat hepatocytes. The rapid addition of EGTA in this 

manner would presumably prevent the influx of extracellular calcium du ring 
. 

stimulation without depleting intracellular calcium stores. In fact, Blackmore 

et al. (1978) were able to identify a net loss of cellulal' calcium occurring 

-
during stimulation that was ev en greater wh en EGTA was added ,as described. 

Soon afterward it was confirmed that alpha stimulation induced a 105S of 

~alcium from isolated hepatocytes (Chen et al. 1978; Burgess et al. 1979) 
1 

i • 
pr perfused lIver (Black more et al. 1979b,c; Althaus-Salzman et al. 1980; 

Reinhart et al. 1982a). However, not an groups were able ta identify a net 

10ss of calcium after alpha stimulation (Foden and Laudle 1978; Murphy et al. 

1980). The reason for this difference is not clear. Nonetheless, there Wlis 

sufficient evidence 'ta support the postulation of Exton and coworkers (Exton 

1979) that the transient increase in cytosolic calcium was responsible for the 
,. 

activation of glycogen phosphorylase by phosphorylase kinase, an enzyme known 
1 l~ !~ ... -'. .. -- \ 

to be sè-i1sitive' to calcium (see be1ow). This was supported by the findings of 

Murp·h~. et al. (1980) who showed that alpha Hdrenergic stimulation of ÏS9lafed 

hepatocytes produced a two- to three-fo1d increase in free cytosolic calcium 

tha t corl'elated weIl, with respect to time-course and dose-response, with 

phosphory lase activation. 

While it is now weIl accepted that alpha receptor-mediated activation of 

phosphorylase occurs via the production of Il transient increase-1F\ cytosolic 

" calcium,. tl1ere is still sorne disagreement about the source of this 'balcium. 

Studies using atomic absorbtion spectrometry (Black more et al. 1979b,c) or 
, 
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chlortetracycline 0 flourescence (Babcock et al. 1979) to mensure 

mitochondria-a-ssoc!ated calcium suggest that most of the calcium released 

during alpha receptor stimulation is mitochondrial in origin. On tl1e other hand, 

studies usîng 45Ca showed an increased mitochondrial uptake of 45 Ca after 

stimulation (Foden and ,Randle )978; Althaus-Salzman et al. 1980; Poggioli 

et al. 1980)~hfortunately in these latter studies total mitochondrial calcium 

was not determine~ and it is uncI~ar whether the increased 45Ca reflect~ a 

true change in calcium content or merely increased exchange. One of these 
Q 

groups (Poggioli et al. 1980) in a subsequent study (Berthon et al. 1981) 

suggested that these discrepanéies were most likely the result of differences 

between e):perimental protocols. In the later study, they demonstrated an , 

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

absorbtion spectrometry) followed by a loss of mitochondrial calcium. They 

°concluded that the transicnt increase in cytosolic calcium was the sum of 
'J • . , 

sequential calcium release from endoplasmic reticulùm and then mitochondria. 

However, these results were not confirmed in a detailed kinetic analysis of the 

effects of adrenaline on calcium distribution in isolated rat hepatocytes by 

Barritt et al. (1981). These authors demonstrated that adrenaline caused a 

loss (j)f calcium ft'om an int'racellular compartment which includes mitochondria 

and aiso an early increase of calcium transport from the extracellular medium. 

Attempts to analyze a possible raIe for extracellular calcium in mediating the 

eHects 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 site (Black more et al. I979d) . 

. Black more et al. (1982) re-examined the role of extracellular calcium in 
c 

the alpha receptor-mediated activation of phosphorylase in isolated hepatacytes. . , 

From the results of this study they concluded that net calcium influx does not 
"" 1 

o _ 

occur durin~ the initial re?ponse to alpha. agonists since they could find no 
<, 

increase in cellulal' .,calcium measured by atomic absorbtion spectrometry as 
\ c 
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early as 5s after stimulation. Also, rapid chelation of extracellular calcium, 

as described above, had no detectable effect on phosphorylase activation. They 

45 surmized that uptake of chemical calcium or Ca must represent a recovery 

process. In support of these findings, Remhart et al. (1982a) found that net 

efflux of ca,]cium from perfused livers occurred as early as 7.1 : 0.5 s after 

phenylephrine-stimulation. Based on measurements of èhemica'I calcium after 

subcellular fractionation of perfused livers, these workers concluded that most 

calcium released by stimulation is mitochondrial and, to a lesser extent, from 

endoplasmic reticulum. A large portion of the calcium released is extruded 
" 

from the cell by a calcium-sensitive ATPase located in the hepatic plasma 

rn embrane (Lotersztajn et al. 1981). Calcium is quickly 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 lœus of calcium 18 effect in the glycogenolytic cascade is most likely 

at the level of phosphorylase kinase (see figure I.l). This enzyme is calcium 

sensitive, its activity being enhanced without undergoing phosphorylation (Khoo 

and Steinberg ~975; Shimazu and Amakawa 1975; Vandenheede et al. 1979). 

Blackmore and - Exton (1981) examined the alpha adrenergic activation of 

phosphorylase in hepatqcytes from rats genetically deficient in phosphorylllse Q 

kinase acti\'lty. They showed that stimulation of alpha rèceptors in hepatocytes 

l.solated from these rats produced the same degree of calcium mobilization as' 

in normal rats, but phosphorylase > activation was impaired. GIucagon, 

vasopressin and the calcium ionophore, A2318 7, had si milar effects. 

CB.lcium-de~endent modulator protein (calmoou]În) has been identified as the 

delta subunit of phosphorylnse kinase from skeletal muscle (Cohen et al. 1978). 

A similar eomponent hus been identifled in purified rat liver phosphorylase 

kinase (C'hrisman et aL 1982) indicating the locus for the calcium-sensitive 

regulntion of this enzyme. Taken together, these results suggest that 
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phosphorylase kinase is the most likely site of calcium 's stimulation, of the· 

glycogenolytic cascade. 

Alpha ad.renergic stimulation haB, also been shown to inhibit glycogen 

synthase by a stable phosphorylatipn (Hutso~ 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 stimultÎtion 

of hepatocytes in the presence of 32pO 4 with either noradrenaline plus a b~ta 

antagonist or with glucagon resulteçl in phosphorylation of the same 11 to 12 

cytosolic proteins j three o{ 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 

possibillty that phosphorylase kinas~ may be the· multifunctional 

calcium-sensitive kinase has not been examined exten~~vely. However, Payne 

and Soderling (1980) have isolated from rabbit liver a calmodulin-dE'pendent 

glycogen synthase kinase that did not phosphorylate glycogen phosphorylase. 

This fin ding suggests the existence of at least two and possibly more c8.1cium 

sensitive protein kinases in liver. 

There are a number of alpha adrenergic effects. in liver for which the 

l'ole of calcium ions and protein phosphorylation is less clear. Haylett 'and 

Jenkinson (l972a,b) demonstrated that alpha stimulation caused a rapid efflux 

of potassium from guinea pig liver slices that was associated with a reversib1e 1 

10 mV hyperpolarization; the resting membrane potential was approximately 

-30 to -40 mV. Activation of beta receptors had little effect on either of , 

these responses although it was equally as effective as activation of alpha 

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

activating phosphorylase. in the guine'a pig (Osborn 1979). In a 1~{er study with 
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isolated guinea pig hepatocytes, Burgess et al. (1979) found that the calcium 
o 

'. 0 

ionophore, A23187, was capable of producing a similar potassium efflux to that 

seen with alpha agonists, suggesting the presence of a calcium-sensitive 

potassium cha~nel. Another group working with gu~,nea pig liver slices (Weiss 

and Putnev 1978) could not demonstrate----a osimilar effect of A23187 on the 
. ---------

potassium release response (measured as 86 Rb eft'lux), although these workers 
'? 

r 
also identified a role for calcium in the resppnse. The reason for this 

difference 15 not clear. 

Not aIl species show a similar effect of alpha stimulation on ion 
(IJ\'i 

movements in the livert,(Jenkinson et al. 1978). Thus, rat liver ceUs do not 

r~sp_ond to either alpha agonists or A23187 by potassium loss as seen in the 

guinea pig and it has been suggested that a calcium-sensitive potassium channel ' 

may be lacking in the rat (Burgess et al. 1979). Blackmore et aP. (I979c) 

o 

a o. 

found that the alpha agonist phenylephrine as wen as glucagon e'l'lused, a rapi? 
, 

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

effeet of alpha stimulation observed in guinea pig (Haylett and Jenkinson 

1972a,b) does not oceur in aIl species; depolarization has been reported in the 

dog (Jenkmson et al. 1978). The reason for these interesting spec!es 

diff ~rences is not known and is worthy of further st!ldy. ' 

Alpha stimulating effects on amino acid transport (LeCam and Freychet 

W7 8), oxygen consumption and lactate release
D 

(Jakob and Diem 1975; Blair 

et al. 1979b), ureagenesis (Corvera and Gnrcfa-S~Hnz 1981), glycolysis and 

+ + 
Na K transport (Becker and Jacob 1982), eGMP accumulation (Pointer et al. 

o 

1976) and the turnover of phosphatidyl inositol (Kirk et al. 1977; Billah and 

Mitchell 1978; Tolbert et al. 1980) have also been reported. 

Althoug-h many of me effects of alpha receptor stimulation in liver appear 

'clearly to be linked to calCIUm mobilization, the pathway whereby interaction 

of agonist with receptor leads to the release of intracellular calcium is 
<l 

unknown. Whiting and Barritt (1982) have listed sorne of the lIDechanisms that 
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have been proposed to account for this. Discussion of aIl of these is beyond , 

the scope of this introduction. However, the possible role of . . 
, . phosphatidylinositol hydrolysis has received a great deal of attention and will 

be discussed briefly. Michell and co-w,orkers put forward the hypothesis that 

receptor activation resul~s in stimulation of, phosphatidylinositol breakdown 

which is somehow coupled to calcium mobilization (Michell 1975). This 

hypothesis was based, Oh obse~vations that alpha receptor stimulation in liver 

(Kirk et al. 1977; Bil1a~ and' Michell 1979; Tolbert et al. 1980) as weIl as a 

number of other tiss~es '(fo~ references see Exton 19'80; Fain and Garcfa-Sainz 

\ 1980; MicheU' and Kirk 1981) resu;ted i~' increased incorporation of 32P04 into 
, 

phosphatidylinositol as a result of breakdown folloyved by resynthesis of this 
- - - - - , 
phospholipid (Michell and Kirk ~98l). This - response is thought to proecede 

, " , 

calcium mobilizati~m, since it, was. s'tin apparent /;ifer removal of medium 

calcium and could not be réproduced ,by the calcium ionophore, A23187 (Billah 
" , 

, , 

and Michell1978; Tolbert et al. '1980).' , ,Tolbert et al. (1980) have 

~emonstrated that like the activation of, hepati)! phosphorylase (Hoffman et al. 
, . 

1980b; El-Refai and Exton 1980; Aggerbeck et al. 1980a); alpha adrenergic 

stimulation of phosphotidylinositol breakdown is mediated by an alphal receptor~ 

While this hypothesi~ provides an attractive possible explanation for' alpha" 
, . 

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

cl contrary evidence cornes from a s~ud~ by Exton's group. These authors (Prpié 

et al. 1982) carefully ~xamined phosphatidylinositol breakdown induced by 

vasopressin, angiotensiq II and adrenaline in isolated hepatocytes. Based on 

their study they concluded that thè' breakdown of phosphatidylinositol induced 

by thes~ agents was too slow to play 'a causative rolé in mobÜization of 

calcium; breakdown of the phospholipid was not seen before two min whereas 

a previous study (Black!flore et al. 1982) had stLOwn that 'calcium movement 

and phosphorylase activation were at maximum by 10' s. Furthermore, the 
, , l 

eHect of these hormones on phosphatidylinositol hydr,olysis was abolished in' 
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calcium depleted hepatocytes indicating that the effect is calcium dcpendcnt 

(Prpié et al. 1982). Previous studies (see ubove) which found the opposite did 

not provide evidence of adequate' calcium dcpletion (Prpié et al. 1982). If 

these findings, àre substantiated by further study, the phosphatidyIinositol 

hypothesis (at least in the case of the liver) will have to bc discarded and the 

search for the mechanism of calcium mobiliza tion continued. 

Insulln inhibits not only cAMP-mediated activation of glycogenolysis and 

gluconeogenesis (section 1.3.2), but also alpha adrenergic effects in both 

isoluted heputocytes and perfused liver (Massaque and Guinovmt 1978; 

B1ackmore et al. 1979~; Dehaye et al. 1981). Insulin inhibited the alpha 

r.eceptor~mediated release of calcium suggesting that its effect is at or 

proximal to the production of the signal for intracellular calcium mobilization 

~' (Blackmore et al. 1979a; Dehaye et al. 1981). Interestingly, calcium l'elease 

l ' ~, 

or phosphorylase activation by vasopressin, angiotensin II or A23187 was not 

inhibited In the presence of insulin. Thése observations would indicate that 

insulin's effects are not on intracellular calCIUm stores, but rather uniquely on 

the mechanism whereby alpha adrenergic agonists mobilize intracellular calcium, 

possibly 'on the alpha receptor itself. 

Recent evidence from radioligand binding studies ut,ilizing purified liver 

plasma membranes (see section 1.3.4) has suggested the existence of both 

alpha l and alpha2 receptors in the rat liver (Hoffman et al. 1980a,b). The 

regula tioh of endogenous noradrenaline release, by presynaptic alpha receptors, 

has been demonstrated in the dog liv.er (Yamaguchi 1982); such receptors are 
, -

usually of, the alpha2 type. However, alpha2 receptors at post-synaptic sit'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 Garcla-Sainz 

1980). Helice, Jard et al. (1981) were able to demonstrate alpha2 inhIbition 

of adenyla te cyclase in rat liver, plasma membranes. Angiotensin II and 

vasopressin were also tested in this system, but only angiotensin II inhibited 
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adenylate cyclase a.ctivity~ 

There exists in the literature a num'ber of earlier studies that aIso' showed , , 

evidence of an i~hibitory alpha effecf on adEl,nylate cyclâse (Boyd and, l\;1artin 
• \ il" 

1976), cA;\lP accumulation in îsolated hepatocytes (Chan et al; I979'a), as w~l( 

as Othe perfused rat liver (Sl:JerIine et al. 1972). In none of these studies' was 

the effect characterized with l'Bs,?ect ta alpha receptor subtype. ,.More
o 

, , l ~ ... 

recently, Exton a.nd coworkers (Assimacopoulos-Jeannet et al. 1982) 0' , , . 
, , 

de,monstrat~d 'that alphar receptor activation could ~~hibit g~ucagon-sJ:imulated 

glucoonéogenesis, phospnorylase activation and glucose output ,in 'isolated rà't 

° , hepatocytes: These effects appeàred to be' due in 'part to inhibition of (!AMP 
" ri , .. ~ .. , d~'....:~ ~ 

,~, accu~ulation through' alphal ,receptor stimulation, aIthou~h: additional effeets 

, (poss.ibly 'involving rc~;stribution of intl"acel1ular calcium) ar~ implied by the 

, . ., .. Obser~ed suppression of "exogenous cAMP- or dibutyryl cAMP-mediated , ' 

gluconeogenesis. Vasopressin a11d angiotensin ,II had inhibitory effccts similar 
'., ,-

" to catecholamine. ,This inhibitory alpha! effect is different from, thet described 

by' Jard e't al. (l98~) fOl' alpha 2 receptors in isolàted membranes .. 
, 

One might 

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

the rather precise conditions required to o,bservè the alpha2 effect (5 ~M 

EDTA, 50-200 mM Na and 1-200 llM GTP) bring inta question its physiological 
€> 

, signific'?-'r1ce. 

Under certain conditions alpha receptor stimulation ha!:; been shown to 

result in in~reases in hepatie cAMP accumulation. Chan and Exton (1977) have 
1 

obtaincd eVlde~ce that alpha receptor stimulation resulted in cAMP 

accumulation in isol~ted hepatocytes that had been depleted of calcium by 

incubation in the presence of l mM EGTA. The increased levels of cAMP 

were associated with increased activation ,of glycogen phosphorylase. This 

response in calcium depleted hepatocytes was found to be somewhat less 

sensitive t~ agonists, but more sensitive to antagonists th an the alpha mediated U 

activation of phosphorylase in normal ceUs, but still appeared to be of, the 
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a1pha] subtype. It was suggested that the removal of calcium somehow alters 

the properties of the alpha receptor to aHow coupling witQ adenylate cycluse'. 

An alternate explanation would be that calcium depletion somehow unmasks the 

activity of');.~.v third type of alpha reèeptor which is positively coupled to 

aderYlate cyclase. More recent1y, Jackowsky et al. (1982) demonstrated alphaZ 

adrenergic stimulation of adenylate cyclase in calcium depleted liver plasma 

membranes. Vasopressin and angiotensin II did not have similar effects un"der 

identieal conditions. Whether or not this eould represent the same alpha 

,receptor-mediated accumulation of cAMP in calcium depleted hepatocytes 

described above is not known. The descrepancy between these findings and; 
\ 

, thQSe of Jard et al. (1981) is most likely due to differences in the preparations \ 

used and conditions· of the assay; stimulation by alpha2 receptors disappears in 

the presence of high GTP, magnesium or calcium ion concentrations (Jackowski 
J \)~ l) 

et al. 1982), whereas inhibition by alpha2 receptors required high GTP a~d 

sodium ion (Jard et al. 1981). Furthermore, Jackowski et al. (1982)- claim 

that in spite o~ the presence of 5 mM EDTA, the conditipns employed by Jard 

et al. (1981) do nQt repl'esent significant calcium depletion. These 

considera ti ons aside, sinee ra ther artificial conditions arc required to 

demons1fate these acti9.ns, their physiologie al importance is dubious, but they 

might provide sorne insight into the biochemistry 0f the receptor-adenylate 

cyclase system. It is noteworthy that Blair et al. (l980b) have demonstrated 

alpha mediated cAMP accumulation in normal rat hepatocytes without calcium , 

depletion, and this finding' was confirm ed by Okajima and Ui (1982). This 

surprising result will require further investigation. ; 

Hence, it appears that the liver possesses both alphal and alpha2 

receptors .which mediate -differ~rit responses. Alphal receptors cause the 

mobilization of calcium by a mcchanism that is not yet established. The 

increased cytosolic caloium so produced Clln activate or deactivate a number 

of enzymes sorne of which are involved in hepatic carbohydrate metabolism. 
( 
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Alpha2 receptors inhibit or stimulate adenylate cyclase depending on the 

condi tions of the assay. An effect of alpha2 receptor stimulation on glucose ,)[;1' 

output:, <?r phosphorylase activation has not --as yet been described and the' 

physiological role, if any,_ of hepatic alpha2 receptors i~r,still open to question. 
" , 

, " .,,,,,Vasopressin and ~pgiotensin II are thought to activafe glycogen 
, 

phosphorylase and hence stimulate glycogenolysis by a me,chanism similar to , ' 

..... ~ 1'1 

that dèscribed for alpha receptors. The evidence for this is the following: 
,~ 

,(1) The effect of the hormones on glycogeno1ysis is independent of cAMP 
, , 

accumulation (Kirk and Hems 1974; Keppens" et al. 1977; Garrison et al • 

. " 1979). 

(2) Thetr action in liver is critically dependent on extraceHalar calcium (Stubbs 
. \ 

e,t al. 1976; Keppens et al. 1977; Garrison et al. 1979):1 

(3) Stimulation with angiotensin II or vasopressin causes marked efflux of 

calcium from either perfused liver (Black more et al. 1979c) or hepatocyte 

suspensions (Blackmore et al. 1978; ghen et al. 1979), and release appears to 

be from the same intr.acellular stores as are affe~ted by alpha agonists (Chen 

et al. 1978; Blackmore et al. 197~b,c; Reinhart et al. 1982a). 

(4) Mos("of this releasable calcium is of mitochondrial origin (Blackmore 
~ 

et al. 1979c; Murphy et al. 1980; Reinhart et al. 1982a).9 

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

vasopressin or angiotensin II stimulation of isolated nepatocytes is the same 

as that observed with alpha receptor activation (Garrison et al. 1979; Garrison 

and Wagner 1982).'~1 

(6) Vasopressin or .angiotensin II also stimulate phosphatidylinositol breakdown 
- ... _.,,' 1 ~.... .-

--. .. ~-~ ....... 
(Tolbert et al. 1980;' Billâh- 'and -Mitchell 1978; Kirk et al. 1977), 

(7) potassium uptake by rat liver (Bluckmore et al. 1979c), and 

(8)- gluconeogenesis in hepatocyte suspensions (Whitton et al. 1978). 

o A final point of evidence (9) comes from the studies of Bréant et al. 
, ttl - • 

(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 hep~~ocytes. However, ~thers (Morgan et al. 1982) found' 

that no desensitizatiofl of the alpha1 glycog-enolytic response was seen in 

perfused rat liver provided adequate calcium reaccumulation oceurred before 
1 

repeating the stimulus. These latter authors suggest~d that the heterologous 

desensitization found by' Bréant et al. (1981) was due to depletion of an 

-
Ûltracellular calcium pool(s) that is common for vasopressin, angiotensin II and 

'alphal agonists. Later, K~ppens and DeWuÙ (l982)'showed that desensitizatiQ~ 

uccurred at 10w temperatures, whi1e calcium fluxes could only be produced at 

~ higher temperatures. Rence they have proposed that this 'desensitization is a 
.' , 

memb[lane phenomenon whereby an hypothetical horJ;!1one-effecto~ complex is 

inactivate'd by, a desensitizing stimulus. In any case, a11 of these findings 

'support the existenc'e of a common pathway for vasopressin, angiotensin II and 

',~lPh'l ,.gOni~t~ •• ;thou~ihe issue of the .,meCh.~i~m of the heterolôgous 

desensitization remains unresolved. ' 

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

et al. 1980) and angiQtensin II (Campanile et al. 1982) effects are, mediated 
1 i 

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 established as early as the cOl,lpling of receptors to the 

effector system) just as it is for the beta adrenergic and glucagon 

, receptor-adenY,late cyclase 'systems ,(section' 1.3.2). However, as discussed 

earlier in this section, illsulin inhibits the hepatic actions of alphal receptor 

agonists', but not ang}otensin' n or vasopressin suggesting sorne early divergence 

of the activating mechanism or selective action of insulin at the alphal 

receptor Si~ itself. il 

The calcium ionophore, A23187, haS been much. used in the study of the 
. \ 

FoIe pf calcitlm in the actions of glycogenolytic horlnones in' the liver ~nd a 

brief comment about its action seem,s in order before. cOFlcluding this section. 
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A23!87 produces a dose-dependent increase in phosphorylase !! as a 

consequence of its aQ,ility to mobilize caleium (Blackmore et al. 1978). It has 
~ 

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

calcium from intracellular stores and produces marked calcium efflux f,.om the 

liver cell (Black more et al. 1978). At higher concentration, influx of calcium 

from the extracellular medium is also produced (Black more et al. 1978). 
, 

Hence, when extracellular calcium is low, only the efflulC response is seen 

'(Blackmore et al. 1978; Chen et al. 19~). The biphasic nature of this 

restl0nse~may explain the inability of Friedman et al. (1979) to detect calcium 

efflux in response to A23187. These wOF\}ers tested only rela tively high doses 

-of the drug and did not examine its effects in calcium-free medium. 

Maximal stimulation with A23187 appears to deplete calcium from the 

hormone sensitive intracellular pool (Chen et a~. ÜJ78). ... After stimulation, 

'" there is a marked reduction in hormone-releasable mitochondrial calcium 

(Babcock et al. 1979), supporting the concept that this represents a significant'!) 

portion of the hormone-sensitive intracellular calcium pool. 

L3.4 Identification of hepafic adrenergic receptors bv radioligand binding: 

, Radiolabelled agonists and antagonists have been used to identify putative 

adrenergic reçeptor sites in various tissues including the liver (Exton 1980; 

Hoffman and Lefkowitz 19BO). While most of these studies have met with ./ 

considerable success~ sorne controversy regarding the most suitable ligands to 

measure adrenergic receptors in the liver still exists (Roffman 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 prope~ties of this 

r~ceptor system is made more complicated by the existence of alphal and 

alpha2 reeeptors in liver, as weIl 8S other' receptor-like binding sites (see 

below). The results of these studies will be summarized here. 
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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 3iI-catecholamine binding in intact tissues.. and microsomal preparations 
/ • 0...>.... , 

was predominantly to non-specific catechol binding sites and did n~t reflect 

receptor binding. UIP"richard and Snyéler (U'Prichard 1981) found in several 

tissues tha t reliable receptor binding wi th 3H-catecholamines could only be 

obtained whan precautions were taken to minimize catechol-directed 

" non-speciflC binding and auto-oxidation of the ligand. Hence, El-Refai et al. 

(1979) used 3H-adrenaline and 3H-noradrenaline in' the presence of 10 - 5 M 

propranoJol to study alpha receptor b~nding sites in rat liver plasma membmnes. 

Ca techol and ascorbate were included in the incubation mixture to reduce 

non-speciflc binding and oxidation of the catecholamines respectively. Usiryg 
\ 

this approach, these authors were able to identify two classes of specifie alpha 
.0;;, 

receptor-like binding sites. suppress,ible by 10-5 M phentolamine. One class (120 

to 160 fmol/mg prote\n) h,ad a high a~finity for agonists and sensitivity to 

guanine nucleotides, and was thought to represent the physiological alpha 
o • 

adrenergic receptor. Tile second si te showed a high affinity for antagonists, a 

Il! arkedly low affinity for agonists and was readily labelled by [3 H1 DHE 

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

alphal subtype (El-rt~fai and Exton 1980a). Later these same authors 

demonstrated that trypsm treatment of isolated membranes resulted in a 

time-dependent increase in the high affinity agoni st site and a concomitant 

decrease in low affmity sites (EI-Refai and Extor 1980b). GeYnet et al. (1980) 
\ 

, aIso found thHt limited proteolysis of rat liver membranes increased the affimty 

and number of [3 H1 noradrenaline binding sites. However, guanine nucleotide 
, -

) sensitivity was lost with treatment. It was suggested that trypsin treatment 

converted low affinity to l1iC-h affinity sites and that trypsin müy mimic an in 

vwo regulEltion of alpha reccptors (EI-Refai and Exton 1980b). 

Similar t3H] DHE binding rcsults were obtained by another group 
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(1.7 pmol/mg protein, Kd=1.8 nM; Clarke et al. 1978); however, thesc authors 

implied that aIl of this binding was to the physiologieal receptor sites. Indeed, 
" ' 

Aggerbeck et al. (I980b), have correlated' [3H] 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 bmding and phosphorylase actl~ation could be correlated (Aggerback 

et al. 1980b), agonists weré approximately~ ten-fold more potent in activating 
, 

phosphorylase than antagonizing [3 H] DHE binding. Antagonists were 

approximately \en-fold less potent in antagonizing phosphorylase activation than 

[3H] DHE binding. Methodologieal problems complicate interpreta tion of these 

results. The low apparent inhibitory potency of antagonists was probably 

artifaetualj these authors used preparations w~th higp tissue to medium ratios 

at which the great capacity of liver cells to take up drugs results in a 

reduction of free drug concentration in the vicinity of the adrenergic l'eceptor 

(Jenkinson et al. 1978; Kan et al. 1979). This leads to an overestimation of 

the Kd of the receptor based on phosphorylase activation. On the cther hand, 

the difference between ECSOls and binding Kdls of agonists wa'!> probably 

greater than estimated, as the ECSO's were unusually high, ,suggesting that the 

hepatocytes used may have been oL poor viability. This difference cannot be . ~ 

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

liver cells (Kunos et al. jS3). 

Hoffman et al. (1979) have quantified the relative number of alphal and 

alph~ reeeptors in several Ë§sues friéiucllng the liver. Although [3 HJ DHE binds 
- --~ , 

both these receptor subtypes, analysis of displacement curves produced with 

prazosin, atlt alphal receptor antagonist, yohimbine, an alpha2 receptor 

antagonist and phentolamine, a mixed alphat!alpha2 antagonist, could yield 

information about eaeh subtype~ Using this approach, thcse authors could not 
, ." 

iden Ufy significnnt alphaZ receptors in rat liver plasma membranes. In a 

subsequent later study (Ho(f~an et al. 1980a), it was found that guanine 
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nucleotides had fi regulatory effect on agonist binding to alpha2 but not alphal 

receptors. A small, but signific~n'i ~ffect of guanine nucleotide on [3 H1 DHE 

agonist displacement curves (Hoffman et al. 1980a) prompted a re-examination 

of liver membranes for the presence of alpha2 receptors. Approximately 2096 

of alpha receptor sites labelled by [3 H] DHE were alpha2 (Hoff man et al. 

1980 a,b). Guanine nucleotides are apparently able to transform alpha2 

receptors from astate with high affinity for agonists to a low l,lffinity state 

(Hoffman et al. 1980a,b). [3 n] Adrenaline, at low concentrations labels mainly 

the high-affinity alpha2 site, and it was suggested that binding of 

3H- ca techolami~es described by El-Refai et al. (1979) was to these sites and 

not to alphal receptorsj however, at higher [3 H] adrenaline concentrations 

alphal sites are also labelled (Hoff man et al. 1980b). The ability of trypsin 

to m ediate the transformation of these sites (EI-Refai and' Exton 1980b) 

remains unexplained. Hoffman et al. (1981) compared the findings of [3 H] DHE 
, 

binding in liver plasma membrane'!:;; with [~H] prazosin and [3 H] yohimbine as 

selective probes for alphal and alpha2 receptors respectively. Lthese authors 

found this to be a usable approach to delineate alpha receptor 'subtypes. 

Geynet et al. (1981) compared [3 r-I] n~radrenaline, [3 H] prazosin and 

[3H] DHE binding in hepatic plasma membranes. AIl ,three ligands displayed 

characteristics expected for binding to alphal receptors. Antagonist 

competition studies suggested that [3 H]-noradrenalme and [3 H] prazosin'labelled 

different sites, while [3 H] DHE bound to both. Moreover, [3 H] prazosin sites 

could be converted to [3 Il] noradrenaline binding sites by limited proteolysis 

with alpha-chymotrypsin. Bascd on these results these authors speculated t~lat 

[3 H] noradrenaline binding sites ceprcsent the physiologically important alpha} 

-receptor, while [3 H1 prazosin binding is to a precursol' form of the active 

. reccptor and/or an alphal binding site not coupled to the responsc. 

Thus, radiolabelled ligand binding studies directed towlll'ds identifying 

hepatic alpha receptors are complicated by the existence of several- forms of 
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alpha receptor-like binding" sites. The functional releva~ce of these forms and 

hence the most suitable ligand to méasure the physiologically important alpha 
u , 

receptors remain debata1(lf;! issues.
u 

Another âpproach to the study of hepa~ic alpha adrenergic~ receptors 
II r .,"'r. 

involved the use of radiolaDelled phenaxybenzamine ([3 HJ POB), an irreversible 

Q " 

alpha antagonist. Using this ligand it was feasible" to label sites with the 
" 

expected properties of alpha receptors in intact; viable hepatocytes (Kàn et al. 

1979) or purifled liver plasma membranes (Guellaen and Ranaune 1979; Guellaen 

et al. 1979). However, the fl~pecüïc1! bindi~g, of [3B] POB in theSe, latter 

studies lacked stereoselectivity, which, raises doubts, about its relevance to the 
. 

" physiological alpha receptor. Guellaen et al. (979) went, on to solubilize 

[3B] POB binding site and estimated the mo]ecular' weight under" non-den~turing/' 

conditions at ~6,000 daltons by gel filtration. In a "subseqùent study by the 

same group SDS-PAGE yielded three peal<s labelled by ,[3 H] POB; çme with, a 

subuni t molecular weight of 44,800 daltons, was identified ,by cpmpetition 

experi ments as the alpha receptor binding protein (Guellaen eot al. 1982). I~ 
, 

a more recent study, Kunos et al. (1983) demonstraled t,hat at nanomolar 
o 0 

eoncentrations [~H] POB bound to membrane sites with the ctlaracteristics of 

'alpha1 receptors including marked stereoselectivity for agonists. Micromolar 
. 

concentratIOns of antagonists and milIlmolar c6ncentrations of agonists 

protected a second set of sites from binding' [3 HJ POB similar to those 

identified by Guellaen et al. (1982). . " 
However, the se latter sites lacked 

\\ 

stereoselectivity and thus théir physiological 'func~ian is not known. Kunos , 

et al. (1983) solubilized an hepatic membrane cornponent labelled py [3 H1 PQB 

wi th properties of alphal receptors including stereosel'ectivity and founçl a 

subunit n'~olecular weight of approximately 80,0.00 daltons with fi smaller '58,000 
\ 

dalton protein thought to be a proteolytic fragment of the r_ec~ptor site. 

Interestingly, fi 58,000 dalton protcin (SDS-PAGE) was also identified by Graham 

et al. (1982) in rat liver using affinity chromatography with an agarose-linked 
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analogue of prazosin. ~ They aIso proposed that this protein wn~ the 

ligand-bindmg subunit of the alphaI receptor. The above discrepancies in 

molecular weight may be due to variable success in inhibiting proteolytic 

degradation of a larger (approximately 80,000 dal~on) membrane component that 

represents the native alphal receptor. 

The study of hepatic beta adrenergic receptors by the use of radiolar>elled 

liganqs is also not withot~t difficulties. The beta antagonist, [3 H1 DHA has 

been shown to bind specifically to sites on the liver plasma membrane with 

characteristics of betà2 receptors (Munnich et al. 1981). The density of 

binding sites was low: 60 fmol/mg membrane protein as one would expect since 

the predommant adrenergic receptor in normal rat liver is of the alpha type. 

However, studies with a second potent beta antagonist, [125I] 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 

hepatoeytes respectively. However, the unusunlly low affinity for [125I] IHEP 

found ,in the study by Wolfe et al. (1976; Kd=2.6 + 1.5 nM) casts doubt on 

the validi ty 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 [3 HJ DHA or [125I]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. 
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FIG URE 1.1 Calcium- and cAMP-dependent pathways for the, activation of l 
liver glycogen phosphorylase. 

nc" and "R" are the catalytic and regulatory subunits of prot~in kinase 

respectively. 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 'tha t "piqûre" of the fIoor 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 neuronnl control 

of glucose output and hepatic metabolism in general may be of pliysiological 

importance. The anatomy and function of hepatic nerves has been extensively 

reviewed by Lautt (1980) and will not be detailed here. 

Autonomie control \pathways origina te in the hypothalamus. Stimulation 

of the ventromedial hypothalamic nucleus produces hyperglycemia by neuronal 

activation of hepatic gluC'Oneogenesis and gly?ogenolysis via the sympathetic 

system (Shlmazu and Ogasawara 1975). Stimulation of the lateral hypotllalamic 

nucleus produces slight hypoglycemia arid cali be linked to activation of hcpatic 

glycogen synthesis via the vag us. These conclusions have also been supported 

by results of selective lesioning of hypothalamic sites which appear to have 

effects ,opposite to stimulation (Shimazu and Ogasawara 1975). Ventromedial 

hypothalamic lesioning produces a hyperglycemic-obese sta te and represents the 

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

1980). 

1.4.2 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 (I968a) demonstt'ated that splanchnic stimulation 

could prodllce a marl<ed activation of liver glycogen phosphorylase in rabbits 
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tha t was not eliminated by adrenalectomy or pa~createct~rny. These author~ 

" went on to demonstrate that this activation could not be' blocked by the beta 

receptor antagonist, dichloroisoproterenol, whereas activation, .by injected 
\ 

catecholamine could be blocked (Shimazu and Amakawa 1968b). Later studies'~" 

'by the' same investigators revé'aled that 'nervous ac'Ùvation' of 'glycogen 
o " 

phosphorylase occurred independently of' any ~hange of cAMP,' while levels of 
Q ,0 _ 

this cyclic nucl~otide were elevated when" phosphorylase was' activated by ... 

injection of, either glucagon or adrenaline (Shimazu and Amakawa 1975). No 

stable c'ha,nge in phosphorylase kinase activity could be demonstrated after 
o 

Q 

nerve stimulation, but a two to three-fold increase was noted after glucagon 

or epinephrine injection. The activity of phosphorylase phosphatas~ decreased 
o 

with nerve s.timulation. These authors concluded, therefore, that splanchnic 
,1' . 

nerve stimulation elevated phosphorylase activity by inhibition of phosphorylase 

phosphatase rather than activation of phosphorylase kinase via a cAlVI P-rnedia ted 

mechanism analogous to that occurring after adrenaline or glucagon injection. 

They further speculated that sorne unknown factor, not noradrenaline, was 
o 

released from syrnpathetic 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 decrl"ase 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 slÏghtly or 

not a t ail affected by beta antagonists (Lautt 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-h3.I), the 

above findmgs are best explained as follows. Neurlllly-mediated activation of 

hepatic phosphorylase occurs via release of noradrenuline and subsequent action 

mainly on Blpha 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 occurs with cAMP-dcpendent prote!n kinase .. Convel'sely, 

injected adrenalin,e} activates glycogen phosphorylase via the beta 

adrenoceptor/adenylate cyclase system and the classic'al cAMP-dependant protein 

kinase cascade (Walsh 1978). A similar proposaI has been made by Proost et 

al. (1979) and Osborn (1978) to explain the above-described findihgs: 

There is evidence {roni several studies that in other tissues alph~l and 

beta1 receptors are innervated while alpha2 and beta2 are not, as proposed for 

alpha receptors in vascular smooth muscle (Yamaguchi and Kopin 1980) and for 

beta receptors in cerebral cortex (Minneman et al. 1979). The glycogenolytic 

response in liver is 1;TIediated by alphal receptors (section 1.3.3) or beta2 

reeeptors (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) dernonstrated that simultaneous 

stimulation of the splanchnic nerves and vagi in the rabbit would block the 

activation of glycogen phosphorylase, but would have no effeet on ac.tivation . 
of this enzyme or elevated cAMP levels resulting from adrenaline or glucagon 

inje.ction. 
} 

Vagal stimulatIon by itself had no effect on these parameters, 

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 liv~r glycogen w.as 

enhanced by vagal stimulation independent of pancreatic release of insulin 

(Shimazu and Fujlmoto 1971). Glycogen deposl tion is decreased in acutely 

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

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

that the neurally mediated effect is more rapid than the hormonal effeet. 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. 

1.5 Effect of Thyroid State on Hepatic Carbohydrate Metabolism 

. 1.5.1 Glycq;en Levels and Phosphorylase Activity. , 

Hepatic glycogen levels tended to be normal in hypothyroid rats aner-

markedly decreased in hyperthyroidislJl (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 on1y reason for this 

, 
effect on glycogen levels. In spite of this difference, perfusate g~ucOS, 

stabilized at simiIar concentrations in hypothyr:oid, hyperthyroid and normlil rats' 

when pyruvate and lactate were present (Laker and Mayes 1981). In vivo 

hepatic glycogen levels appear to be dependent on nutritional state. Thus, 

Okajima and Vi (979), by examining the kinetics of radioiabelled gluCOS~ in 

thEl intact rat fasted for 20 h, found that glycogen levels were dec!'eased by 

60% in hypothyroid and 9096 in hyperthyroid rats compared with euthyroid 

controls. These authors concluded that enhanced hepatic gluconeogenesis and 

diversion of gluconeogenic products from liver glycogen toJ;;llood glucose helped 
: : ~ 1 

to maintain circulating blood levels. On the other hand~ a 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 effect of hypothyroidism or 

hyperthyroidism on total glycogen phosphorylase or synthase activities in rapid1y 

excised and frozen rat livers. When total glycogen phosphorylasc activity was 

assayed in isolated hepatocyteB it was found to be decreased (30%) after T 3 

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 gluconeog-enic enzymes are increased (Bottger et al. 1970}. Conversely, the 

rate of hepatic gluconeogenesis is lower in thè thyroidectomized rat (Menehan 

and Weiland 1969). The profile of gluconeogenic enzymes in the 
; 

thyroidectomized rat resembles that of the diabetic rat (Baquer 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 

enzy me levels alone will not adequately explain the alterations seen in either 

of these states. Thyroid hormone appears to be required for the full expression 

of glucagon or catecholamine effects, and therefore it is likely that altered 

response to hormonal stimuli may' be of greater importance. 

· ... v 
1.5.3 Efreet on Redox State and Energy 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 s1ate. 

Reducing Equivalents produced during glycolysis are transferred from> the 

cytoplasm to mitochondia by a cycle involving alpha-glycerophosphate 

d,ehydrogenase. The activity of this enzyme is low in thyroidectomized rats 

,and ,increased several fold by thyroid hormone treatment (BernaI and DeGroot 

1980). Thus, the hypothyroid liver {s in a more reduced state (jncre~Jed 
1 

NADH/NAD) and hypel'thyroid liver a less reduced sta te than normal. In 

addition ta direct effects of NADH/NAD on enzyme activities there is sorne 

Evidence tha t the redox sta te of the c.ell may have important consequences for 

the action of certain hormones. Clark' and Jarret (1978) re~rted that under a 

oxidized conditions the ability of gluca~on to produce an increase in cAMP llnd 

stimul11te glucose output is decreased and have attributed this to an effect of 
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nicotinamide nuèleotides on cAMP phosphodiesterase àctivity. 

While the total adenylate nucleotide pool is unchanged in hypothyroid 

animais, the "energy charge" (ATP/ADP+AMP) is elevated (Baquer et al. 1976) 

over a _ range for which the response of many regulatory enzymes is marked 

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

various metabolites on glycogen phosptterylase a and b. , ,-
These authors point _ 

\ 
out that A MP has an a~tivating effect on poth forms of the enzyme, while 

ATP and ADP are inhibitorv. Hence, the increased flenergy charge" of the 
e 

liver cell may contribute somewhat to the reduced glucose output seen in 

response to glucagon and catecholamines in the hypothyroid rat. Additional, 

as yet undocument~d, effects may. also be of importance •. 

1.5.4 Summary. 

It appears that thyroid hormones oave complex effects on carbohydrate 
'-

m etabolis m in the intact animal. A number of studies have examined the 

various influences of these hormones on factors which may be important in 

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

'Ibis is in part due to the existence <?f multiple ways in which thyroid hormones 

might produe,.e these effects. Of particular .interest in the context of the 

present study is the ability of thyroid hormones to modulflte the effects of 

other hormones. 

L6 Formulation of ,the Problem. 

Thyroid hormones can influence the respoJise, 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' 
~ 

receptors are present in. cardiac an.d adipose tissue, and it appears that in '\ 

certain cases the altered sensitivity to catecholamines observed in 
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hyperthyroidism or hypothyroi~ism may be. attributed to changes in the balance 
c 

of th~se receptors. In the rat heart where both receptor types mediate the 

positive ir;lOtropic response to catecholamines, hypothyroidism increases the 

alphâ and decreases the beta receptor'd component of this response. Excess 

thyroid hormone has the opposite 'effect. 

The activation o.f liver glycogen phosphorylase by catecholamines is also 

mediated by both alpha and beta reeeptors. lf the effects of thyroid state on 
1 

cardiac aèrenergie receptors can be generalized, 0Je may hypothesize tha t 

hyperthyroidism would enhanee the beta receptor eont ,ibution to' the activation 

of hepatic glycogen phosphorylase, a predominantly lalPha receptor-mediated 

response in the normal adult rat. Unexpéètedly the opposite was f~und: the 

pattern of adrenoceptor activation of phosphory}ase was unchanged" in 

hyperthyroid rats, but hypothyroidism resulted' in a shift from alpha to a beta 

type of response. 

c' 
In order to further investigate the natur~ of the changes observed in the 

hypothyroid rat, the following questions were considered. 
. , 

L Is the effeet of thyroidectomy the J'esult of changes in adrenergie receptors 

or sorne post 'receptor event in the glycogençjlysis ,cascade?" 

2. Is the effect selective for adrenergic receptors or are other glycogenolytic 

hormones similarly influenced? 

3. Are these changes rever'sib"le by thyroid hormone replrleement? 

o 
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2.1 AnimaJs 

> Male Sprague-Dawley rpts (CD strain,' Canaôian Breeding Farms Ltd.) 

were housed in the McIntyre Animal Center under constant conditions (22 0 è, 

12 h lighh::lark cycle), maintained on Purina Rat Chow and tap water ad 
, . 

libitum. Rats were rendered hypothyroid by surgical thyroidectomy under 

" sodium pentobarbital anaesthesia (50 mg!kg). Success of the procedure was 

assessed by the absence o~ normal growth during the ensuing 10 to 14 weeks, 

after which time animaIs were used for this study. Hyperthyroidism was 

induced by daily intraperitoneal injections of T 4 (l mg!kg) freshly dissolved in 

0.01 N NaOH for seven days. T3-treated hypothyr0id rats received daily 

intraperitoneal injections of 0.25 mg/kg freshly prepared in O.OIN NaOH for 2 

or 4 days, the last injection being given approximately 12 h before the 

experiment. Euthyroid control animaIs were maintained \ under identical 

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

cortisol (50 mg/kg) every 12 Il beginning 48 h before the experiment. AlI 

animaIs used in the present study weig~ed between 250 and 3~0 g. 

2.2 Drugs and Chemicals. 

"'-
Adrenaline (l-epinephrine bitartrate, Sigma), d-adrenaline (d-epinephrine 

bitartrate, Sterling-Winthrop), phenylephrine (l-phenylephrine HCI, Sigma), 

isoproterenol. (d,l-isopropyl arterenol HCl, K&K) and noradrenali.ne 

(l-norepinephrin~ bitartra te, Sigma) were dissolved just prior to use in isotonie 

saline containi1"g 1 mM HCI. dl-Propranolol Hel (Ayerst) and pllentolamine 

(phentolamine methanesulfonate, Ciba) werè dissolved in isotonie saline. 

Dihydrpergocryptine (Sandoz) and A23187 (Calbiochem) were dissolved in ethanol 

and kept at -20oC. Phenoxybenzamine (phenoxybenzamine HCI, SK&F) was kept 

at ,-20 o C dissolved in acidified ethanol.· Triiodothyronine (T3, 

'" 
3,3',5-triiodo-L-thyroinine, Sigma) and L-thyroxine (T 4' Sigma) were dissolved in 

, 
0.01 N NaOH for injection . Vasopressin (grade VII synthetic arginine 

. . 
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vasopressin, Sigma) and glucagon (Sigma) were dissolved in isotonie saline 

containing 1 g% BSA and in the case of glucagon 0.2 M glycil}e (pH 10). 

Collagenase (type 1), a-D-glucose-l-phosphate (grade V), BSA, cAMP and 

beef heart protein kinase were from Sigma a~d were used directly. Difco 

gelatin was obtained from Fisher. Glycogen (grade V-S) was also from Sigma 

and was used after purification as described by' Thomas et al. (1968). 

Gpp(NH)p was from Boehringer-Mannheim. J 

45CaCIz, Cl-D-[UJ4 C] glucose-I-phosphate, [3H] Prazosin (17./ Ci/mmo!) 

and [3 HJ cA.\1P' were from New England Nuclear. 

AIl other chemicals and reagents were from usual commercial sourèes\ 

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 (I962), with some modifications. Rats were 

anesthetized with sodium pentobarbital (50 mg/kg i.p.) and heparinized (500 

I.U./kg i.v.). The abdominal cavîty was opened with a wide transverse incision. 

The vena portae was cannulated and perfused with calcium-free Krebs-Henseleit 

bicarbonate buffer (Krebs and Henseleit 1932; Ils mM NaCl, 3.7 mM Kel, 

1.2 mM MgS04, 2.2' mM KH2P04, 25 mM NaHC03, and 20 mM glucoseY for 

10 min at a flow rate of 30 to 35 ml/min. During this period the liver was 

transferred to a perfusion-aeration apparatus. After this preperfusion, the 
\ 

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

calciu ml and 0.05% cru de collagenase and perfusion was continued for 10 to 

20 min with recycling. The liver was then disrupted by genfle combing. 

Incubati'on of the collagenase-liver suspension was continued iij a'Oshaker bath 

for an additional period such that the liver cells were exposed to collagenase 

for a total period of 30 min. The perfusion and aIl subsequerrt incubations 

were done at 37 0 C, under an al mosphere of 5% ,C02 in 02' and maintained at 

( a pH between 7.0 and 7.4 by the addition of 150 mM, NaOH as required. 
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the end of the incubation, the cell suspension was filtercd through nylon mesh 

and centrifuged for 2 min at 50: x g.' The cell pellet was washed and 

centrifuged twice, and resuspended in Krebs-Henseleit bicarbonate buffer 

containing 2.5 mM calcium and 1.5% gclatin2 nre-equilibrated with 5% COZ in 

02 at 37oC .. CeUs were either used immediately or kept briefly on ice. This 

method routinely yielded ceUs with 95% viability as assessed by exclusion of 

trypan blue3• CelI suspensions contained 30 ta 40 mg wet weight of celIs per 

ml unless otherwise specified. Wet weight was determined by ceotrifug'ing 1~0 
, 

ml aliquots of the cell. suspension at 1000 rpms in a Sorval GLC-I centrifuge 

for 2 min in tared 1.5 ml plastic tubes. The supernatant wns removed, the 

tube 'walls carefally dried and the weight of the ceU pellet determined. 

ICalclum concentration was 4.2 mM in the collagenase solution in earli~r 
experiments. The data for these experiments appears in aIl figures to 3.9 
except 3.1. Occasionally a white precipitate would form in this solution 
making perfusion of the liver less efficient. Hençe, for all subsequept 
experiments calcium content of the collagenase' buffer was reduced to 2.5 mM. 

,." Viability and performance of hepatocytes was not signif'icantly altered by this· 
modifica tlon: 

(, 

o 

2It was found during the course of these experiments thnt the, viability 
of isolated hepatocytes was enhanced and better preserved partlCularly through 
longer incu~ations if 1.5% gelatin was added to the Krebs-Henseléit 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 respective figure cB.ption. 

3Viability was assessed by combining equal volumes of celI suspension 'and 
a solution of 0.4% trypan blue in isotonie 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 mICroscope for 
calculation of % viabillty. 

2.4 Phosphorvlase Assay 

Fresh1y prepared hepatocytes were resuspended in previously equilibrated 

Krebs-Henseleit buffer containing 1.5 g% gelatin at 30 to 40 mg wet weight 

of eeUs pei ml. Three ml aliquots of this celI suspension were gasscd with 

5% CO 2 in ° 2 and incubated in a shaker bath at 370 C and 90 ta 100 cycles 
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per min. 
\ 

After a 30 min preincubation, drugs were added in 10 JJl 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 celI suspension to 5.0 ml of ice-cold 

Krebs-Henseleit buffer not containing gelatin. After a brief period on ice, ceIl 

suspensions were rapidly centrifuged (30 s) in an IEC International Clinical 

Cen.trifuge at maximum speed, supernatant was discarded and the ceIl pellet 

was i mmediately 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 

phosphorylase was assayed in duplicate aliquots of the supernatant by measuring 

the incorporation of [UJ4 C] glucose into glyco(Sen. Total incubation volume 

was 0.1 ml and the reaction was started by the addition of glycogen and 

[U)4 C] glucose-l-phospha te to give a final concentration of 1.0 g% and 

15 mM respectively. The assay was rendered specifie for phopsphorylase !'! by 

including 0.5 mM caffeine (Stalmans and Hers 1975). IncJbation (30°C, 20 

min) was terminated by -spotting 50 IJI aliquots of the assay mixture on 

Whatmall 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 

r-rtained radioactivity was measured by' liquid scintillation counting at an 

efficiency of 50 to 60%. Units of enzyme activity are nanomoles of 

[UJ4C] 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-Hense1eit 
(. 

buffer (see foot note 2, section 2.3), 1.0 ml aliquots of ceIl suspension were 

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

sulfonic Rcid, 300 mM NaF, 5.0,mM EDTA, 2.0 mM dithiothreitol final pH 
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6.5) w i th a Brink man Polyt~on. The subsequent steps in the as~ay were done 

lis described above. 

Both maximally stimulated (10 f-IM adrenalinc) and basal phosphorylase a 

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

30 0 C ànd als,o 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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FIG ORE 2.1 Time- and protein-dependent increase in [UJ4C1 glucose 
, , 

incorporation in~o glycogen in the assay of h,epatic glycogen phosphorylase !. 

CeUs were isolated from a normal rat and incubated as described in 

section 2.3. After 30 min of' incubation 10 ~l of saline alone (» or 

adrenaline (~) was added to a 3.0 ml volume of celi suspension (80 mg/ml) 
~ 

to give a final concentration of IO-5M adrenaline. After 3.0 min a 1.0 ml 

aliquot of this suspension was homogenized in an equal volume of assay buffer 

(section 2.4) and assayed for phosphorylase !! activity as, detailed in section 2.4. 

Panel A shows the amount of [U_14Cl glucose incorporated into glycogen when 

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

of [U)4C] glucose incorporated a~ a function of homogenate protein 

concentration when the incubation was terminated after 20 min. 
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2.5 Cyclic AMP DE'termination 

CeUs were incubated as descl'ibed for the determination of glycogen 

phosphorylase (section 2.4). At 1.5 min after the addition of agonist (or as 

indicated in figure legends) 1.0 ml aliquots of ceU suspension wcre homogenized 

in 5.0% trIchloracetic acid for 30 s with a Brinkman Polytron. Samples wel'e 

centrifuged at 3000xg for 10 min. Precipitated gelatin was removed as a layer 

floating above the supcrnatant. One ml of supernatant was purified by passage 

oVer a 0.4 cm X 4.5 cm column of Dowex 50X8H+. The column was eluted 

wi th deionized \Vater and cAMP was recovered in the fourth to the sixth one 

ml fractions. Recovery was monitored with [3 HJ cAMP for each batch of 

columns prepared and was usually 95 to 98%. Fractions containing cAMP wel'e 

pooled and taken to dryness in a Brinkman Sample Concentrator. These were 

taken up in 0.2 to 5.0 ml of 50 mM TRIS buffer (pH 7.5) containing 4mM 

EDTA and cAMP was assayed in duplicate 50 111 aliquots by a radiobinding 

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

2.6 Calcium Efflux Measured by Calcium Electrode 

Drug effects on calcium efflux from intact hepatocyte suspensions were 

,determined with the use of a calcium-sensitive electl'ode as described by Chen 

et al. (1978) with some modifications. CeUs were washed once and resuspended 

in a nominally calcium-free Krebs-Hensleit\ buffer. Fifteen ml aliquots were 

incubated in 50 iTll plastic Ehrlenmeyer flas~s at 37 0 C under an atmosphere of 

5% CO 2 In 02' To determine, drug effects, a calcium-sensitive ,electrode 

(Orion Model 93-20) and El reference electrode {Orion Model 90-0n were fixed 

into each Ehrlenmeyer: Electrodes were connected to a pH meter (Orion Model 

701) and fi \'ari<tn A-25 chart recorder. A 1000 Il F capacitance was included 

bet ween the pH meter output and the chart recorder to reduce the noise in 

the recordings. This had no effect on the drug responses measured. CeUs 

were incuDnted until a stable bascline calcium level was obtained: usually 30 
\ 
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to 60 min. Baseline free calcium concentrations were checked by comparing 

the pH meter output to a standard curve for calcium prepared in 150 mM KCl 

(approximately isotonie) at 370 C. These values ranged between 0.068 and 

0.096 mM for hepatocytes prepared :from normal rats, and 0.053 to 0.108 mM 

for hepatocytes from thyroidectolT)ized rats. Cummulative 

concentratlOn-response curves were produced by the addition of increasing 

amounts of drugs as detailed in figure captions for each ~eries of experiments. 

A t the conclusion of each experiment, changes in external calcium 

concentrations were determined by _the addition of 3.3 mM CaCIZ calibration 

pulses. One ml aliquots of ceUs were then removed for determination of wet 
o 

weight and viability (section 2.3). Only res~lts from preparations with >85% 
f 

viability were included. ' Results were expressed as nanomoles ,of calcium efflux 

per mg wet weight of cells. Preliminary experiments to test this method were 

done and representative tracings are shown in figure 3.13. 

2.7 45Ca HfIux Studies 

Freshly prepared hepatocytes were resuspended in Krebs-Henseleit buffer 

containing 1.5 g% gelatin and 2.5 mM 45 Ca (0.5 Ci/ml), and incubated in a 

shaker bath at '370 C and 80 cycles per min., Thr~ughout this 45Ca loading, the 

suspen5i~n was continuously gassed with 5% CO2 in 02' After 60 min, cells 

were rapidly washed twice (50xg for 1 min) and resuspended in Krebs:-Henseleit 

solution containing 2.5 mM non-radioactive calciûin. Sixt Y min of preloading 

hepa tocytes with 45Ca has been shown to label most of the exchangeable 

calciu~ in rat hepatocytes (Chen et al. 1978). Duplicate 1.0 ml aliquotswere 

rapidly centrifuged (I500xg for 20 s) in an IEC International Clinical 

Centrifuge and 45 Ca 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 45Ca). The mean of this value was c~iled the 

zero-time efflux. The remaining suspension was incubated in 1.0 ml aliquots 
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with varying concentrations of agonists added in 10 !JI volumes. After 3 min 

of incubation semples were centrifuged and .0.7 ml aliquots of supernatant were 

assayed for 45Ca activity as described abave. Data are ei~ressed as % 45 Ca 
~ 

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

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

reproducible and duplicatel determinations agreed to within 5%. 
o 

This procedure for the determination of 45Ca efflux is analogous to the 

"calcium efflux-exchange" procedure reported by Blackmore ei al. (1978), 
1 

----------1except'-tMt 45 Ca_released-from-Cclls..JsffieJ38IJred jn the present experiments 

" 

rather than 45Ca ceU content in the latter. The '108s of 45 Ca from cells is 

measured after 3 min of stimulation with agonists to correspond to times at 

which phosphorylase ~ activity was determined. 

2.8 Thyroid Hormone Assays. 
i 

Serum thyroxine (T 4) was measured in blood samples collected at the time 
1 

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

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

2.9 Preparation of Liver Plasma Membranes 

Plasma membranes were 'prepared from freshly excîsed livers by the 

method of Neville (1968) as modified by Wolfe et al. (1976). ' Membrane.s were 

used for the binding assay on the day of preparation. 

2.10 [3 r·I] Prazosin Binding Assay. 

Binding of (3H)praz08in was assayed in triplicate at 3loC. 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 r,M [3H] prazosin the indicated adrenergic 

agonist or antagonist and 4 mM MgSO 4 in Il final volume of 1.0 ml. The use 

of protein concentrations less t~,-----Qlg/ml was necessary to avoid 
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significant «10%) reduction of the free concentration of [3 H1 prazosin in the 

incubation medium. Specifie binding was defined as the difference between 

binding in the abse~ce and presence of 2.0 fJM phentolamine. Incubation was 

terminated by rapid vacuum filtration onto a single Whatman OF le glass fiber 

filter followed by three' 5.0 ml washes with the same buffer at 220 e. The 

filters \vere air-dried, incubated with 0.3 ml of NeS tissue solubilizer 

(Amersham) overnight and the radioactivity determined by liquid scintillation 

spectr:ometry in a toluene based cocktail at an efficiency of 50 to 55%. 

Efficiency for each sample w'as verified by the ch'annels ratio technique. 

2.n Statistics and Expression of Results. 

AIl data shown is either the result of a single representative' experimenl 
o 

, or the mean .::. standard error of the mean (s.e. m.) from three or .. ~ore separate 

cell preparations as detailed in the captions to figures flnd tables. 

Statistical comparisons were made by either a two-sample rank test: the 

~ann-Whitney U-test or the Krusl<al-Wallis test where more than tV'{o groups are 

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

taken to imply a statistically significant difference between groups. 

• 

63 . 



, (:. 

, . 
1 

, 
" 

" 

... 

, 
« 
a 

• 
; 
" . 
! 

j • 

.-~-- ~- --~ .. ~------_. 
" 

." 

ç 

, 
" . 

's .E ç T ION TH R B'B 

'R ES 0 L T S 

.' 
éJ 

.. 

, 



r ~ -----
1 

1 

! ( 
f 

i 
. t 
-i , 

! 

1 , 

1 , 
i , 
t 

1 

f 
t " 

, 
r , 

, ! 

( 

3.1 Activation of glycogen phosphorylase by adrenergic Rgonists in hepatocytes 

from euthvroid, hvpothyroid and hyperthyroid rats. 

Figure 3.1 shows the time.:..course of activation of glycogen phosphorylase 

by 10-6 M adrenaline in hepa tocytes from euthyroid, hypothyroid and 

hyperthyroid rats. 
y 

Thirty minutes of preincubation resulted in stable "basa,l 

phosphorylase .!! activity. Addition of agonist was followed by a rapid (less 

than one min) increase in activity which remained at plateau for at least five 

minutes. "S!milar results were obtained in aIl threE; groups ,o( animaIs. 
o 

Complete concentration-response curves for ,adrenaline, isoproterenol and 

phenylèphrine for each group ef rats are' shown in figure 3.2. For aIl 

experiments shown in this figure, phosphorylase !! 'activity was determined in 

aliquots of celi suspension taken immediately before (zero agonist concentration) 

apd 3.0 min after the addition of a&vists. The type of adrenoceptor involved 
. 

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

these three agonists. Basal phosphorylase ~ a~~ivity was not changed ~y either 

thyroidectomy or thyroxine treatment. The order of potency of agonists in r~--~ 

hepatocytes from normal rats was adrenaline > phenylephrîne > isoproterenol 
Il 

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

is mediated by alpha adrenoceptors (Sherline et al. 1972; Hutson et al. 1976). 

" 'Thyroxine treatment decreased somewhat tl)e maximum phosphorylase ~ response 

to 8àrenaline and phenylephrine (figure 3.2), which resulted ln a slight decrease 

in the ;:C-o to aIl three agonists (table 3.1), but their relative potencies 
~ ~ 

» remained unaltered. However, in hepatocytes from hypot~yroid rats the order 

of potency was markedly 0 cflanged to isoproterenol > adrenaline > phenylephrine 
"f -. ..,. ;' 

(table 3.n. This ;rder 1- potenc'y is characteristic ,of be'ta 'adrenoé~p't6Ï'·S; ," .. '~. 

Figure 3.2 shows that i~ normal rats jsoproterenol was not onl~ the lèast ~ 
potent agonis t, but its efficacy ""as-also-significantly less than that of the . 

othet t\'lo agonists. In - hypothyroid rats, the efficacy of isdproterenol" was 
------- ~ 

greater while the ,e,fficacies of adrenaline and phenylephrine were lower than 
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,in ,euthyroid controls. 

The chan)s:e- -i~ponse pattern .developed Slowly. Changes in, agonist 

potencies were, minimal in two rats, tes~ ~t 2 ~!< following thyroide~tomy 

although serum 0 thyroxine levels were as low as at three monfhs (table 3.1). 
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Time-c"ourse of activation of glycogen phosphorylase ~ by 

adrenaline in hepatocytes from euthyroid, hypothyroid and hyperthyroid rats. 

' ... ' 1 

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

incubation in a medium without added gelatin (time 0), 10 JJI of salin,e or 

a'enalin~ -Pl~S saline was add~d to a 10 ml volume of cell suspension to give 

a final concentration of 1O-? M adrenaline. At the indicated times 1.0 ml 
-', .~ ..... J 

aliquots of this suspension were homogenized in an equal volume of as,say 

buffer (section 2.4) and assayed for phosphorylase, !! activity' as detailed in 

s"ection 2.4. Units of enzYIV1e activity are nanomoles of [U_14 C1 glucose 

incorpora ted into glycogen per min per mg protein. Each set of dat<1 points 

are the results from a single rat from each group. è' 
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FIGURE 3.2 Activation of glycogen phosphorylase g by adrenaline, 

isoproterenol and phenylephrine in hepatocytes from euthyroid, hypothyroid and 
c 

\ 
hyperthyroid rats . 

. CeUs were isolated as described in sec~ 2.3. After 30 min of 

incubation in a medium without added gelatin, adl'enaline, isoproterenol or 

phenylephrine (JO ,..,1) were adde~ to 3.0 ml of cell suspension to give the 

final concentrations of agonist indicated. Phosphorylase ~ activity was 

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

before (zero ag-onist concentration) and 3.0 min after the addition of agonist. 

Unrts of enzyme activity are as noted in section 2.4). Each point represents 

the mean + s.e.rn. 'for 3 to 13 separa te ceU preparations. The EC50 is also 

shown. pD2 values for these expcrimen!s are given in table 3.1. 
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Table 3.1 

The influence of thyroid state on the potency of . '-
afu"energic agonists in acti vating hepatic glycoqen phbsphory1ase. 

Normal Hyperthyroid HyPOthyroid 

10-14 wk 2 wk 

Serum 'J'4 Level 50.3 ± 9.9 98.3 ± 2.0* 8.2 ± 2.4* 9.9±2.1 
(nq/ml ) 

'Agonist Potencies 

l soproterenol 5.35 ± 0.38 5.75 ± 0.34 8.77::: 0.25* 6.02 ± 0.36 
(5) (5) (4) (2) 

Adrenaline 7.73 ±O.Jl 8.41 ± 0.39 7.9r; ± 0.21 1.45 ± O. J2 
(D) )~) (5) ( 2) 

PhenyJ_ ephri ne 6.21 ± 0.10 6.58 ± 0.20 5.54 ± 0.15* 5.77 ± O. J2 
li (8) (5) (3) ( 2) 

Data are fran the same experiments shovm in figure 3.2. Values shown are 

the mean ± s .e.ffi. of the IV2 values for the nurnœr of experiments s}1CMn 

in parentheses. The r:D2 is the negative logarithm of the agonist 

concentration proàuding half-ffi~imal activ:ation of hepatic glycogen 
~, V 

" p:usphoryJ ase. For details o::mcerninq the determination of phosphorylase 

acti.vitv, refer to the caption for fi.gure 3.2 and section 2.4. Serum T4 

1evels ~'ere determined as èlescribed in secti.on 2.8. * indicates a 

significant difference fran oorresfOnding values in normal rats • 

• 
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• 3.2 Effects of adrenergic antRgonists on adrenaline Ilt'tivation of glycog<:>n 

phosphorylase in hepatocytes from euthYl'oid, hYPÛlthyroid and hyperthyroid rats.-

The apparent change in the type of adrenoceptor mediating phbsphorylase 

activation was further examined by comparing the effects of acjrenergic 

antagonists on the phosphorylase response to the mixed alpha/beta receptor 

agonist adrenaline in hepatocytes from each group of animaIs. 

The altered potency of agonists in hypothyroid rats was associated with 

fi corresponding change in the effectiveness of alpha and beta receptor 

'antagonists. Figure 3.3 illustrates ,that the increase in phosphorylase activity 

produced by adrenl1line in normal hepatocytes wafl substantially inhibited by the 

alpha antagonists phenoxybenzamine (POB) and dihydroergocryptine (DI-lE), but 

w~ not affected by the beta antagonist propranolol. In ceUs from hypothyroid 
, , 

aNmals the alpha redeptor antagonists did not significantly inhibit phosphorylase 

activation by adrenaline, whcreas propranolol was an effective inhibitor at low 

adrenalme concentrations. Beta receptors are generally more sensitive to 

stim~tion by adrenaline (Kunos 1977) and the absence of block by propranolol 
-, 

at higher adrenaline concentrations may be 'due to remaining alpha' receptor 
• • 

activity. 

In hepatocytes from hyperthyroid rats both OHE and POB were effective 
\ 

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 from normal rats and 

confirms results obtained with adrcnergic agonists: the response is mediated 

predominantly by alpha receptors in pre!Jar~tions from the hyperthyroid rat 

liver. 
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FIG URE 3.3 Effects of adrenergic antagonists propranolol, phenoxybenzamine 

and dihydroergocryptine on activatiory of glycogen phosphorylase ~ by adrenaline 

in hepatocytes from euthyroid, hyp~thyroid and hyperthyroid rats. 

Experimental details are as described in the caption to figure 3.2 except 

that antaj5'onists were added at the start of the 30 min incubation period to 

give a final concentration of lü-5M in each case. Antagonists were added, 

l iJ 1 per ml. of cell suspension in vehicle as specified for each in section 2.2. 

Units of enzyme activity are as not~din section 2.4. Each point represents 

the ' mean + s.e.m. for 3 to 7 separa te cell pl'epar:ations except'for panels f 

and i where" the results of a s~ngle representative experiment are shown. 

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

adrenaline, isopr.'ot~(101 and phenvlephrine in hepatocy'~es from thyroidectomized 

rats. 

Ch~es in hepatic adrenergic receptors similar to those observed after 

thyroidectomy have been described followi~g 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-pituitary axis, the 

effect of cortisol treatment on, the phosphorylase response in thyroidectomized 
, 

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

th~rDidectomized rats with cortisol (50 mg/kg) every 12 h' beginning 48' h 

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

" 
agonists when compared with untreated thyroidectomized rats. A similar 

.. . 
treatment regimen has been reported to reverse .the effects of adrenalectomy 

on hepatic beta adrenergic receptors (Wolfe et a1.)976)., 

.-
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FIG URE 3.4 The effect of cortisol treatment on the activation of glycogen 
1 

phosphorylase !! by adrenaline, isoproterenol and phenylephrine in hepatocytes 

from hypothyroid rats. 

, " 
Cells w~re isolated from hypothyroid rats t~at had received intraperitoneal 

injections of cortisone acetate (50 mg!kg) every 12 h beginnipg 48 h before 

the experiment. Isolation, incubation of hepatocytes and u('>say of glycogen 

phosphorylase !! activity were done as described in the caption to figure ~\2. 

Open symbols and filled symbols represent the means of 3 to 8 separate cell 

preparations from' hypothyroid and hypothyroid, cortisol-treated rats 
V'" 

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 AccumuJf1tion of cAMP in response to' stimulation by adrencrgic agonists in 

hepatocvtes from normal and thyroidectomized rats. 

In order to" further investiga te the nature of the e mergent beta receptor 

contribution to phosphorylase activafion in thyrùidectomized rats, cAMP 

accumulation in response to adrenaline, isoprotereflol and phenylephrine was 

n measured and compared with the response in hepatocytes from normal rats. 

Preliminary time-course experiments are shown in figure 3.5. Isoproterenol 

(l0-6 M) produced a rapid (less than one min) increase in cAMP tl1at remaird 

at plat~au for at least 5 min in hepatocytes from thyroidectomized raIts. 

1 

Similar results ,were obtained with normal hepatocytes except that magnitude 

of the response was very much less. In subsequent experiments hepatocyte 

suspensions were sâmpled for the determination of cAMP at 1.5 min after the 

addi tion of agonists. 

Complete concentrati~espo~se cu~ves 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 grou;>s: 1.85 ;:. 0.76 p~o1!mg protein for normal (n=3) and 2.25 .: 0.93 

pmol/mg protein for thyroidectomized rats (n=3). AH three agonists pi'oduced 

concentration-depÉmdent increases in cAMP levels, however, in both groups' of 

'aniinals the magnitude of the response to adrerialine and isoproterenol was very 

much greater in h,epatocytes from thyroidectomized ,rats; the response to 

isoprot~renol stimula tion was approximately ZO-fold greater than in normal rats. 

The order of effective'ness in producing this resp6ns~' was isoproterenol 

> adrenaline :) noradrenaline,,, which is consistent ~ with a beta2 adrenerg-ic 
~ . 

receptor res~onse in the!) thy~oi~ectomized rat (figures' 3.6 and 3.7). The 

differenee. in the maximum response to isoproterenol in the two groups could 

not be accOtmted for by a difference in metabolism of the dl'ug since exposure 

was brief, and as shown' 'in figure 3.8, the lev el of cAMP accumulation in 

response to isoprotere~ol was directly proportional'to the density of he~atocyte 
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suspensions from both a thyroidectomized and normal rat~ 

In order to test the possibili ty that differential metabolism of cAM P by , 

phosphodiesterase in the two groups ~as the basis for this difference, the 

response to isoproterenol was examined in the presence of 

isobutylrhethylxanthine (IBM X), a phosphodiesterase inhibitor. ResuIts of these 

experimen.ts are summarized in tah1f' 3.2 and demonstrate that although cAMP 

accumulatIOn in respcmse to isoproterenol was enhanced in the presence of this 

inhibitor, the difference betwee~ the response in normal and thyroidectomized 
• 1. 

ràt hepatocytes remained. A difference in phophodiesterase activity, therefore, 

cannot aecount for the above ~Oservations. 

Comparison of the cAMP response to isoproterenol and adrenaline in the 

thyroidectomized rats showed that at maximal concentrations of these drugs, 

isoproterenol consistently produced greater cAMP accumulation than adrenaline. 

However, both of these drug'ê are are considered to be "full" beta receptor 

agonists. Adrenaline is als5> a !!full" alpha receptor agonist, while isoproterenol 

has only a very slight effect on alpha receptors. This raised the possibility 

\,' tha t the difference in their effectiveness could' be due to an inhibitory 

influence of alpha receptor stimulation on cAMP accumulation as noted in the 

liver by others (section 1.3.3). To test this possibility the effect of 

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

accumulation ,,",vas examined. As the re.sults summarized in table 3.3 show, 
, 

adrenalille-stimulated cAMP accumulation in hepatocytes was significantly 

'enhanced 'after bloc~ade or' alpha receptors with phenoxybenzamine i~ the, 

thyroidectomized rat. However, phenoxybenzamine blockade did not potentiate 

cAMP accumulation in response to adrenaline in the normal rat. Thts suggested 0 

~ 

(that inhibitory alpha ~ceptor activity was responsible for the difference in 

maximal cAMP accumulation ,nducea by isoproterenol and adrenaline. 

Furthermore, such inhibitory alpha receptors appear to be active only in the 

hypothyroid and not in ,t~é 'normal rat. 
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FIG URE 3.5 Time-course of cAMP accumulation in response to isopr.oterenol 

in hepatocytes from normal and thyroidectomized rats. 

CeUs were isolated as described in se~tion 2.3. After 30 min of 

incubation in a medium without added gelatin (time 0), 10 !JI of 'saline . 
(broken line) or isoproterenol (solid line) \.\las added to a 10 ml volume of cE;l1 

,'- r . 

suspension (approximately 40 mg/ml) to give a final concentration of 10-
6 

M 

isoproterenol. At the indica ted times, 1.0 ml aliquots of this suspension were 

homogeni,zed in ar:t equal, volume of. 10% trichloracetic acid and assayed for 
1 

cAMP as detailed in soction 2.5. Results of a single representa.tive experiment 

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

isoproterenol and phenylephr'ine in hepatocytes from normal. and 

thyroidectomized rats. 

CeUs were isolated as described in section ·2.3 and resuspended in medium 

without ge1atin. After 30 min of preincubation, drug was added in a 10 J.l1 

volume to 3 ml of cell suspension ~o give the indicated final 90ncentrations. 
, . 

After 1.5 min, 1.0 ml, aliquots of this suspe~sion were removed and assayed 
J 

for cAMP -as detailed iry: section 2.5. Results are the mean t s.e.m. for three 

se~rate cell preparations from thyrOidectomiz~d and normal rats (upper and 

right panel). 
o 

71 

1 ,1 
1 



" 

'. 

\. 

( 

.t, 
(lI, ' ,.....' c: 

'(5, 

ë 
a. 
0> 
E 

60 1 

50 

'0' 40 
E 
8 
c: 30 o 

'';::: 
tU 
"5 
E 
::J 
o o 
~ 
a. 
:E" 
~ o 

20 

10 

'0 

• adrenaline -

• nor adrenaline 

0.0 0.01 0.1 1.0 10.0 100.0 

Agonist Coneentr at ion (mie romolar) . 

FIG URE 3.7 Accumulation of cAMP in response to stimulation by adrenaline 

a.nd noradrenaline in hepàtocytes from a thyrofd~ctomized rat. 

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

preincubation, adrenaline or noradrenaIine was added in a 10 JolI volume of 

saline to 3.0 ml volume of cE511 suspension to give the indicated final agonist ,-
, 

concentra tions. After 1.5 min, 1.0 ml aliquots of this suspension were 

removed and assayed for c~MP as detailed .in section 2.5. Results shown are 

of a single cell preparation (rom a t~yroidectomized rat. 
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FIGURE 3.8 Isoproterenol-stimulated cAMP accumulation as a function of 

tissue amount in hepatocytes from a normal and a thyroidectomized r~t. 

C~ls were resuspended at approximately 80 mg/inl. "These vrere then 
b, '(,. \ 

diluteq {twice by 50% to give three concentrations of cell material. Q Three' ml 
• 0 

aliquots of each of ,these cocentratiorn; were incubated and cA.MP acc'umulation 

in resp~nse to 10-6 M isoproterenol ~as determined as described in' th'e 0 cap,tipn il 
~ 

to figure .3.6. Each data point reflects the value obtained from a single 

aliquot of cell suspension f~r cells isolated J from a' nor'~a1 and ,a 

thyro.idectomized rat. 
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, Table ,3'~2 

Effect of phosohodiesterase inhibitor (IBMX) on isoproterenb1~: 
, n 

, , 

,-....... and qluèaqon-stimulated.cAMP accumulation in hepatocytes fran 

normal and thl'!-0iàectanized ratS'. 

" 
~ Accumulation (ornol/mg protein) 

, ., 

Normal Thvroidectdmized 
-_-.-~_ .. ---.. . / 

Control 

, .. ·-tIBMX . -// 

. ~~ IO-BM lsoproteren~l 
+ IB~ 

lO-~ Isoproterenol 

+IBMX . 

1O-9M Glucaqon 

'. 
+ IBMX 

lo-7M Glucagon 

+ IBMX 

].:,,9 ± 9.4' 

2.7 ± '0.4 

2.3 ± 0.6 

3.1±O.6 

2.5 ± 0.4 

3.B ± 0.6 

3.9 ± 0.7 

1l.2 ± 2:9 

11.3 ± 1.8 

40.6±8.8 

, , 

1.6' ± 0.3 

2.7 ± 0.5· 
. 

3.8, ± 0.'6 

B.1 ± 0.6 * .. . . 
10. 0 ±' 1. l .](; ~~ 

, ~.,2 ± ],3 
. 

15.2 ±.4.5 

24.5 ~ 5.4 * 
75.2-+ 12.4',* - . " 

Cyc1ic f0.~ accum6:Lation' in resl;Onse to stimuJ ation wi. th q1ucaoon or 

isoproterenol at the iné'licated roncentrations was àêtermined as àetaUeà 

in the capt ion to f igur e 3. 10 and 3.12 except tha t 10-4M 

~ootVJJrethYlxanthine (IBMX) or vehicle alcne (2 Pl ethanol/ml of cell 

SU5J:enSion) was aàded 10 min before the add i tion of agonist. Val ues shown 

are the mean + S.e.ID. for four to six ce Il preparations. * indicates 

valœs sionificantly different fron that obtained wi th normal hepatocytes. 
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Table 3.3 

Effect of phenoxy~nzamine on adrenaline-stimulateg. cAMP 

. 
Cyclic! AJ..p accumulation in resy:cnse ta stimulation wi th aèlrenaline at the 

indicated a:mcent:rations. was determined as detailed in the caption ta 

f igur e 3.6 except that IO-SM phenoxybenzamine or v~hicle aione (1 111 

acidifieè ethanol/ml of cell susrension) was adden 10 min befare the 
, 

addition of aàrenalire (JO pJ.jml). Values shc:wn are the ffiean + s.e.m 
1 

f'or quaèruplicate incubations ,of a sing:}.e ce] l preparation fran a 

thyroidectanized rat or the resu] ts of iluplicate ëleterminations where 

values \>."i thout standard errors are shawn. SimiJ ar resul tS were obtained 

in two. more œIl preparations fran thyroide'ctanized and one fran normal 

rats. * lindicates a significant difference between adjacent va) ues. 

• 
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3.5 Glucagon-induced activation of glycogen phosphorylase and cAMP 
, 

accumulation in hepatocytes from .th~'if.bidectomized' and normal rats. . ~ 

In ord~1 to examine the selectivity of changes in beta adrenoceptor 

actlvity brought about after thyroidectomy, glucagon actiyation of. phosphorylase 
J 

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

glucagon produced an identical phosphorylase !lctivation in hepatocytes from 
.' 

these two groups over the entire range of .concentrations tested. Thus the 

actiol) of a second glycogenolytic hormone, known to activate phosphorylase via 

a similar cA.\1P cascade (section ].3.2) is not affected by thyroidectomy in the 

same way as beta receptor agonists are. 

However, wh en cAMP accumulation in response to glucagon was examinéd, . . 
it was ·found to be significantly enhanced in hepatocytes from thyroidectomized 

rats, but only at 'relatively high glucagém concentrations (figure 3.10). At 10 

nM glucagon, a concentration that was maximally effective in stimulating 

phosphorylase activity (figuré 3.9), no difference in cAMP accumulation was 
' .. 

observed (figure 3.10). This indicates that over the range of glucagon 

concentrations that can be considered physiologically important, there is no 
) 

difference in cAMP accumulation when thyroidectomized rats are compared 

with normal animaIs. The addition of phosphodiesterase inhibiior (IBMX, table 

3.2) enhanced glucagon-stimulated cAMP accumulation in both groups. The 

diff~rence noted at higher glucagon concentrations in the absence of this 

inhibitor l'las even greater, suggesting that differential metabolism of cAMP in 

these two groups could not account for the observed difference. 
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FIGURE 3.9 Activation of' glycogen phosphorylase by glucagon in hepatocytes 

from normal and thyroidecomized rats. 

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

incubation in a medium with added gelatin, g/lu'cagon (IO Ill/ml) was added to 

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

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

centrifuged and prepared for assay of phosphorylasc ~ as detaiJed ir sectïon 

2.4. Values shown are the mean + s.e.m. ' of four se[::arate cell preparations 

from normal rats and five in the casé of thyroidecomized rats. 
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FIG URE 3.10 Accumulation of cAM P in response to stimulation by glucagon 

in hepatocytes from normal and thyroidectomized rats. 

Cells were isolated as described in sec1ion 2.3 and resuspended in medium 

containing gela tin. ° After 30 min of preincuba tion glucagon was added to give 

)~he" 'indicated final concentr~tions. After 1.5 min, 1.0 ml aliquots of this 
/ 

suspension were removed a'nd assayed for cAMP as detailed in section 2.5. 

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

preparations from thyroidectomized and normal rats respectively. *indicates . ~ 

values significantly different from normal. 
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3.6 ETfect of triiodothyronine rep~acement on isoproterenol-induced cAMP 

accumula tion and glycogen phosphorylA.se activation in hcpatocytes from 

thyrojdecto:nized rats. 

Figure 3.11 summarizes the effect of T 3 replacement on 

isoproterenol-induced cAMP accumulatiof! in thyroidectomized rats. AnimaIs 

received 0.25 mg T3 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 

shown in fIgure 3.li,' isoproterenol-induced cAMP accumulation was greatly 

enh~nced in hepatocytes from thy\oidectomized compared with normal rlîts. 

,', Thyroid hormone replacement for two days reduced the response somewhat, 

while after four days the effeet of isoproterenol was not dif(erent from that 

of normal rat hepatocytes. 

The effect of four days of treatment with T3 on isoproterenol activation 

of glycog.en phosphorylase is shown in fIgure 3.12. In agreemènt with earlier 

results (section 3.1), isoproterenol was significantly more effective in 

sti'mulating phosphorylase in hepatocytes from thyroidcctomi:z.ed rats whtm 

compared wIth normal. The response of hepatocytes from T 3-treated, 

thyroidectomIzed rats was returned partially, but not completely to normal 

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

(figure 3.11). This is most likely, due to the apparently greater sensitivity Qf 0 

phosphorylase activation than cAMP accumulation to stimulation by 

glycogenolytic hormones (section 4.2). 
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FIG URE 3.11 -Effect of triiodothyronine, replacement on iso!,>roterenol-

stimulated accumulation of cAMP in hepatocytes fr~m thyroidectomized rats. -, 

Comparison \Vith response in normal and untreated thyr9idectof!1ized rats. 

/ 
t 

Thyroidectomized r.~ 11ived 0,25 mg T3 per kg by intrnperitoneal 

injection for,: "t~o' 'or four dl)ys as indicated. Approximately 12 h after the last 

injection hepa'tocytes were isolated from these as weIl as normal and untreated, 

thyroidectomized, rats as described in section 2.3. Cyclic AMP accumulation 
., 

'in response to 'the indicated isoproter-enol concentrations WI;l.S determined as 

<tetailed in ,the cap~ion to figure 3.6: Rcsults shown are the mean + s.e.m. 

for four cell preparations in the case of four da'y-treate'd rats and five for the 

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

coneen tra tion. 
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FI6 URE 3.12 Effeet of triiodothyronine 'replacement on activation of 

phosphorylase by isoproterenol in hepatocytes from thyroidectomized rats. 

,Comparison with response in normal and untreated, thyroidectomized rats. 

Çells were isolated from normal, thyroidectomized, and thyroidectomized 

rats treated for four days with T3 as descHbed in the caption to figure 3.n. 

Cells were preincubated for 30 ~in after which tirr1e isoproterenol was added 

(Io pl/ml) to give the indicated final concent,rutions. After 3 min 

phosphoryluse was detcrmined as described in the caption to figure 3.9. Values 

shown are the mean + s.c.m. for four ceU preparations in each case. 
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3.7 Effeet of Rhenylephrine ,on calcium efflux in hepatocytes from normal, 

thvrodectomized and thyroocctomized, triiodothyronine-treated rats. 

As described above (section 3.1), thyroidectomy produced a marked 

decrease in the efficacy of both adrenllline and phenylephrine in activating 

glycogen phosphorylase. A likely explanation for the aecreased efficacy Qf 

these two agonists is a decrease in alpha rec'eptor activity. Stimulation of 

alpha receptors has been shoY'{n to ,Iead to the release of calcium from isolated 

hepatocytes (section 1.3.3)" Thus, to further investigate this possible decrease 

in alpha receptor activity, phenylephrine-stimulated calcium efflux from intact 
-' 

hepatocytes was examined by the use of a calcium-sensitiv(e electrode as 

described by Chen et al. (1978). 

In agreement with those authors, preliminary'~ experiments (figure 3.13) 
T 

showed that\ phenylephrine produced fi concentration-dependent increase in 

calcium relefse fr:,om ,intact hepatocytes which could be blocked by the alpha 

antagonist phenoxybenzamine. The calcium inophore, A23187, induced the 

release of additional ~alcium, above tllât released by maximal phenylephrine 

conccntratlOns (figure 3.13 A). Isoproterenol, at a concentration that is 

maximaHy effective in stimulating beta receptors, had ,r'lo effect on calcium 

efflux in either n6rmal or hypothyroid rats, whereas a second glYCIenOIYtiC 

hormone, vasopressin, produced significant calcium release even after blockade 

-
by pheno:.;ybenzamine '(figure 3.13 Band C). Figure 3.13 also sh ws that 

pheny1ephrine could be measured in a cumulative manner without the emergence 

of signiflcant tachiphylaxis: responses to single doses were not signific~ntly 

different from thase to cumulativè doses. 

Hence, 'complete concentra tion-response curves were produced for 

phenylephrine in hepatocyte suspensions prepared from thyroidectomized rats 

and compared with triiodothyronine-treated, thyraidectomized rats and normal 

ra t8. These results are sum marized in figure 3.14. As expected on the basis 

of results obtained for phenylephrine stimulation of glycogen phosphorylase, 
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thyroidecctomy resulted in a marked suppression of the phenylephrine 

concentration-response curve for calcium efflux when compared to that' for 

.- normal rats. Triiodothyronine treatment (0.25 mg/kg for four days) réturned, 

thé concentration-response curve of the thyroidectomized' rats towards normal. 

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 decl'ease in potency of this agonist after thyroidectomy. T 3-tl'eatment 

'" . 
also!lnormalized' this shift in potency~ 
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FIGURE 3.13 Effects of various glycogenolytic agents on calcium efflux from 

hepatocytes isolat~d from normal and thyroidectomized rats as mea.sured by a 

calcium-sensitive electrode. 

Hepatocytes were isolated (section 2.3) and prepared for determination of 

calcium efflu'X using a calcium-sensitive electrode as described in section 2.6. 

Tracing A shows the calcium efflux produced by incremental doses of 

phenylephrine in a suspension of cells' from, a normal rat. . Adjacent are 

tracings showing the efflux produced by approximately equivaTent single 

phellylephrine doses in sefXirate suspensions of ceUs from the same celI 

preparation. A23187 caused the efflux of more calcium than a ma.ximum dose 

, of phenylephrine. Tracing B shows thl1t isoproterenol, at a maximally effective 
~ 

glycogenolytic dose, produced no calcium efflux in a celI suspension from a , 

second normal rat. Phenoxybenzamine completely inhibited 

phenylephrine-induced efflux, but had no effect on the v~sopI"essin response. 

TI"acing C is produced with cells from a thyroidectomized rat and shows that 

isoproterenol was again w}thout effeet of! calcium efflux, while vasopr-essin 

produeed a rapid calcium loss. 
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"n'ormal, thyroidectomi~e'd (Tx) and thyroidectomized, T3-treated 
b 

o rat~ (Tx + T 3)' 

Hepatocytes ' were ,isolated and prepared for dete"r;nination of calcium' 

efflux .by calcium-sensitive electrode 'as described in the caption t.o figure 3.13.' 
n () <) ~ IJ 

~ .. 1 l , 

After: a stabl~" baseline was obtained, "phenylephr:ine ~as added ta give the 
~ (' , 

cu m m u 18"t i v~ c onc,~Q tr a tians" ,show n. . A t the ~onc1usion of eacn 
, , 

,concentration-response curve, calibration pu,lses of calcium were added and the 
, , . 

amount, of cnlcium efflux calculated. Values shawn are ,the ~éan ~ s.e,.m. of 
, ... 

five cell preparations from T3-treatèd rats and six from' each qf the other 
J ,!t .. 

significantly diffè;eRt from thQse obtained with 
"Cl, <) 

°groups. * indicates ,values 
a ~"II , 

cells from normal rats. " Mean o EC50 values with standard errors are given in 

table' 3.4. 
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Table 3.4 

PotenC"; of ph~nylephrinè and va!:!opre~sin)in stimu1a~ion ~f glycoqen 

phosphorylase and calci~ efflllX in hepatocvtes fran normal, 
o 

thyroiœct.anized ('1'X). and thyrçidectanizefl, triiodothyron{ne::-treated 

, ('IX t'r3) rats. 

j.\> " l{y" 

li 

Normal TX TX T T3 
,. 
;> 3-

Phenvl ephrine (lJM) r,', ~ 

Phosphorylase 0;8 :1: 0.3 6~O ~ L~* , 1.3 ±"o. 7 
(4) °0 , (4) . " , (4) 

/ , " -" 
Calcium Efflux 1.1 ± 0.4" 6'.~ ± 1. "7* .1.3 :d:: 0.2 

(Ca.:-free ) (6) (6) . (5) 

45 Ca-Efflux 1.6 ± 0.7 n.d. 1.6 ± 0.3 
(2.5 rrM Ca), (4) (4) 

Vasooressin (nM) 

P:"losphory lase .0.5 ± 0 .. 2 1.2 ± 0.2 n.d. 
,~ 

(4) (4) (\ ~ f) 

, .." 

Calciun Efflux 1.9 ± 0.7 . S.l ± 1.4* n.d. 
(Ca-free) (5) (6) 

4. \ 
I:b' '.,' ~ 

,," 

" 45 t Ca- ffJux 0.5 ± 0 .. 1 3.0 ± 0.4* rt~d. .;; ... 

(2.5 mM Ca) (4) (4) 
./ "':"\ ..... (' ,-

Data are fron the same ex6eriments relJOrted,in figures 3,.14,3.115,3.19 

and 3.20. Bach value is the m~an ± s.e.m.'of the ECSO value for the 

nunber of experiments shcMn in parentheses. Phosj:horyl ase activities were 
C> ' , , 

. determ~ with 2.5 mM extracellular 'calcium as was 45Ca efflux. "Calcium 
, 

efflux (measured by calciun-sensitive electrode) w~ determihed in 

ncmina11y calciu:n-free mediun. * indicates values signif icantly different - " . 
fran that obtain~ in normal rats. For details aoout the measur6llent of 

ther;e resà:mse~' in hep3.t~e. sus~nsions ,refer to the legends to the 

ab:>ve-inoicated figures. 
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3.8 The effect of vasopressin on calcium croux rrom hepatocytes of normal 

and thyroidectdm izecl rats. 
. 

Vasopressin has been shown to activa te hepatic glycogen phosphorylase by 
~ ~ 

a cyclic A.\1P-independent mechanism (Kirk and Hems 1974). Similar to alpha 
. 'f\ 

adrenergic agonists, vasopres~in stimulates calcium release fro\TI isolated 
\ 

hepatocytes (Black more et ~l. 1978; Chen et al. 1978) arw the accompanying 

transient increase fn cytosolic calcium is believed to mediate the activation of 

gJyc~en phosphorylase (section 1.3.3). ~ince the mitochondrial pool from which 
I.J 

calcium is rel~ased and the post-receptor mec,hanisms for phosphory1ase 

a?fivation are t~ought ta be the sàme for alpha adrenergic agonists and 

vasopressin (section 1.3.3), vaso'pressm was used to test whether the influence 

.of hypothyroidism on the responses to phenylephrine is selective for alpha 

adrenerg ie stimulation. 
III 

The resuIts of the effect' of' vasopressin':"induced 

calcium effiux .from hepat"?cytes .,of nÇlrma1 and thyroidectomized rats are sh~wn 

in figure 3.:5. Although the response ta vasopressin is somewhat suppressed 

in the thyroidectomized rat this differenée approaches, ,but does, not attain 
~\) 

"statistical signif!eance. Compar:ison of this ehange with that for phenylephrine 

(figure 3.14) reve!lls a different pattern of change with a more significant 

suppression for the alpha receptor agonist. The -EC50' for the vasopressin 
• 

response is. shjfted 2.7-fold to the ,'-right (tabl~ 3.4) compùared witb the six-foid 

shift observéd for phenylephr:ine after thyroic;lectomy (sèction 3.7). 
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i ~ FIGUR~ 3.15 Vasopressin-stimtllated calcium efflu}Ç_i .. - ep;tocyt~s from '\ 

normal and thyroi decto m iz ed rats. 

, ~ 

Experimental details are as described in the caption ta figure 3.14. Each 
• Il 

datâ point is the .mean ~ s.e.m. of five and six experiments on separa te cell 

\1 prepara tians from normal and thyroidectomized rats respectively. The 

dîfferences in vasopressin-stimulllted calcium efflux in the two groups of rats 
• 0 

approach statr~tical significance at some point~. 0 Mean EC5"() values with 

" stfl!ldard errors are giyen in table 3.4. 
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3.9 Effect of calcium ionophore A23187, on calcium efflux and glycogen 

phosphorylase activation in hepatocytes from_normal and thyroidectomized rats. 

Like vasopressin, the divalent cation! ionophore, A23187, has be~n shown 

to activate'glycogen phosphorylase by a cAMP-independent mechanism similar 

to alpha Bgonists (Black more et al. 1978). Accordingly, the effect of the 

'" ionophore on glycogen phosphorylase activation was compared in 

thyroidectomized and normal rats. Figure 3.16 shows that the ionophqre 
.... 

produeed a dose-dependent increase in phosphorylase ~ aetivity in hepktocytes 

from normal rats that was not altered after thyroidectomy. The slight increase 

in phosphorylase aetivity at lower A23I87 concentrations in the 

thyroideetomized group was most likely due to an increased sensitivity of this 
~,~ ~-,. .. ,. 

\.t,.. (" 

group to the vehicle, ethanol. This is supported by t~è- fact that phosphorylase 
• '. " . 

activity is significantly greater.in thyroidectomi~~d rats when alcohol alone was 

added (Zero A23187 concentration) ... 

The effeet of A23187 on calcium efflux was also exaln}ned 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 

is fdentical in the two gr;oups of animaIs • 
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FIG URE 3.16 Activation of glvcogen phosphorylase by calcium inophore, 
\() 

~ 
A23l87, in hepatocytes from normal and thyroidecomized rats. 

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

incubation in a medium with added gelatin, t;A23187 or vehicle alone (zero 

concentration, 2 J-Il ethanol-/ml) was added to give the indicated fmal 

concentrntions. After 3 min 1 ml of ceU suspension were removed, diluted 

into 5 ml of ice cold Krebs-Henseleit buffer, rapidly centrifuged and prep~red " 

for assay of phosphorylase ~ as detailed in section 2.4. Values shown are the 

m ean + s.e. m. of ~ur separate eell prepara tians in each group. 
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FIG URE 3.17 Sti~ulation of calcium efflux in hepatocytes from normal and 

thyroidectomized rats by calcium ionbphore, A 23il87 • 

Experimental details are as described in the' caption > ta figure 3.14. 

A 23187 or vehicle (2-50 ,.,1 ethanol/15 ml of ceU suspension) were added to 

give the indicated cumulative concentt'ation of drug. Each data point is the 

mean 2;" s.e.m. of six, experiments on separa te cell preparations from normal 

and thyroidectomized rats. 
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3.10 PhenvleDhrine-induced activation of glycQgen phosphorylase and 4,5Ca efflux 

in hepatof.!vtes from normalJ-- thyroidectomized and thyroidectomized, 

triiodothvronine-tre~ ted ra t5. 

The calcium efflux experiments described above (sections 3.7, 3.8 and 3.9) 

were made with hepatocyte suspensions in nominally calcium-free medium. 

Figure 3.18 shows that phosphorylase activation by, either phenylephrine or 

vasopressin is significantly suppressed under these conditions. Similar' results 

have been obt~i,ned by others (Stubbs et al. 1976; Keppens et al. 1977; Van de 
bu 

Werve et al. 1977). Thus in order to ru le out the possibility that differences 

in phenylephrine-stimulated calcium efflux observed \vhen normal' and 

thyroidectomized rats were compared- (section' 3.7) were due to low calcium 

conditions, 45 Ca -efflux was examined at physiological calcium concentrations. 
t:-

Figure 3.19 A shows that, in agreement with the results described in 

" section 3.7, the effect of phenvlephrine in activating 'phosphorylase was 

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

and the EC 50 increased /8-fold (table 3.4), Euthyroid control and 

thyroidectomized, T 3-trea ted values were similar (table 3.4) indicating that the 

effect of hypothyroidism was reversed by T 3 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 

45 Ca release was markedly suppressed in ceUs from thyroidectomized rats 

compared l'o'ith controls: the maximal response was reduced by 82% .SOl that 

reliable estimates of EC50 could not be obtained in these preparations. 

- N evertheless, the increase in 45 Ca release over baselfne was only significant 

at 10-41\1 phenylephrine, which is 100 times higher than the effective threshold 

concentration in controls. T 3 treatment of thyroidectomized rats again 

partially ('orrected this suppressIOn (figure 3.19). Thus the effect of 

thyroidectomy on phenylephf'ine-stimulated calcium efflux described in section 

3.7 was ('onfirmed at the same ambient calcium concentrations nt which 

98 

ü-- --a--



( 

. , . , 

\ . , , 

-- ~-- -~""'--'--"'''''''' : ... ~I 

1. 
1 

phosphorylase responses were studied. 

3.11 Vasopressin-induced activation of glycogen phosphorv1ase and 45 Ca efflux 

in hepatocvtes from normal and thyroidectomized rats. 

The data in figure 3.20A illustrate that, in contrast to phenylephrine 

(figure 3.19A), th,e maximal response to vasopressin was not influenced by 

hypothyroidism, but there was a small, 2.4-fold increase in EC50 (table 3.4) 

that a'pproached sta tistical significance. The maximal 4SCa release by 

vasopressin was similarly unaffected, whereas the ECSO increased 6-fold (table 

3.4). Thus, hypothyroidism caused a modera.te reduction in the potency of 

vasopressin, but the effects on < phenylephrine were much more substantially 

reduced. 

" 
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FIG URE 3.18 Effect of extracellular calcium concentration on vasopress~n 

and phenylephrine activation of glycogen phosphorylase in, hepatocytes from a 

normal rat. 

Cells were isolated as described in section 2.3. Half of the yield 'tram 

a single isolation was resuspended in nominally calcium fnée m!2dium as for 

èalcium electrode studies (section 2.6), while the other half was resuspended in 

medium cont/lining normal calcium (both with gelatin). After 30 min of 

incubation vasopressin or phenylephrine was added to give the indicated final 

concentra tions. After 3 min 1 ml of cell suspension was removed, diluted 

into 5 ml of ice cold Krebs-Henselelt buffer, rapidly centrifug-ed and prepared 

\ for assay of phosphorylase ~ as detailed \ in section 2.4. Values show,n are the 

mean of duplicate determinatlOns with ceUs from a single rat. There was 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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FIG URE 3.19 Phenylephrine stimulation of phosphorylase (A) and 45Ca 

effluX (B) in hepatocytes from normal, thyroidectomized and thyroidectomized, 

T 3-treated rats. 

Hepatocytes were isolated and incubated as described in section' 2.3. One 

ml aliquots were taken for the determination of phosphorylase !!. 3 min after 

the addition of phenylephrine or saline. Deter\nination of 45Ca efflux was 

,made at Zero time (see section 2.5) and 3 min after addition of phenylephrine 
, 

or saline. 100% represel1~,s the difference in radioactivity in the, medium from 

. zero time to 3 min in the presence, of saline a10ne. Each data point'" is the 

mean .:!: s.e.m. of four experiments on seperate cell preparations. * indicates 

, values si~l1ificantly different l'rom th08e obtained with tf1yroidectomized rats. 

Mean .ECSO values with standard prrors are given in table 3.4. 
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FIGURE 3.20 Vasopressin stim ula tion of phosphorylase (A) and 45 Ca 

efflux (B) in hepatocytes from normal and thyroiclectomized rats. 

Experimental details are as described in the caption to figure 3.19. Each 

data point is the mean + s.e.m. of four experiments on separate eell 

preparations. At no concentration of vasopressin are values in thyroidectomized 

rats significantly different from controis. Mean EC50 values with standard 

errors are given in table 3.4. 
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3.12 Results of [3 H1 prazosin binding to plasma membranes isolated from 

normal,' thvroidectomized and thyroidcctomized, triiodothyronine-treated rat 

livers. 

Activation of phosphorylase and stimulatia~ of calcium rclease in the 

normal rat liver are known to occur via stimulation of alphal adrenoceptors 

(section 1.3.3), In view of the effects of hypothyroidism on these responses, 

'the specific' binding of [3 HJ prazosin, a selective alphal receptol" antagonist, to 

liver plasff'a membranes from normal, thyroidectomizcd and thyroidectomized, 

T3-treated rats was examined. Previous studies have shown that [3 H1 prazosin 

.is a useful probe for alphal receptors in various tissues (Hornung et al. 1979; 

Barnes et al. 1979; Karliner et al. 1979) including the liver (Hoff man et al. 

1981; Geynet et al. 1981). Figure 3.21 illustra tes that the binding of 

[3HJ prazosm is saturable 'in membranes from aU three groups. Specifie binding 

was 80 to 8596 at saturating [3 HJ prazosin concentrations. 

Bindlr:t6 of [3 H1 prazosin to liver plasma membranes from normal rats \Vas 

rapid and reversible.' Figure' 3.22 illustrates the kineties of specifie 

[3H~razosm binding. From the time-course of association, pseudo-first order 

association plots were produced and the apparent ass~ciation rate constant. KOb 

dQtermined by linea:r regression analysis (Williams and Lefkowitz 1978). 

Dissociation initwted by the addition of excess phentolamine (IO-5M) was 

first-order (figure 3.22) and the dissociation rate constant, k2, could be 

determined bv linear regression ana1ysis. From these two values the kinetically 
... -

derived dissociation constant, Kd' of [3 HJ prtzcsin eould be ca1culated as 

Kd=k 2/kl' where kl=(Kob-k 2)/200, 200 being the concentration (pM) of 

[3 HJ prazosin in the assay (Willia'ms and "Lefkowitz 1978). The mcan + s.c.m. 

of k1 and k2 thus determined in three seperate experif!1ents are 6.6 ~ 0.4 x 

10 -1 -1 i); -1 10 M min and 0.031 + 0.004 mm respectively. The resulting kinetically 

-
derived Kd value of 41.9 ~ 8.2 ,pM WElS close to the equilibrium Rd obtained . 
from saturation experimenis (tab1k 3.5). Both these values agree well with the 

103 

l ' 
1 

î 
1 
j 

j 
1 

'j 
i 
i 



( 

( 
'-

apparent dissociation constant for prazosin determined by Schild plot for 
f 

antagonism of the phosphorylase response to adrenaline in int~ct 'hepatocytes' 

In arder ta determine the maximum binding cl;lp~èity (bmax) and the 

affinity of [3 H1 prazosin in purified liver pl~sma membranes from each group 

of animaIs, steady state binding data were analyzed by the method of 

Scatchard (949). Typical Scatchard-plots llre illustrated in figure 3.23 and the 

'cumula ted results from 'several experiments in each group are shawn in table 
, , 

", 

3.5. These indicate that receptor, density was reduced by m9rc than 40% in 

thyroidectomizcd preparations, but reversed ta near normallevel~ aftêr 

T3-treatment •• There was no change in the Kd of [3 H1 prazosm. The Hill-plots 

in figure 3.23 indicate that binding of [3H] prazosin was to a single population 

of non-éooperative ~ites (nH: 0.92 to 1.03). 

In order to determine if thyroidectomy had any effect on the affinity of' 

adrenergic agonists for the alphal receptor site, competition experiments were 

made with Increasing concentratio~s of agonists 'and [3IfJ prazosln' (0.2 nM, 

figure 3.24 and table 3.5). The Kd of agonists was determined by the me~hod 

of Cheng and Prusoff (1973): 

Kd =---­
l + 0.2 

* 

\ 

\ 

o 0 

where IC SO is the concentration f agonist producin'g, 50%" s,uppression of 

[3H]prazosin and K* is the equilibrium dissociation constant of [3 IUprazosin: " 

'f\. \\ 
lEXPcriment~one b~I. I~~n using low hepatocyte' concentrations (l 
to avoid slgnificant uptake of'yrazosIn by liver cells (section 1.3.1). 
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The data in table 3.5 ~how, that thE!, affingies of agonists c were unaffecte'èl by 
\ l >, -0 .. 

~hyroid slate" ex~ept for a small decrease in th~ Kd for phenyl~phrine in 

ihyroidecto~iZ~d,_,}' 3-treated rats. "Gpp(NH)p, ""wh"ch' i~ kn~~!1 to il)flüence the 

affinity '" 0(\ adenylate cyclase coupled l'eceptor~,, Limbird 1981), did not alter' 
\ ~ \ Q 1} V ~ , 

o 

,the J{d for adrenaline in'any"of r 30 or 100 tJM (table 3.5). 
, ' 

"" ,Figu~,e ,3.~'4 illustra tes the ster~oseleçtivity of [3 H) prazos~n binding sites 

in p"reparations from normal rats, .as weIl as the absence of eftect of 100 fJM 

'Gp(j(NH)p on i-ad~enalin~ suppres~jon oT [3 H] prazosin binding in any or' the, 
"' . , 
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FIG URE 3.21. Saturation curves fDr [3H] prazosin binding in liver plasma 

,membranes isolated from normal, thyroidectomlzed and thyroidectomized, 

Plasma membranes were prepared from freshly excised livers as described 

"in section 2.9. "Binding of [3Htprazosin in the' absence (tot~l binding, upper ., 

cu~ves) and prese~~pe~ific bindirig, lower lin es) of 2 J.lM phentolamine 

was_ determined as described in section 2.10. Specifie binding (middle curves) 

WB$ calculated by taking the difference between total and nonspecific binding. 

One representative experiment from each group of rats is shown.· Means of 
1 

several similar exper:iments are given in table, 3.5 . 
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FIG URE 3.22 Kinetics, of specifie binding of [3~J prazoln to purified plasma 
. 

membranes from a normal rat liver. 

Membranes were incubated with 200 pM [3 H] prazosin in the absence or 

presence of 2 J,lM phentolamine. A: time-course for specifie binQ!ng of 

[3 HJ prazosin during association (.) and dissociation (0) after the addition of 

10 J,lM phentolamine U). B: a pseudo-first order association plot whose' slope 

(r=0.98) represents the apparent associat~on rate constant; KOD = 0.153 ~micn-l, 

C: a first-order plot of dissociation, where the slope (r=0.98) is the first order 

dissœiation rate constant, k2 = 0.033 min -1 The kinetically derived Kd ,(sectiol} ~ 
\ 

3.12) was 55 pM and the equilibrium K~ derived from a Scatchard plot was 
} 

52 pM in the same membrane prep-kation. Th~ mean 2: s.~.rne of these 

values determined in three separa te experiments are given in section '3.12. , 
t 
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FIG URE 3.23 
~ 

Effects of thyroid state on putative alpha1Q ,adren0(~eptors 

labelled by [3 H] prazosin in purified liver p}asma membranes. 

Liv~r plasma membranes were prepared from freshly' ex~ised, ,whole livers 

of normal.> ~Il!,.-----O)", thyroidectomized (0- - ,-0) ~nd, thyroidectomized, 
, 0 rll l 

T 3~trea ted rats .(A-·-â) as described in section 2.9. Equilibrium binding of' 

[3H]p~azosin was assayed as detailed in ~ection' 2.10. A: Scatchard plots from 

~ 

_----- the same three expariments slJown in figure 3.21. The Rd valu'es were '" 

, / -7-7.4 (pM) (0), 98.4 pM (0) and 64.6 pM (Â). B: Hill plots from the same, 
, ~ 

experiments, with n
H 

values of 1.03 «(D), 0.92 (0) and 0.93 (A). Data shown 

are from the same experiments in figure 3.21. 
"b 
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Table 3.5 
. 

The effect of thyroid st~te on hepatic alpha1 receptors 

labe11eà by [~]prazosin. 
f 

Normal Tx Tx+~ 

bmax (fmo1/mq protein) 567 ± 25 * 326 ± 51 * 498 ± 23 
(5) (8) (5) 

Kd r3Hl pr a7.Dsin (}:Ml 69.8 ± Çj.l 53 .. 7 ± 1J. 9 61.6 ± 10.2 
(5) (8) (5) 

KCil-aclrenaline (]lM) 0.68 ± 0.17 0.1Y7 ± 0.15 0.89 ± 0.11 
(9) (7) (6) 

+ 30 M GW(NH)p 1.06 ± 0.45' 0.73 ± 0.36 0.98 ± 0.28 
(3) (3) (3) 

+ 100 M Gpp(NH)P 0.73 ± 0.23 0.76 ± 0.39 0.94 ± 0.16 
(3) (3) (3) 

Kd I-phenvlephr ine (]lM) 2.58±0:]5 2.56 ± 0.40 * 4. 05 ± 0.10 
(3) t3) (3) ,-

Liver plasma membranes were incubated with [~lprazosln in the absence or 

presence of rompeting liganc1s as described in section 2.10. The Kd and 

brnax of E~]prazosin ,was deterrnined ,by Scatchard analysis of s~cific 

binding as deséribed ln the caption to figure 3.23. In o::rnpetiti.on 

experiments with aqonists, of ,[:n]prazosin was 0.2 nM and the Kd of 

ag:mists '·;as determineà as described in section 3.12. Means ±. s.e.rn are 
( ~ 

'shown ''li th the munber of experi.rnents in parentheses. * inàicates a 

significant difference between adjacent values. 
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FIG URE 3.24 Adrenaline suppression of [3 HJ prazosin binding to putative 

alpha! receptors in rat liver. 

Binding assays were done as described in section 2.10. Assay tubes 

contained [\ H] prazosin (0.2 nM) in the absence (Bo) or presence (B) of various 

cpncentrat\ons 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 

sy m bols, dashed lines) of 100 IJM Gpp(NH)p. d-Adrenaline suppression in the 

absence of Gpp(NH)p was tested in controls (Œ). The mean Kd_ values in the 

absence and presence of Gpp(NH)p (calculated as described in section 3.12), 

-respectively, were 0.88 ~ 0.14 and 0.73 ~ 0.23 IJ M in controls, 0.60 .:!=. 0.12 

and 0 .. 73 + 0.39 IlM in Tx, and 1.02 :!= 0.25 and 0.94 ~ 0.16 JJM in 

Tx +T 3' The n
H 

values of correspo~ding Hill plots (95% confidence limits) 

were 0.77-0.87 and 0.68-0.82 (controls)j 0.70-0.84 and 0.75-0.89 (Tx)j 0.65-0.75 

and 0.82..,{).98 (Tx + T 3)' 
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4.1 Géneral Considerations: The effect of altered thyroid state on hepatic 

adrenergic r~ceptors. 

The observations presented here indicate, <a change in the adrenoceptor­

mediated activation of hepatic glycogen phosphorylase from an alpha adrenergic 

resp-onse in hepatocytes from normal rats to a predominantly beta adrenergic 

effec,t 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 ta 

reduce actIvation of glycogen phosphorylase by adrenaline in hepatocytes from 

hypothyrOld, but not normal rats. Alpha receptor antagonists, whibh were 

effective In euthyroid rats, were wit110ut effect in hepatocyte preparations from 

thyroidectomized rats. As weIl, there was a' decrease in the efficacy of . . 
adrenaline and phenylephrine, a relatively selectiv'e alpha receptor agonist, in 

~he aftivation of phosphorylase in ceUs prepared from hypothyrold re. ts. 

fhanges in thyroid state are known to influence the activity of enzymes 

rinvolved in catecholamine metabolism and altered disposition of agonists could 

conceivably be involved in the obsel'vedr 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 thyro.id state on the activities 

of these enzymes specifically in rat liver has been extensively studled in 

numerous preparations, but no one ta date has examined this problem usin~ 

collagenase dispersed hepatocytes. Zim on et al. (1976) examined the 

metabollsrn of l4C-labelled noradrenalihe in isolated perfused livers from 

hypothyroid, euthyroi~ and hyper'thyroid rats. They inferred from their results 

that both COMT and MAO activities me slightly decreased in hypothvroid rat , 

liver, w1111e in hyprrthyroidislJl increased metabolism is observed. Sourkes 

et al. (1977) examined the metabolism of a series of 14C-1abclled monollmincs 

in wh le liver homogena,tes and reported reduced MAO activI~y in 

~,....,..,_. - --- ..... ---.-,...- -- - ------~-----------_4-
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hyperthyroidi,sm with no change after thyroidectomy. Note that the 

observations of· neither of these studies ,may be directly applicable to 

experiments with isolated parenchymal ceUs; it is not clear what the relative 

importance of other tissue elements in catecholamine metabolism may be. 

Eyen sc, it is unlikely that alter,ed metabolism of drugs used in this study cou Id 

account for the apparent differences in adrenoceptor activity between groups 
9 

of rats' for the following 'reasons. 
J, 

(l) The amount of tissue relative to extracellular medium was lower in the 

present experiments th an in those described above making it unlikely that 

concentrations of agonists were significantly depleted, particularly since 

phosphoryJase activity was deterlnined after only 3 min of stimulation. 

(2) Adrenergie 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 c~langes 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. 

(4) The major change in the hepatie adrenoceptor response pattern was 

observed in the hypothyroid state where either no change in enzyme activity 

or a similar smaH decrease in both MAp and COMT was noted (see above). 

These obs~rvations cannot explain the opposite ehllnges in the effectiveness of 

phenylephrine, which is a substrate for MAO, and isoproterenol, which is 

preferentially metabolized by COMT (Weiner 1980). 

The increase in beta receptor activity in nepatocytes from hYPQthyroid 

rats has bten confirmcd by others (Malbon et, al. 1978li;\ Malbon et al. 1980; 

Malbon 19S0a). , Malbon (1980a) has extcndcd these studies by examining both 
z;;;;;i 

isoprot erenol-stim u ln ted udenyla te cyelase aeti vi ty and specifie binding of 
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[~25) iodohydroxybemr.ylpindolol ([125I] IHBP), a selective beta rpceptor 

antagonist, to plasma membranes purified from hepatocytes isolated from 

euthyroid, hypothyroid and hypothyroid, T 3-treated rats. As expected on the 

basis of the enhanced beta receptor-media ted stimulation of phosphorylase and 

cAMP accumulation in isolated hepatocytes, beta receptor activation of plasma 

membrane adenylate cyclase was increased in hypothyroid rats (Malban 1980a). 

The specifie binding of [125I] !HBP was also increased in preparations from 

hypothyroid rats and Malbon (1980a) suggested that this increase in the nUPlber 

of putative beta receptor sites was the major factor responsible for enhanced 
\ 

beta adrenergic acÜvity. 

Malbon and F~in (1978) also descl'ibed findings of a marked reduction in 

the ability of adren~line and phenylephl'me to activate glycogen phosphory1ase 

in hypothyrold rat hepatocytes suggestive of a reduced alpha adrenergic 

activity. However, in, subsequent r~ports (Malbon et al. 1978a, 1980), this 

group did not conflr,m the decreascd alpha receptor contribution in hypothyroid 

hepatocytes des?ribed here and in their eaelier \Vork (Malbon and Pain ] 978). 

Sorne possib le reasons for this discrepancy wIll be discussed la ter (sectIOn 4.3). 

Hepatic gluconeogenesis is regulated by adrenergic receptors in a manner 

analogous to the glycogenolytic responsc since both beta and alpha receptors 

are involved, the latter being more important in the rSl-t (Tolbert et al. 1973; 

Kneer et al. 1974; Hutson et al. 1976). The effecis of adrenergic agonists 

and antagolllsts on gJJAconeogenesis from lactate havû bcen examined in perfused 

hypothyroid rat livers (Hagino and Nakashima 1~73, -1974). The findings of 

those studies suggcste_d tha t gluconeogcnesis is mediated by both alpha and beta 

receptors in normal rats and tl1at the contribution of beta receptors to this 

responsC' becomcs less important in hypothyroldism. Those l'esults uppear to 

contradlct the present fmdings in isol/lted hepatocytes as woU as studies tl1at 

have clearly shown catecholaminc-mecli/lted gluconeogcnesis in the normal rat 

to bc predomi~antly an alpha reccptor response (sec above). The flIldings of 

----- -- --- -
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Hagino and Nakashimll 0973, 1974) are' difficult to' evaluate; ugonists were 

, 
used at only single doses and neither alpha nor-bcta antagonlsts' were effe~tive 

\ ~) ~ , 1 

in normal rat livers even at very ~igh concentrati()ns (0.4 mM). Moreover, in 

a later study, Hagino and Shigci (1976) found that cAMP accumulation in 

response to in vivo injection of catecholam\ine 0 was enhanced in Iivers of '; 

hypothyroid rats. This latter finding eontradicts their c'(mc1usion~ and is m'orè 

" 
compatible with the inte'rpretation of the present discussion: an increased beta 

• c 

receptor activity in hypothyroidism. Howevcr, it is important to bear i~ mmd 

tha t conclusiolls regardtng adrencrgic receptors made on the basis of the 

. 
glycogen phosphory1ase activation response alone may not be extrapolated to 

other adrenergic responses in the liver without caution (see section 1.3.3 for 

Il list of these other responses). This is particularly true of .. the gl~('oneogenic 

response, which probably inv01ves more than one enzymatic step under 

adrenerglC control. This point is discussed in more detail in sec t'ion 4.5. 

The effect of hypothyroidism on hepatic adrenoceptors developed slowly 

and was not apparent at two weeks after surgical thyroidectomy ev en though 

serum thyroxine levels were as low as those se en il t 10 to 14 wk. Malbon and 

coworkers identified similar effects on hepatic beta adt-enoceptors after 18 to 

25 days of iodine-deficiency and [Jl'opylthioul'acil administration (Malbon et al. 

1978a; Malbon 1980a); however, effects on alpha adrenergic receptors were not 

apparent aftel' this shorter period of thyroid deficiency (Malban et Ill. 1978a). 

Although there may be other rensons why these latter investigators could not 
, 

identify changes in the alpha receptor response (secton 4.3), the~e findings 

suggest that beta receptor fune,tion may be more sensitive to serum thyroid 

hormone levels than alpha. On the other haI~d, the effects of thyroid 

deficiency \\'8re almost complete1y reversed by only four days of. T3 treatment 

in the present study and two days in that of Malbon (1980a). Taken togcther, 

thesé rcsults suggest that both alpha and beta receptor functions have a 
, • ~ C;J 

rèlatively higl1 sensitivity to regulation by thyroid hormones; detectnble changes 
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, in these recgptors are likely to occur, at low hormone 'levels. 

The effect of thyroid hormone excess was also examined in the present 

study. Hyperthyroidism, induced by the administration of thyroxine, produced 

a similar decrease in the effieacy of adrenaline and phenylephrine to that seen 

in hypothyroid rat hepatoeytes. Basal phosphorylase activity was unaltered and 

the slight stimulatory effect of a high concentration of isoproterenol (probably 

an alpha reeeptor-mediated effeet) was not changed. These findings eould 

suggest tha t hyperthyroidism in the rat results in a decrease in alpha 

adrenoceptor activity, without a concomitant change in the beta receptor 

contribution to the phosphorylase response in the hyperthyroid rat. 

Similar findings- were reported by Malbon and LoPresti (1981)' except that 

those authors found a 70% reduction in basal phosphorylase activity in 

hepatocytes from hyperthyroid rats. In agreement with the present firidi~g~, .. ! ~ , 
1 

adrenaline stimulation of phosphorylase was suppressed in hyperthyroid rats. 

Malbon and LoPresti (1981) extended their study by demonstrating an increaseQ 

P)1osphoryl~se phosphatase a,ctivity and decreased number of [3 HJ DHE binding 

sites in' plasma membranes' from hyperthyroid rats. They suggested that' these 
'. "\ ' -

effects could 'account for the rittenuated phosphorylase response. ' In the 

prepar~tio~s studied by Malbon and LoPrestï' (1981), there was a significant beta 

receptor contribution to phosphorylase activation even in the éuthyroid rat and , , 

this was also suppressed inhyperthyroidisJIl.,Tllat this change was not detected 

in the present study may be be related to the faet that the beta receptor 

component of adrenergic -activation of" phosphorylase is more important in. 

female as compared to male rats (Studer and Bo.rle 19,8,2); Malbon and LoPresti 
, 

(1981) used female rats, whereas only f\1ales w,ere used,in the present", 

investigations. In a second study, Malbon a~d Greenberg (982) found that the 

reduced beta receptor activity in hync-rthyroi<l1epatocvtes eould be 10C'alized to ~ 
the hormone-sensi tive adenyla te cycla'3e. The properties of the beta ", ~ 

" receptor-adenylate cyclase eomplex were alterecl at several loci by thyroid 
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hormone excess, including a 35% reducti~n in the number of [1251] IHBP binding 

si tes. The effect of hyperthyroidism on hcpatic adrenergic receptors wa's not 
, .~ 

further investigated in the present ostudy. 

4.2 '(he effect of hypothyroidism on hepatic beta adrenergic receptors . 

Comparison wfth glucagon. 
. . , 

The efl1ergent beta adrenergic contribution to ~lycogen phnc:phorylase 

activation ln hypothyroid rat hepatocytes was found ta 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, decreasèd 
o 

metabolism of cAMP in hepatocytes from hypothyroid rats could also contribute ~, 

to this enhaneed response. As descrIbed in section 1.2.3, beta 

receptor-mediated stimulation of lipolysis and cAMP accumulation In adipose 

tissue is su[?,pressed in hypothyroidisrn and a t least part of this suppression is 

thought by sorne' workers to be due to an itlcreased activity of the particulate 

high' affinity form of phosphodiesterasc in fat cells from hypothyroid rats 

(Ar mstrong et al. 1974). Accordingly, theophylline, a phosphodiesterase 

inhibitor, enhanced adrenaline-stimulated lipolysis and c~MP accumulation to a 

greater extent in adipocytes from hypothyroid than normal rats (Goswami and 

Roscnbel'g ,1978; Van Inwegen' et al. 1975). In the present expedments on 

isolated hepa tocytes, . the difference in isoproterenol-stimulated cAMP 

accumula(ion between thyroidectomized and normal rats became ev en more 
~~ 

pronounced in the pres~nce of a ph"osphodiesterasOe inhibitor, ,isobutyl-

methylxanthine (section 3.4). _ Thus, unlike the situation in adipocyte 

preparations, the differences describcd could not be attributed to changes in 

-
phàsphodiesterase activity. Furthermore, Gumrna eL al. (1977) hu'{e directly 

examined the effect of thyroidectomy on cycIic nucleotide phosphodiesterases 
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in rat livet:. They found thllt the ~~~II~S ofboth 
, ' 

the high 'and low affinity 

1 • 

phoshodiestcruses were increased after thy' 'oidè'ctomy. Bence, on ,this basis' one 
~ ,) 

,<) 

would'/h~ave cxpected a decreased cAMP ~ umulation in respo{lse to, hormonal' ' , 

stimulation. However, the pre,sent fmdings show Il c;learly inct:,easeçJ respoll'se 
1 Il 

after thyroidectomy. 
, , 

Gumma ~t al. (1977) poit:lt out that these changes in 
l , 

, ' 

hepatic cA~lP 'phosphodiesterase activity paraI el those founq- i l1 adipose tissue 
\ 0 ,f' , 

, ' 

from 'hypothyroid rats and also' suggest hat, thé,oDserved cÏî.?nges 'in 

phosph~die~terase activity ion adiP~,s~ tiss~; acc\unt 1 (at~ least in, pa;t; fOl' th'e 

decreased c,AMP and lipolytiç ')res~~nse of the;e a\i ru ais. Th~ ,~es~lt; Rres&nte~ 
here show that this is not a ge~eral, p[operty f adenylate cyclase/cAMP-

, ce\. 
.,0 

depend8nt systems. Furt)lerrqo~e, one must, ~eep ï~ mind the, fact that fÎlldings ' ) , 
" 

in unstimulated tissues may not reflect the 'true ~ituatio'n dut'ing hormonal" c" " 
, - 0 ' \ 

Kono' 1982): In adcjition;~: ~ 
1 C ,\, 

, -HseIf be sl\bject to hormonal influences (Francis an 
" . 

\l ., \ 1,) 

'tiêcause ,of t\1e possible compartmentalization of t e cAMP, rlse a;1d ,cAMP I, 
c, • ~l) ~ < J , \ 

, ' , 

;ne.ta,bolism tllat Hus been postu1ated" to exist in so' e 
<> (, Il, ~ "a 

o 198Ù, ',ho,;ogenates' of whole tisst,le may TIQt 

" i " 
'rriechanisms ,at w6rk in 'the cell. 

, ct 
II il <. 

r 

ti'ssues' (Brunt~ ',et ~l. 

~ccura tel~ PhYS~logiC 
'" 

o Q , , 

111e enhanced isoprotet'enol-stimulllted cAMP acc mu1ation in hepatocytes 
'Q «li 

" from' hypot,hyroid 'rats, WflS' reduced towards no mal levels bV ,in vivo-
, ~ "'< ---

, 

" • 
, 1 

, ' ' ,ad~inistration of T 3 (section 3.6\ AIthough .four days 0 T 3 treatment resulted 

"in a cAMP ~esponse thÉtt was indistinguishable from t lat observed 'in normal 
. 

rat hepatoc~rtes, isopwtereno1-stimulated phosp'horylase ctivity; ~while less tl1a'l1 , 
o Q 

o 0 that seen in hypothyroid hepatocytcs, was still enhanc~d above normal (sectidn 
, . v ., 

" , 
.>' 

: .. J 

? 3,6). A sinllla'r dissociation of the cAMP response and phosphorylase acÙvation . 

. has been noted undel' other circumstances (Birnbaum and Fain 1977) and can be 

exp1ained by the fnct that very sman, offen inapparent, changes in cAMP are 

, 'c{lpable of producÎllg markcd iricrellses in phos()horylase activity (see below). 

Vel'Y sinlilar' l'esults to thosc prescnted hcre have becn simultancously 
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reported by Malbon and co~workersl. . , Beta rpceptor-mediated activation of 

gIYc~el1 p~ospholtylase and stimulation o( \cAM P accumulation was enhanced in 

hepatocytes {rom hypothyroid rats (Malbo~ et al. 1978a). This difference was 
,~ .' \ 
n~t /boliShed, IR" ~he ~res~nce of IBMX (M~lbon et al. 1978a). A 1ater study 

'." "shDwed that beta adrenergic activation of adeny1ate cyclase was enhanced in 

. ' 

t j
'." 

, 1 

homogenates \ ~nd purifie~ plasma membranes prepared from hypothyroid rat 
, -. 

'hepato~ytes when compatéti""t; cuthytpid con troIs (Malbon 1980a). Basal and 
~ ---~ 

fluoride-stimula ted cyclase activities were unchanged. 
, b ' 

Specifie binding of ~. 
'" , . .) 

125 " 
[ ,I] IH,BP, a" potent b;ta ad\,energic antagonist, was increé.sed in those 

prepara tions. Both the increased J125IJ IHBP binding and -a-denylate- cyc1àse 

activity were reversed by two days of in vivo T3-pretreatment of hypothyroid 
0, ______ _ 

r-a t8.------- -- - - -

Conv~rs~ly, Jones et al. (1972) had earlier reported no change in basal 

and' adrenaline-stimulated adenylate cyc1ase activity in hypothyroid rat liver 

homogenates, but 'an increased fluoride-stimulated aetivity in these preparations. 

"Reasons for this discrepancy are not entite1y clear. Differences cannot be 
~. 

'Tv 

account~d for by the type of preparation used in each study; Malbon (1980a) 

also examil'led fluoride-stimulated adenylate cyclase in whole liver homogenates 

and .still found the same activity in hypothyroid and euthyroid rais. One 

""'possible reason for the similarity of agonist-indll~ed adenylate cyclase activâtion 

in these two groups observed by Jones et al., (l~72) could be due to the use 
, , 

of adl'enalme, a mixed alpha/beta receptor agonist, l'ather than isoproterenol, 
d 

a pure beta receptor agonist. The presence of inhibitory alpha activity (Jard 

et al. 1981; Assimacopoulos-Jeannet et al. 1982) could have masked an' 

increase in beta adrenergic activation of adenylate cyclase. 

IThe rep'ort by Malbon et al. (1978a) appeared on Dec. 25, 1978 and 'our own 
study (Pr,eiksaitis and ,$onos ,1979) on Jan. 1, 1979. 
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Although in the present study both adrenaline and fsoproterenol stimulation , 

resulted in gl'eatly enhanced cAMP accumulntion in hypothyroid compared to 

normal hepa tocytes, isoproterenol consistently produced grenter maximal 

increase's than adrenaline in hypothyroid hepat0cytes (section 3.6). A similae 
\ 

difference in response to adrenaline and isoproterenol could not be observed in 

the much smaller cAMP response of the euthyroid, rat. The alpha receptor 
, 

antagonist; phenoxybenzamine, enhanced the adrenaline-induced cAM P response 
... " ( 

il) the hypothyroid, but not in the normal rat. These observations may suggest 

that not ooly the beta adrenergic stimulatorv influence on adenylate cyclase is 

- greater in hypothyroidism, but an alpna rcceptor-mediated inhibitory effect may , . 
be enhanced as weIl . 

. Rem?rkably similar re'Bults were obtained in repatocytes from 

àru:enalecto'mize&.·rats (Chan et al.' 1979a): enhanèed adrenaline-ptimulated cAMP 
JI,' 6t t., 

, accumulation was even greater after phenoxybenzamine blockade, WhlCh !lad no , . 

effect on this response in hepa tocytes from normal control pa ts. EVIdence for 

'the 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 numbel' of other tissues (for references see PaÎ'1 and 

ê' Garcra-S~mz·1980). Jard et al. (1981) have provided evidence that stImulation 

of angiotensin TI or alpha2 receptors inhibits normal rat l'iver adenylate cyclase 

in pla~f(1a membrane preparations. H~wever, the %con~itions requlred to 

demonstrate this alpha2-medinted inhibition of adenylRte ~yclasc were rather 

precis~:' membra,ncs wOere waslled in 5 mM EDTA and activity /lad to be 

assayed in the présence of GTP a~d monovalent cations, WhlCh raIses sei'm e 
\ 

doubt about its l'ole under more physiologie conditions. Exton und coworkers 

~ (Assimacopoulos-J eannet et al. 1982) chal'acterized a· similar effect in intact 

hepatocytes, but concluded tl1at it \Vas mediated predominantly by alphal 

receptors. This point has bcen discussed in more detliit in aft enrlier part of 

this thesis (section 1.3.3). 
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Glucagon and beta adrenergic agonists share a commop mechanism o~ 

action (Exton 1982). However, in contrast to the effect of beta receptor 
i. 

stimulation, no difference ~n glucagon activation ~f glycogen phsophorylasé 

could be found in hypothyroid and normal rat hepatocytes (section 3.5). On 

_____ -~_- __ -the ?t1her hand, cAMP accul!lulation was enhanced in hypothyroid hepatocytes, 
\ ~ " , !O 

'.' 
Q -

( 

L 

,but 0llY at glucagon concent~ations above tha'f required for ma
o

Ximal 

phosphorylase activation (Io nM; section, 3.5). Just as for isoproterenol, IBMX 

enhanced glucagon-stimulated cAMP aècumulation in both normal and 

hypothyroid ra ts, but the difference a t higher glucagon concentrations was 

maintained (section 3.5). 

Both isoproterenol (section 3.4) and glucagon (section 3.5) were more 

,potent in stimulating phosphoryla~ activation than cAMP accumulation. A 
CI 

simflar disparity in cAMP-mediated effe~ts and cAMP accumulation in other 

systems has been noted. This finding in hepatocytes led Fain et al. (1977) to 

propose the existence of a cAMP-independent mechanism for phosphorylase 1\} 

, 
activation by low glucagon concentrations. Cherrington et al. (1977) were able 

ta 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 

lit> 

apparent dissociations of cAMP response and phosphorylase activation are the 

result of the great amplification between the primary receptor signal 

(production of cAMP) and the final response, resulting as a consequence of an 

efficient enzyme cascade (figure 1.1). Morevove:r; càreful 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 -medium plus cells homogenized together. Exton et al. (1912) 

have found that cAMP released"into the medium from perfused liver correlated 
, 1() 

better with glucose output than did fissue levels' of c~MP. Intracellular cAMP 

alone was not assayed in the pre~eAt experiments and hence it is not known 
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whether· th~ increased accumulation at higher glucagon concentrations in cells 

from hypothyroid rats would also be.observed in the physiologicaUy important 

intracelluJar compartment. The l'ole of the 'extra' cAMP released from cells 

or produced by agonist at levets greater than those required to maxÏmally 

activa te phosphory1ase is unkQnown and hence, it is difficult to attribute 
~ . 

physiologieal . significance to this change. 

Several other groups hav~ examincd the effect of t~yroid state on 

glucagon 'actions in toe liver. The results are quÏfe val'iable and often 

contradictory. In agreement with results df the present experiments, Malbon 

et al. (l978a) found no change in glucagol'}""'mediated phosphoryll1se activation 
i 

in hepatocytes from hypothyroid compared with normal rats. They also found 
?i 

no difference in cAMP necùmulation, Qutllglueagon conc~ntrations above 10 nM 
" were not tested by Malbon et al. (1978a); the difference between hypothyroid 

and normal hepatocytes in the~. present study 'was apparent anly at higher 
\) 

glucagon levels. In a subsequent report, plasma membranes purified from . " 

hy,pothyrold rat hepatocytes showed an increased speCIfie binding of 
~ 

[125 I1 glucagon when campared with euthyroid controls (Malban 1980a). 
u ?, 

Howevel', only a' single concentration (2.0' nM) lof [1251] glucagon was exarnined 

and hence these results must be interpret'ed with 'caution; single point binding 

determinations cannot be' used to dlfferenNate changes in affinity and binding 

site density, and are prone to errors introduccd by cooperativity'or the 

existence of multiple binding sites (Sperling et al. 1980). Glucagon-stlOiulated 

-
adeny1ate ryclase activity was examined in the ~ame preparations (Malbon 

1980&). WI1ile 1 JJ 1\1 glucagon produced grea ter cyclase 8,ctivity in liver 

t\omogenntes and membranes from hypothyroid rats, this difference was not 

statistically significant. J 

J 
These latter findings agreed Witll those of earlier investigations that 

showed no change in basal, fluoride- or glucagon-stlmu1ated adenyJRte cyclllse 

in homogel1tltes of hypothyroid l'nt liver compared with cCuthyroid controls 
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(Harkcom et al. 1978). Treatment of hypothyroid-rats with thyroxine resulted 
1 

in higher basal and glucagon-stimulated adenylate cyclase activity th an that i of 

either hypothyroid or euthyroid rat preparations (Harkcom et al. 1978). 

Sperling et al. (1980) demonstrated a substantial reduction of glucagon 

receptt>r number and adenylate cyclase response in plasma membranes from 

hypothyroid rats without any significant difference in these parameters between 

hyperthyroid and euthyroid rats. Scatchard analysis of specifie [1251] glucagon 

binding data revealed evidence for high and low affinity glucagon receptors, 

which mE\Y account for sorne of the discrepancies in the above-described 

findings (Sperling et al. 1980). 

An additional reason for these variable findings may be the fact that 

so me of the, above preparations were whole tissue homogena tes, while others 
~ 

were from collagenase-dispersed liver ceUs as in the present experiments. 

Hanoune and co-workers have demonstrated the presence of a proteolytic 

contaminant in commercial preparations of crude collagenase which produced 
~ 

a t lea8t a two-fold idcrease in. adenylate cyclase activity 0ynoune et al. 

1977; Lacombe et al. 1977). This factor, ·which was shown not to be 
. 

collagenase i tself, enhanced basal as weIl as catecholamine-, glucngon-, 

fluoride- or GTP-stimulated activity. AcUvation· was time-dependent and 

irreversible. It may be noted tl1at sorne variation in maximal cAMP reponses 
, 

to isoproterenol were observed in the present experlments (sections 3.4 and 

3.6). The most lik,ely explanation for these differences is' variation in the 

amount of contaminating proteases in collagenase batches used in preparing 

hepatocyte suspensions. Although care was taken to prepare a11 ceUs in a 

given series of experiments with a single batch of collagenase, one cannot rule 

1 

out the possibility that cycla~e activit1 in hypothyroid preparations has an 

increased 8cnsitivity to activation by the protease c,onta~inant. This possibility 

was not investigated in the. present study. 

Glucoeorticoid deficiency has been shown to have similar effects on 
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------hepa tic adrenoceptors as thyroidectomy in the present study (section 4.4). In 

contrast to the effeet of hypothyroidism, glucagon-stimuluted phosph'orylnse 

activity lS impaired in adrenalectomized rats, whilf' éAMP accumulation remains 

pormal (Chan ct / al. 1979b). Purther investigation revealed tha"p;loSPhOrYlaSe 

b kinase activation by glucagon was suppressed after adrenalectomy and this - , 

offers the best explanation for the imp~ired phosphorylase rcsponse (Chan et 

al. 1979b), Thus, while adrenale~tomy and thyroidectomy have similar effects 

on hepatic adrenergic reccptors, their effects on glucagon are quite dlrferent. 

In summary, the present findings indicate that ueta ~eceptor actIvity is 

unequivocally 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 metabollsm 

by phosphodiesterase in the two groups of rats. A concomitant increase in 

putative beta adrenergic receptor binding sites has been identified by others 

(Malbon 1980a) and is the most likcly reason for the increased activity in 

hypothyroidlsm, althoY$h addltional changes in the coupling of betn receptor to 

adenylate cyclase cannot be ruled out. These changes were reversible by 10 

vivo administration .. of :3' 
The effects of hypothyroidism on the hepatic actions of glucagon are less 

clear .. Nonetheless, it appears that glucagon~stimulated phosphorylase activation 
1 

a,nd cA.\lP accumulation are not linfluenced in the sume way as beta 

receptor-mediated responses. The faet that glucagon activation of glyc;ogen 
. \ 

phosph'orylase was the same in normal and hypothyroid rat hepatocytes indicate~ 

that changes in the sensitivity of the glycogcnolysis cascade to cAMP dld not 

contribute signiflcantly to the altered beta adrenergic response. 
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4.3 The effect of hypothyroidism on hepatic alpha adrenergic reccptors. 

CQmparison with vasopressin and A23187. 

The observations pr~sented in this thesis indicate tl1at hypothyroidism in 
o 

ra t8 results in a decrease 'in the alpHa adrenergic stimula 'on of glycogen 
-----------:' 0 

phosphorylase 2 to ~ conversion and calcium release in i hepa tocytes. 

These changes were accompanied 0 by a decrease in the density of plasma 

membrane binÇ.ling sites for [3 H] prazosino, a selective alphal receptor 
1 

antagonist, which may be the basis of the altered physiological r'esponsiveness 

observed in the intact ceUs. Furthermore, the change in both binding site 

density and alpha adrenergic responses could be returned towards normal levels 

by in vivo administration of T 3 to thyroidectomized ra's .. 

Work from several laboratories has indicated that alpha adrenergic 
1 

stimulation of rat liver results in thoe release of intracellular caJcium from 

mitochondnal stores and its subsequent extrusion into the extrcellular space 

(for l'eferences see section l.3.3). The transicnt increase in cytosolic calcium 
) 

le~elsoso produced)s believed to activate glycogen pho,sphorylase kinase, which 

in turn phosphoryla tes glycogen phosphoryiase to the active ~ form of the 

enzyme. Vasopressin has beeri shawn to activate glycogen phosphorylase by a 

cAMP-independent mechanism (Kirk and Hems 1974) and to cause changes in 

calcium distribution similar to those produced by alpha receptor agonists 

(Black more et al. 1978; Chen et aC 1978). The divalent cation ionophore, 

A23187, can also cause' release ,"of calcium from the same intracellulur pool 
w " ' 
(Chen et al. 1978; Blackmore et al. 1978; Babcock et al. 1979) which results 

in the activation of glycogen phosphorylase (Blac\<more ,et al. 1978). 

Accordingly, "the effect of thyroidectomy on phosphorylase activation and 

calcium release in response Jo A23187 and vasopressin wel'e examined 

In contl'fist to the eHects o'f phenyiephrine, neither vasopressin nol' A23187 

activation of glycogcn phosphorylase and stim'ulation of calcium release were 
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greatly, influen ed by thyroidectomy (sections 3.8 and 3.9), although the 

response to vasopr ssin was moderately reduced. Since the sour'ce of released 

intrac.ellular calcium and the subsequent post-receptor events are believed to 

be the same for phe ylephrine, vasopressin and A23l87 (section 1.3.3), these 

findings suggest thet the oc us of the impaired alpha adrenergic response in the 
'-', 
'..J 

hypothyroid hepatocyt~ is at a site proximal to the release of intracellular 
, 

calcium. t' 
The fact that A23l87 pr duced identical calcium release responses in 

1 

hepatocytes from normal and h othyroid rats (section 3.9) indicates that 

releasable calcium stores were not affected by thyroidectomy. Rosenqvist 

(1978) has examined the effeet of thyrOl ectomy on-~t:he amount and distribution 

of exchangeable calcium in isolated rat l ver cells. He identified two distinct 

intracellular calcium pools: a ~arge, slow turnover pool and a smaller, more 

rapidly ex changeable pool. Thyroidectomy did not significantly alter the pool 

with rapid turnover, but markedly reduced the slow turnover pool. Another 

group of workers (Bkritt et al. 1981) found a similar intracellular calcIUm 

distribution. They sup,-gested that eaeh kinetically defined compartment IS hkely 
1 

to be heterogeneous with respect to anatomieal composition, but that· the la'i-gel' 
\ 
1 

compartment represents calcium sequestered in organelles and the smallel', 
r 

exchangeable calcium in the CytoPlasr. Stimulation with alpha agonists 

resulted in an increase of about lO096 ~~ exchangeable calcium in the small 

compartment and a deCl'ease of 20% in \the large (Barritt et al. 198!). The 

time-COUl'se and d6se-response relationship. of cytosolic free calcHlm changes 

during alpha adrencq:;ic stimulation closely follow the incl'cElse in phosphorylase 

~ (Murph~' et al. 1980). Thus it would D.ppeul' that it is changes ln the 

smaller kinetically defined calcium pool that are impol'tant in the activatIOn 

of glycogen phosphol'ylase. Roscnqvist (1978) found no chnnge in this pool after 

thYl'oidcctomy. The 20% decrease in the lIll'gel' pool dul'ing stimulation (Barritt 

et al. 1980) most pl'obahly represen ts l'eleD.se of calciu m ~ from mi tochondrial 
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stores (Babcoc~ et al. 1979; Blackmore et al. 1979b,cj Murphy et al. 1980). 

This larger compartment was decreased after thyroidectomy (Rosenqvist 1978), 

. but unfortuna tely, changes in calcium pools during hormonal stimulation havi 

not been compared in thyroideetomized and normal rats. Whatever this eff~t 

·may be, the present findings that maximal stimulation of calciu m efflu~(1 and 
, ,., " i{ 

phosphoryJase activation by A23187 and vasopressin were not or olllyi sli~htly 
t 0) 1 

affectcd by hypo1hyroidism indic'ates tha1 a change in the hormon~' sensitive 

calcium pool cannot fully aecount for the marked reduction in the effect of 

pheny lephrine. 

with a Experiments in which calcium efflux was measured 

calciu m-sensi tive . electroqe were made in ~ominally calcium-free medium J. 
(sections 3.7, ·3.8 and 3.9). Total cellular calcium can be directly re1ated to 

the concentration of calcium in the medium (BorIe 1975). Hence the possibility 

• 1 ., 

arises that the decreased phosphorylase respo se to vasopressin and 

ph e n y 1 e p hrine observed under 1 h ese C ondi tions (se~ li 0 \ 3 .10) 

a depletion of calcium from the hormone sensitive J le um pool which may be 
\ 

grea ter in hypothyroid th an in normal rat 

responsiveness . under low e_a~eium conditions~ has b e by others 
, 

(Keppens et 'al. 1977; Stubbs et al. 1976; Van d al. 1977) • 
.. 

However, the net calcium loss in response to agonist stimul ion in 
o \ 

experiments (approxi"mately 0.15 10 0.30 nmol of cal i ln pe 

isola ted 
\ 

compares weIl with tl1at detel'mined by measul'ing total a ~u~ 

hepatocytes ut t)ormal medium calcium concentrations (appr 'mate y 

0.30 nmol per m'g cellsj Blackmore et. al. 1978) or the esti 

adrenergic agonist-mobilized pool in isola ted perfused 0.14 

nmol per mg of liverj Reinhllrt et al. 1982a). 

Kneer et al. (1979) have found that like 'pl1osphorylas 

:;;timulntion of gluconeogen~sis: from lactate by noradrenaline was sup ress d 

low cxtracellular calcium cont'entrations, 
. -

whereas it was' cnhanc~d' 
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substra.1e was fructose. These authors proposed that calcium influenced the 

ra te of transfer of reducing equivalents between cytosol and mitochondria. 

liJ 

Thus the incrcased cytosolic NADH/MAD ratio untler low calcium conditions 
C> 

would favour gluconeogenesis from oxidized substrate~ (fructose) but not 

reduced sUQstrates Oactate). '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 

calciu m homeostasis per se. 

'In order to rule out the possibility that the observed differences in 

calcium release were related to the 10w calcium conditions under which these 

experiments were madeJ 45 Ca efflux from prelabe'Ued hepatocytes was examined 

with nor mal calcium levers in the medium. Results of these experirnents 

confirm those obtained with the calcium-sensitive electrode (sections 3.7 Iflnd 
a 

3.8): phenylephrine-'stim yJa ted 45 Ca release was suppressed after thyroiôectomy 
"-

,,/ -"- .--- ;, 
and returnetrLow.aooS'"-n6rmal by T3 ~eplacement. 

While both the use of the .calcium sensitive electrode and 45 Ca efflux are 

feH to refle?t alpha adrenoceptor activity, methodological diffel'ences preclude 

a direct eompurison of tl1ese results. Nonetheless, one oQscrves that by using 
1 

• 
either uppronch, phenylephrine-înduced calcium efflux is suppressed in the" 

thyroidectomized rat. However, the results obtained with vasopressin are 

somewhat less straightforward. The concentration-rEbsponse curve for 45 Ca is 

somewhat supressed at lower vasopressin concentrations, ~nd is significantly 

shifted to the right in the thyroidcctomized rat (figure 3J9, table 3.4). On 

the other hand, ln the calclUm elcctrode studies the effect of vasoprcssin curve 

in thyroldectomized ra ts \Vas somewha t suppressed over the entire concentration 

range, but this difference is not statistically significant (section 2.8). Hence, 

one cannot conclude that vasopressin-mediated cnlcium release is unnffccted by 

thyroiclectomy. Nevertheless, It is clear tl1at tl1e reduction of the 

alpha-mediatecl response is substantiaJly gn>ater. 
o 
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. Using [3IIjprazosin\ a decrease in putative alpha!' receptor binding sites 

in liver plasma membranes from hypothyroid rats ~ould be demonstrated 

(section 3.11). Just as for the above-described" effects on alpha adrenergic 

stimulation of phosphorylase 0 and calcium mobilization, the decrease in 

rH] prazosin binding was reversible by T3 replacement. The observed decrease 

in the, density of putativ~ alphal receptor~ binding sites points to a decreased 

alphal l'eceptor number as the likely basis fol' the altered response to alpha 
~ -, 

adrenergtc stimulation in ryypothyroid hepatocytes. No change in the affinity 

of binding sites for [3 HJ prazosin 'or antagonist could be detécted. 
o 

In the absence of significant Itspare" alpha receptol's in rat livcr (Kunos 

et
O 

al. 1983), a decrease in repèptor - number is expected to result in a 

decreased maximal response to agonists aS. observed (sec~ion 3.7). However,' 

one cannot rule out addi tional effects of thyroidectomy on the coupling of 
- " ' 

receptor activatiOn and the release of intracellular, calcium, siïce the nature 

of th·is process is not fully undersfood. IndeGd, the sm aller d~crease in the 
, 1 

" 1 

effectivene&s of vasopressin In hypothyroid ra ts could suggest' such a possib ili ty:. 

Alternatively, an independent effect of hypothyroidism on vasopressin receptors 
, 

could also account for tins. The latter cffect would be analogous to the effect 

of hypothyroidism on adenyla te cyclase-coupled receptors in ra.t lIver, which 

" ' involve a marked increasc in beta adrenergic and a mu~h smaller, but 

significant increase in glucagon receptor number (section 4.2; Malbon 1980a). 

Direct binding of [3 Hjvasopressin to isolated hepatocytes and livel' membra~es 

has been examined b~ Cantau et al. (1980). A c0mparison of [3 HJ vasopressin 

" binding in eutl1yroid and hypothyroicl rats wç>uld clarify tl1'e effeet on 

o 
vasopressin-mediated responses. It is of interest to note that adenylate eyclase 

response to vasopressin stimulation in renal tissue particulatè fractions was 

réversibly decl'eased by thyroid hormone deficiency (Hal'kom ct ,al. 1978), 

although this response is mediated by a diffel'ent' subtype ûf'vasopressin 

receptor (C'antau et al. 1980). 
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necent studies have implicated ,alphal ~dl'enel'gic effects on 

phosphoti-6ylinositol in the activation' of glycogenolysis, possibly as an 

intermedlate in the release of intracelllliar calcium (seétion 1.3.3), 

Garcla-Salnz and Fain (I980) have examined the effect of hypothyroidism on 

the ~pha adrenergic stimulation of phosphotidylinositol labelling in rat fat ceUs 

and find no difference in this parameter wh en compared with euthyl'old 

);con troIs. These observations cannot be extended to the present résulte;; since 

effects of altered thyroid state are highly tissue dependent. The effect of 

hypothyroidism on phosphotidylinositol turnover in rat livet' remains to be 

determined, 

~hang.es "similar to tnose occurring after thyroidectomy have been ' 

, demonstrated in the adrenalectomized rat (see section 4.4). Chan et al . 

\', (l979a) found that adrénalectomy produced a reciprocal change in alpha and 

, ~ bet~ ndrenerglc activation of hepat~c_' glycogen phosphorylase, including a 

decreasec1 alpha ~'eceptor-mediated mobilization of intracellular calcium.' 

Howev.cl', binding of [3 HJ noradrenaline to liver plasma membranes showed no 

significant change after adrenalectomy in the imtial study (Chan, et ,al. 19791;1).' 

'This was interpreted as evidcnce fol' no change in alpha receptor bindmp.; 

capacity or affinity. Similal' results weré obtmned by Guellean et al. (1:978) 

using [3 H] DHE as a binding probe for alpha receptors. However, after 

re-examming the bindIng of 3H-catecholamines the formel' authors (Chan et al., 

1979a) have ,unpublish.cd results showing a dccrease in alpha receptor bindmg 

sites after adrem,llect9f1lY (Exton et~ a~. 1981). 

As dcscribéd m section 1.3,3 and 1.3.4, it, has reecntly been shawn that 

rat livel' has at 1east two populations of alpha rcccptors (Hoffma,n et al. 
1 \ () l 

1980a,bj Hoffrnan et a1.; 1981): alpha2 receptors that can, undcI', certain 
\ 

conditions, inhibit adcny,ate cyc11lsc (Jard ct al. 1981) and also alphal 
\ 

receptol's responsible for the activation of glycog-en phospho['ylllse (IIoffmàl\ 

et al. Hl80bj Aggerbeck et al. 10800), . 3I-I-Catecholamlncs were sllovvn to \ 
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label alpha} (EI-Refai 1980a) as weIl as alpha
2 

r~cept,Ors in the rat liver 

{Hoffmanet al: 1980b), and [3 Hl DHE als~ la?-e1s both'alpha receptor su~typ~s 

. (Hoff man et, al: 1980a,b;' 1981). As ~iscüssed above, an inhibitory alphtt 

component (possibly meJiated by the, alphaz receplor) may be enhanced i~ tlle 

hypothyroid' liver a.nd thi~ could have influenced the above results. Ir}" the' 

present experimEmts this difficulty was avoided, by the use' of an alpha}} 

. "3 ' . , 
redeptor ·selective liga.nd: [ H] prazosin. 

, A qll,estion ?f obvlo)ls i mportà.nce is the iden.ti ty . of [3 H] prazosin binding 
• , '1 ~, 

si tes, with. functional alpha1, r-eceptors, and. the evidence for this is necessarily 
• 1 

• • • 0 -

~ircumstantial. While the binding Kd values of' a'ntagonists ,determinE'd by their 
rl' • '\ 

'competition fq'r -r3 H] prazosin ~er'e iclentical with' their K
B 

values for 

'antagonising .a~~enaline activation 'of phosphorylase in isolated h~patocytes1, the 

" . 
EC50 of adr~naline was 20 times and tJ1.at of phenylephrme 3 times lower than 

c 

,their respective KtJ values (section 3.12). This discrepancy, 
: \ \ , 

is' si milar to 

tha t noted' witl1 other radiolabelled antagonists (EI-R fai et 
., # .,. 

1979), cannot 

be tlttributed to spnre receptors, since experiments with the irrevël'sible alpha 
. , 

antagonist phenoxybenzamine indicated a, lack of ~ignificant receptor reserve in 

the rat llver (I\unos, et al. 1983). Hanoun~ and coworkers (Geynet et al. 1981) 

recently compared the binding characteristics of [3 Hl prazosin, [3 Hl DHE and 

[3 Hl nOl'adrenaline in liver plasma membranes. On the basis of their findings 
, 

they proposed that r3 }.!] noradrenaline labelled the physiologically active form 

of the alpha receptor and tha t [3 H] prazostn labelled ei ther a precursor of the 

active receptor or an alphaClike binding site not cOllpled to the effector 

system. The present findings do not rule out the possibility thatoonly a small 

fraction of the [3 H] prazosin binding sites with high affinity for agonists is 

functionally relevant, the l'est being precllrsors for sllch sites or sites with 

lIndefincd function (Gevnet et al. 1981; EI-Refai and Exton 1980b). 

lResults of experiments done by \V.H. Kan nt ~€patocyte concentrations. 
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'. Howevcr, neither the ag0nist displacement curves (fir,-ure 3'~24) nor the kinetics 
, • 1 

of [3 HJ prazosin binding (flgure 3.22) gave any indication ofl\ binding site 

. heterogeneity tl1at could suggest such a possibility. An alternative explllnlltion 
'" 

,of the above anomaly is of'fered by the hypothesis put forwarrl by Franklin 

o (1980). He proposed that the nonproductive interaction of antngonists with 

receptors is fully translated into tightness of binding, which results in Kd 

values similar to physiological KB values. However, the productive binding 

,energy of strong agonists is largely used to cause conformational changes 

necessary to initiate the biolog-ical 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, th~ bin'di~g characteristics of [3 H1 prazosin àre compatible with 

seperate mteracting agonist and antagonist alpha1 receptor ,sites, the latter 
0),,:, 

being labelled by [3 HJ prazosin. The low binding potency of agol1lsts could 

\ 

--~ 

reflect their low affmity for the antagonJst site. The poSSibility oTdF=s:::;t~:::;n:::;c:::t:::====-

agonist and antagonist forms of the alpha receptor was first proposed by 

U'Prichal'd et al. (1977), although t,heir findings were later attributed to 
\ 

differential bincJing to alphal and alpha2 receptors (U'Prichard et al. 1978). 

The present findings are more consistent with the orlginal pr.oposal, since 

[3 HJ prazosIn Îs highly selective for the alpha} receptor. 

Companson of [3 HJ prazosin binding in m"embrllnes prepared from normal, 

thyroidectomized and thyroidectomized, T3-treatecl rats showed tl1at the 
\ 

decreased density of bmding sites in thyroidectomi~ecl rats was' unaccompnnied 
1 

by any change in affmity for this ligand (section 3\.11). Similarly, the affimty 

of adrenallne for these sites was unchllnged even in the pl'esence of guanine 
. --

nucleotide analogue, Gpp(NII)p (section, 3.H); agonist displacement curves were 

shown to be shifted to lower affinity in the presence of Gpp(NH)p when binding 

was to 81p11u2 l'cceptol' sites (Hoffman ct al. 1980a). A similor cffecl on 

alpha} receptor sites in liver l1as not been demonstrnted (Hoffmnl1 et al. 
1 
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1980a,b) which supports the contention that the present experiments examined 
1 

9nly binding to alphal receptor sites. l' • 

- 'Lltecoveries of specifie marker enzymes for plasma membranes were not 

examlned Jn the present study. Spcrling et al. (I9BO) showed that basal and 
~1P .1\ 

,,'" " 

fluoride-stimulated adenylate cyclase activity, ,were the ,~ame in, euthyroid, 

hypothyroid and hyperthyroid rat he[)atic plasma membranes isolated from wl,lole 
, - ' 

Üvers by the sarrrtqffiethod used in the present experiments:' Malbon (1980a) 
, -

also fouAd no diff'erence in recovery of b~sal and fluoride-stimula ted adény}ate 
~ .. ".f, 

,,' cyclase or in 5'-nucleotidase activity in" membranes Pfepared from hypothyroid 
-, ( 

and normal h.epatocytes., Howeyer, the latter results are not directly applicable 

to~t experiments since in Malbon's study, rhembranes were prepare.d 
~--~---» •. 

fJ9'm isolated hepatocytes rather than whole liver. 
r- r--- ; .. ~, ft 

J' 

The pres~nt ex~eriments clearly show a change in phenylephrine-induced 

activation of glycogen phosphorylase (section 3.10). However, as stated in 

section 4.1, others were unable to identify similar effects of thyroidectomy on 

alpha receptor activitv (Malbon et al. 1978a, 1980)v' A lack. of thyroid 
(J • 

"'rcgulation of hepatic alpha receptors was suggested (Garcfa-Sâinz and Fain 
o 

1980) on the basis of the absence of changes in the effect of phenylephrine 

(Malbon et al. 1978a; 1980). Whilc classically considered an alpha receptor 

agonist, phenylephrine can stimulate, both beta and alpha receptops in various .. 

tissues (Chahl and O'Donnell 1969; Wagner and Schumann 1979). lts EC50 for , 

relaxation of guinea pig trachea, an effect mediated by betaz receptors is 
:::. 

3.1 ~M (Chahl and <?'Donnell 1969),. which is close to its EC50 of--
~ , 

0.8 + 0.3 11 M for -alpha '"receptor-mediated activation of phosphorylase in 
- r ~ _ ~ , 

normal ra t liver (table 3.4). Since hepa tic beta receptors are also of the beta2 

subtype (s~ction 3.3), it is very likely that a significant beta receptor 

activation by phenylepbrine contributes to its effect on phosphorylase in the , . 
hypotl1yroid rat liver. It may be noted that in the present study the difference 

D • 

in the effE'cts of phenylephrine,,\J\n cells from euthyroid and hypothyroid rats is , 
--..-
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grea ter for calcium release, a pure alpha adrenergic response, than for 

phosphor~)ase activation, a mixed alpha/beta effect. The observation of Malbon 
:;0 t " 

et al. (1978a) that proprano101 reduced the phcnylephrine-induced activation of 

pho~horylase in hypothyroid, but not in normal hepatocytes (Table 1 in Malbon 

'~t al. 1978a), also i'ndicates potentiation of the 'beta rcceptor component in 

th,~ effect of Phenylephrinec"i~ the hypothyroid liver. In this group of rats, 
\\ Cl., 

Phé\ylephrine was more effective in hypothyroid than euthyroid controls and 

p~~~.? ed this differen~e; the similar. r,esidual activity of 

phenylephrine in the p esence of proPfanolol indicated that alpha l'eceptor 

activity was unchanged. Ho ever, in another group of rats used in the same 

~tudy, phcn~lephrine tested in the absence of propranol01 was not more, but 

even less effec~ive i~ hypotllyroid than in normal cells (Figure 1 in Malbon 

et al. 1978a). Thus ~'tJ!ese la tter .(ani~als, the increased beta receptor 
'1 "'''l,X f; 

activity must have been offset by a similar decrease in alpha receptor activity, 

which is consistent wlth the' c~n~~usions of the present study. 

Sorne additional difference between the present .study. and that of Mnlbon 
1 

,et al. (1978a;, Malbon 1980a) could aqcount for the absence of ali identifiable 
, 

effect of hypothyroidlsm on alpha activation of phosphorylase in their studies. . " 

(9 In the present experlments rats wel'e surgically" thyroidectomi7.ed llnd used 

after 10 to 14 weeks while Malbon et al. (1978a; Malbon 1980a) induced 

hYRothyroidlsm by feeding an iodine-deficient diet and propylthiouracll for 18 

to 25 days before the experiment. A 'comparison of thyroid effects pl'oduècd 

in t11cse two diffet'ent ways od' hepatic metabolism has not been made. 
1 

(2) The pres~nt study'"used exclusively male ra ts, whereas the latter used only 

females. Bitensky et al. (1970) have found tha~ adrenaline-stimulated hepatiC' 

adenyJate cyc~ase activity was greatet ,in preparations from f~rhale rats when 

compared to mAles. More l'ecently, Studcr and J30rle (1982) demonstrated that 

in hepntoC'ytes isolKtcd f'rom fcmule rats beta receptor-mcdiated stimulation of 

cA M P accumulation and 'its con tribution 'to glycog-en phospl1orylase activation 
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was enhanced when compared to males. Conversely, the alpha 

receptor-mediated calci4~ efflux was greater in males than females and 

aecountcd for vil'tually aIl the activation of phosphorylase by adrenaline in the 

former. Since the female rats in their euthyroid state appear to possoos 

hepatic adrenoceptor propertie& similar to the l1ypothyroid male, it is possible 

that a further reduction in alpha recepto~s in the hypothyroid female rat may 
\ 

be difficult to demonstrate clearly. \ 

'(S) AnimaIs used in the present experime~ts were older (250-350 g) than those 

used by ~lalbon et al. (1978a; 100-150 g). Blair et al. ~(I979a) have examined 

the adrenergic 'control of glucose outpu~ in hepatocytes from juvenile 

000-150 g) and adult (greater than 300 g) rats. They, found aging to be 

aecompanied by a 10ss of funetional beta receptors with adrenaline acting 

", 
primarily through 'the alpha adrenergic receptor system. Renee, it is possible 

" that the alpha response was mOl'e pronounced in the older animaIs used in the 

present study than it may have been in younger animaIs. 

(4) M albon et al. (1978a) express their l'cuIts for phosphorylase activation as 

% change over basal. In spite of the faet that basal enzyme activities were 
. 

not different when hypothyroid and euthyroid rats were compared, small ' 

changes in basal activity in a given expel'iment could profoundly influence the 

calculated stimulated enzyme aetivity, when expressed in' that way. Actual 

enzyme activities are repol'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 

chtmges and how either the emergence of beta receptors or the suppression of 

alpha responses in the hypothyroid rat might influence .overall metabolic 
" :; 

regulatiolÎ in vivo remain matters of speculation. Each of these questions will 

now be briefly considered. 
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4.4 Similar changes in hepatic adrenoceptors produced by non-thvroidal 

influences. 

,/ 1, . 
in a nu~ber of other Thyroid hormone effects on adrenergic receptors 

/ 
'll 

tissues have been described (section 1.2.3) •. Most of these stuGi-cs have involved 

-
either adipose or cardiac tissue and have shawn that beta adrencrgic 

responsiveness i,s deereased and alpha responsiveness increased in hypothyr~idism. 

(for a more detailed discussion and references, see section 1. 2 .3). Thus, the 

effeet of hypothyroidism on hepatic adrenergic rcceptors is opposite, to that 

seen in these tissues indicating tho.t the ,effects of thyroid hormones on these 

receptors are highly tissue specific and cannot be generalized. Indeed, in some 

prepara tions no eff ect of altered thyroid sta te' on adrenergic reeeptors could 

be round (for references see section 1.2.3). 

~ 

As already discussed in sec.tion 4.3 t similar changes in hepatic adrenergic 

receptors have been described in adrenalectomized rats. Wolfe et al.' (1976) , , 

found an increase in isoproterenol-stimulated adenylate cyelase activity and 
• 

specific bindtng of [12 5I] IHBP, a potent beta an tagonist. However, this latter 

finding is of questionable reliability because of the unusually low'affinity for 

this antagonist observed in that study (see section 1.3.4). These studies were 
<1 

extcnded by Chan et al. (1979a) who reported a greater beta receptor-mediated 

cAMP accumulation and phosphorylase !2. t~ g conversion in hepatocytes from 

adreno.lec tOl11lzed ra ts. Alpha adrenoceptor-media ted phospll0ry lase activation 

and calciu m mobilization decrcased after açlrenaleetomv. The faet tha t tl1cse 
, \" 

changes are an{llogous to those repOl'ted her~ after thyroidectomy suggests the 
~ 

possibility tl1l1t they may have occurred asa consequence of a thyroid hormone 

effect on the pttuitary-adrenal axis. Indeed,' it has b'een shown tl1at in the rat, , . 
,l, • deficiency'oI thyroid hormone is associated with subnormal concentrations of 

corticostcroids in plasma (Bray and Jacobs 1974). Also, the cff ec ts of 

adrenalectomy \Vere more l'upid than thyroidectomy occuring after only 3 to B 
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days. Howeve~, administration of cortisol to thyroidectomized rats using a 

trentmeilt regim~n "tha~ was shown' to revers~ a\lrenalectomy-indueed changes 

in hepatic adrenoseptors (Wolfe et al. 1976) had n~ effec!" on the pattern of 

phosphorylase response to adrenergic agonists (section 3.3). These fil1dings 

argue against thyroid èffects being secbndary to changes in the 

lÎdrenal-pituitary axis. 

But wha t of' the converse of this hYP",othesis: could the effects of 

~ -
adrenalectomy on hepatic adrenoceptors be secondary to an effeet on thyroid 

hormone action? \ Thyroid hor mone receptor levels and consequently tissue 

sensitivity to T 3 and T 4 can be influenced by fi variety of .factors (Samuels et 

al. 1982). It may be then, tha t the liver beeomes "functionally hypothyroid" 

in the presence of normal cireulating thyroid hormone levels, and hence shows 

changes similar to those seen following thyroidectomy. Unfortunately, there is 

no simple ~pproach to testing this hypothesis, since treatment of 

a~enalectof'1ized rats with exeess thyroxine may not reverse the eff€ct in the, 
rl" .. 

face of reduced tissue responsiveness. It would be of interest to know how 

thyroid hormone receptors are influenced by adrenaleetomy. To the', best 

knowledge of the author, neither of these experiments has been 'done . 
.r 

Hepatie adrenergic receptors can also be modulated by non-hormonal 

influences. Hornbrook (1978) has shown that alpha-mediated activation of 

glycogenolYSls in hepatocytes frilm normal rats takes on the ch~raeteristics of 

a mixed alpha/beta response when examined 24 h after partial hepatectomy. 

In support of these finding~,-~~BrplÎst~d and Christoffersen (1980) 'later 
.-- -

demonstrated that adrenaline-stimulated cAMP accumulation and adenylate 

cyclase activity was enhanced after partial hepatectomy. Again, there cxists 

a relationship with thyroid hormone effects on the liver. Partial ~epatectomy 

in the rat reduces the number of nuclel1r thyroid hormone receptors (Oillman 

et al. 1977). Plasma glucagon levels are markedly e1evated after partial 
1 

hcpatectomy (Morley et al. 975) and gltlcagon administration has been reported 
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to lower hepatic nuclear T 3 binding capacity (Dillman et al. 1978). Thus, 

pktial hep'atectomy might also produce a situation in whieh the liver becorncs 
1 

"function.ally hypothyroid" and hencc, rnanifests changes in adl'cnoceptor 
~ , 

propcrties analogous to those obscrved following thyroidectomy. Starvation also 

,,~produ,ces an elevation in ~irculating glucagon 'levels (Grey et al. 1970) as weIl 

as a decrease in T 3 ,nue1car binding sites (Burman et al. 1977). It would, 
, ' 

tl'lerefore, be of interest to sec whether cither starvation or exogenous glpcagon 

'administration would produce changes in hepatie adrenergic reeeptors sirnilar 

to those produced by thyroidectomy: Burns et al. (1979) have obscrved that 

~fter only one day of fasting, the adrenergie receptor activity of human 

adipoeytes is alt~red in a way similar to that se en in hypothyroid subjects. 

'Ireatment of adult rats with the hepatic earcinogen 2-aeetylaminofluorene 

resulted in a marked increase in hepatic adenylate cyclase response t.o 

~ 

-~""!Ine (Chl'istoffersen et ,al. 1972). Hornbrook ([979) later found thai 

Ueeding of the same earcinogen to rats' shifted the adrenergic activation of 

. hepatic phospllorylase in iso1ated hepatocytes from an alpha to a rnixed .. 
alp ha(b1ITa \~esponse. Increase in beta adl'enoceptor actiyity in }sola ted 

--- ) hep a tocytes' has also been reported following feeding of a second hepatic 

carcinogen, 3'-mcthyl-4-dimethylaminobenzene (Christoffcrsen and Berg 1975). 

Boyd and Martin (976), studying the action of this second carcinogcn, found 

an increased ca techolamine- 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 sorne l'eactive change in non-tumor tissue analogous to that 

seen foUowing partial hepatectomy. 

Of sorne l'clevance to these studies of hepatic tumors are reports 

compming adrcnoccptors in nOl'mal rat liver and the Zajrlela ascites hepatoma 
\ 

cell line (Lacombe et al. 1976). The adrenoccptor mediating adcnylate cyclase 

activation in the normal rat liver is typically of the beta2 subtyp'c (Lacom8ç) . ~. . " 
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et al. 1976; Vanquelin ct al.o 1976). How~v9r, in the Zajdela hepatoma, 

1l0enylate eyelase stimulation o"ccurs predominal}t1y via activation of a betal ' 
, 0 

adrenergic rec,epto.l:'; moreover, ,tJ"le response is greatly enhanced when compal'ed 
~ . " 

1\ j r') 1) 

with normal ra,t liver (Lacombe et al. 1976;' Hanoune et al. 1977). The 

present results indicate that en~anced beta receptor a'ctivity obser~ed after' 

thyroidectomy is mediated by receptors of the beta2 subtype s,ince adrenaline 
, 

is more potent than noradrenaline in stimulating cAMP accumulation (section 
, , 

3.4). Leray, et al. (1973) reported that enhanced adrenaline-stimulated 

adenylate cyclase in preparations frpm adrenalectomized rat liver was ~lso 

a 

mediated by beta 2 adrenoceptors. ~nd, da ta shown in the study of, 
1 

" preoneoplastic liver tissue also suggests that the re~eptpr remains the beta2 
, ' ,_ .... _', t. 
subtype; noradrenaline was less potent th an adrenaline (Bpyd and Martin 1976). 

Thus, unlike the Zajdela hepatoma, where enhanced beta l'eceptor activity is 

associai'ed with a beta1 adrenoceptor typ~, p,reneoplastie liver tissue, 
\ , 

preparations from adrenalectomized rat liver ,and hepatoéytes fro'm 
" , 

thyroidectomized rats show the eha:acteristics of beta2. adrenergic < rcceptors 

as in the normal rat liver. The beta reeept'or csubtype in Ùver arter partial 
" " . 

hepatectorny or in young rats (see below) has not been ana1yzed in ,detail. . ' 

Extrahepatic eholestasis produced by ligation of t~e corn mon bile duct in 

the rat has been shown to produee a 2.6-fold increase in 
o 

r 
isoproterenol-stimu1ated adenylate cyelase aetivity in isolated liver 'plasma 

membranes after two days (Schmelck 'et al. 1979). This incrcase in activ\ty 

was associated with, a four-fold enhn~cement of beta receptor binding site 

density as measured by [3 H] DHA specifie binding (Schmel~k et al. 1979). 

Although t'he characteristics of alpha l'eceptor responses have not yet been . " 

reported in e~olestatic livers, Guellaen ct @.l. (1982) have founq a two- t~. 

three-fold deerease in the number of [3H] DHE and [3 H] prazosin binding sites. 

Apparently on1y single con,centrations of [3 HJ prazosin (1 nM) were examincd 

in the lattel' study and detailcd reports of binding data are lacldng. 
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Another parameter that is known to influence hcpatic adrenergic receptor 

<:> properties is age. Hornbrook (1978) reported that catecholamine-mediated 

activa tion of glycogen phosphory lase occurred predominantly via beta 

adrenoceptors in weanling rats. In a la ter report, Blair et al. (I979a) 

examined adrenerg,ic control of glucose output and cAMP levels in juvenile rats. 

They found that in hepatoc~tes from young rats (27 to 35 days old, welghing 

100 to 150 g), adrenaline stimulated glucose output from endogenous glycogen 

stores and' cAMP accumulation via predominantly beta adrenergic receptor 

activation. Maturation (60 to 120 days, 300 g and gretiter) was accompanied 

by a loss of fu nctional beta receptors w~th adrenaline acting primarily through 

alpha receptors. Butlen et al. (1980) used [3 HJ DHE as an alpha receptol' probe 

to study tl1e ontogenic development of alpha receptors in rat liver. They found 

that in 19-day-old fetuses the density of [3 H] 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 bil'th. Unfortunately, beta receptors have not as yet 
\ 

been studied in a similar way. On the other hand, Kalish et al. (1977) found 

tha t adr~rali ne-sensitive adenylate cyclase, activity was doubled in liver 

membranes 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 activity in senescent rats, although the receptor 

medtating adrenaline's effect was not characterized In that study. MOl'eover, 

basal, fluoride- and glucagon-stimulated activities were also enhanced, but not 

to the same degree as adrenaline. 

Three points about these observations th8t relate to the present study are 

noteworthy. 

(1) Properties of hepatic adl'enoceptors are similar in normal young rats and 

adu1t rats fol~owing thyroidectomy. 

(2) This suggests that thyl'oid hormOl~es mlly cxert a primaI'y effect on hepatic 

adreno(>pptol'S by influencing the developmental stnte of the liver (for further 
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discussion of this point refer to secti n 4.5) \ 

(3) Normal euthyroid controls used hroughout thà present experimellts wcre 

weight-m'atched, and henc~ hypothyro d rats were ~ average 10 to 14 weeks 

oider than con troIs. adult \rats (300 g and greater) 

the predominant hepatic adrenoceptor ecomes and remains an alpha receptor 
\ 

(Blair et al. 1979a) argues against the p ssibility that tl1e observed difference 

between these groups was due to age. Ka ish et ~l. (1977) found no diffe~ence 

in adrenaline-stimulated adenylate cyclas in liver plasma membranes from 

three month and 12 I~month old male rats. 

A final factor tha t is known to balance of hepatic 

adrenergic receptors is sex and has already een briefly discussed in section 

4.3. Recall that Studer and BorIe (1982) have s own that hepatic adrenoceptors 

in female rats resemble those described for l1y othyroid males in the present 

study; activation of glycogen phosphorylase is b catecholamine is shared by 

alpha and beta receptors, alpha receptor-media ed calcium mobiI~ation is 

suppressèd and beta receptor-mediated is enhanced wh en 
[ 

compllred to males. How thesc effects might be re ated to thyroid influences 

is not clear, althollgh, sex differences in the metaboli m and actions of thyroid 

hormones have been dcscribed (Harris et al. 1979), and e might postula te that 

female rats behave such that their livers are "functi nally hypothyroid" as 
:> 

compared to males. This interesting sex-related differen e and what it might 

mean physiologically invites fUl'tller stlldy. 

" 

Ch~es in the properties of hepatic adrenergic receptol's have also been 

described in the ex vivo state. Okajima and Ui (1982) have examined the 

adrenergic regula tion of glycogen phosphorylase and synnthas~ in rat hepatocytes 

in primary culture. They found that beta receptor contributions become 
1 

predominant over alpha after onfy 8 h in culture. This shift in adrenoceptor 

properties could be prevented by the addition of cycloheximide td the culture 

medium sll~gesting a l'ole 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 

glueocorticoid in a similar experiment. 

The findings presented here as weIl as those of Malbon (1980a) suggest 

tha t the aItera tions, in hepatic adrenoceptor properties. in hypothyroidism are 

the result of changes in the density of adrenergic receptors in the plasma 

membt'ane. A similar conclusion ean be drawn about ahanges occurring after 

adrenalectomy (Guellaen et al. 1978, Exton et al. 1981) or hepatic cholestasis , 
(Schmelck et al. 1979; Guellaen et al. 1982). Untortunately the effects of the 

~er factors deseribed above on alpha and beta reeeptor densities has' not been 

examined direc tly. TI1US one cannot conclude tha t these changes at'e 

comPlet~y anfllogo~s to the hypothyroid state. Nonetheless, 1t appears that 

hepatic adrenoceptors are influenced by a number of physiologieal and 
f 

pathological changes of which hypothyroidism 1S a single example. Moreover, 

several of these can be hypothetically relate"d to altered thyroid hormone 

function and t1éirCe, may share·la common mechanism. Although evidence 

supporting this notion is at present only circurnstantial, some aspects are 

~orthy of further experimental consideration. 

4.5 phisiolo~icfll impltcations of thyroid-induced changes in. hepatic adrenoceptor 

properties. 

T~e physiological role of the sympathetic ncrvous system in the control 

of h,epatic carbohydrate metabolism remains enigmatic. Therefore ln the 

context of this broader question, any discussion of how changes in hepatic 

adrenoceptor properties of the kind described Ilere influence in vivo metabolic 

rcgulation would be pure conjectUI'e. Nonetheless, some interestmg aspects of 

this problem at'(' worth consiclering in a specula tjVE' way. 

Why two different pathways whcrcby catecholammes stimulate hepatic 
o 

glucose output should cocxist is problcmatic. Exton and Harper (1975) have 
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speculated that the duality of this system may have sUl'vival value, pointing 

out that t!;le liveruplays a vital raIe in the "fight or fl~~ht" situatIon. Ho'wever, 
_ , 

the developmental, sex and species dependent variation in the bal~n~c of alpha -­

and beta receptors remains unexplaincd; duality of the system if it has survival 

value should ~e of benefit 'under any cir~umstances.. The' shift, in this b'alçu;lCe 

observed in various pathological states su ch as carcinogenesis, hepatectomy, 
o 0 

a ê.drenal insu fficiency, cholestasis llnd hypothyroidism (section 4.4) can be viewed 
- , 

-' 
in two ways. Either it is an undesirable change and contributes to the-

19athologic state or it represents an adaptive response that allows the ?animal 
o 0 

to optimize its metabolic machinery in. this pa thological sta te. If alpha and 

beta receptors represent mere duplications that contribute survival value~ one 
( 

would expect these changes in the balance of re,Peptors to gain little advantage 

in. acute pathological states. One must, therefore, presume that alpha and beta 

receptor activation must have diffel'ent effects on the overall metabolism of 

the cell. 

Hormones affecting hepatic metabolism can be considered in two broad 

groups (see section "1.3): those which, like beta adrenoceptol' agonists, produce 

effects that are mediated via the adenylate cyclase/cAMP-dependent protein 
\\ 

, -

~ kinase system and others, such as alpha receptor agonists, whose effects are " 

calciurfj-mediated. While most studies have stressed the similarities of the 

effects on cellular metabolism of these two pathways sorne differences have 

been noted. Tl1e identification of metabolic effects that are not shared by 

these two groups suggests possible points at which alpha and beta receptor 

-r stimulation would have different metabolic consequences. Unfortunate1y, there 

are few studies in which the metabolic effects of hepatLc beta and alpha 

eceptor activation have been c~mpared within the same experimental 

p eparation. However, cAMP-dependent hormonal effects (usually glucagon 

sti ulation) and calcium-dependent hormonal effects (alpha adrenel'gic, 

vasop essin lmd angiotensin II) in hûpatocyte preparations, have been compared. 
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By analogyJ the,se observations ~rovide support for the Ilypothesis that alpha 

and 'betu receptor stimula tion can alter cellular metabolism in very differcnt 

ways, and hence probably provide the animal with a métabolic "flexibility" 'th8:t 

under some circumstances may be essential fOI' survival rather th an a mere 

duplication of receptôr sy~tems. 

Garrison et al. (1979) have compured the pattern of phospllorylation of 

ra t liver proteins after stimulation, with glucag-on and noradrenaline, These 

authol's were able to resolve 11 to 12 cytQplasmic proteins that were 
, 

phosphory1a ted in response to hormonal stimulation. Protein peaks whose 

phosphorylation was increased by nQradrenaline) in .the presence of ,20 l''M 

propranolol were the same as those increased by glucagon both 111 position and 

magnitude. Three of these peaks were identified as phosphory1ase Q" glycogen 

synthase and pyruvate kinase. Vasopressin, angiotensin II and A23187 gave 

similar results. Howevel', one-chmensionll1 SDS gels used In that study, lack 

suffîeient resolution to determll1e if the proteins phosphorylated by 

calcium-linked , ho.r mones were distinct from those affected by glucagon 

stm ula tion. 'Thus; when two"-dicnéJ'ilsfna1 gels were ann1yzed in 0. subsequent 

séries of experiments (Garrison and Wagner 1982), it was obsel'ved that 

calcium-dependent hormon,es and glucagon were able to affect· -the 

phosphorylation,' of distinct substrates. These authors found SIX substrates 

unique1y phosphoryla ted by g1ucagon, one by the ca1cium-hnked hormones and 

seven by both. 

Garrison and Wagnel' (1982) draw particu1ar attention to sOlne of the 

enzyines of the gluconeogenic pa thway. In contrast to gluç'agon, the 

calcium-dependent hormones dld not stimulate the phosphorylation of 

phosphofruc toI< inn se, fructose-6-phosplla te 2 kinase or fructose-l,6-

bisphosphntase and had only a slIght cffeet on pyruvl1te. kinase. Othcrs (Chan 

and Exton 1978; Guerison and Dorland 1979; Hems et al. 1978b) have observed 

. thnt while gluconeogenesis can be 5timulateçl by both cAMP-dependent and 
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calcium-depcndent pathways, hormones functio:~g . viii the~a~(mUlate 

gluconeogenesis to a le88er extent at a glycogênolytic eg1~ dose. 
. ~ 

----------In this context the re8u~:5one-s~~here indirectly the effects of 

!llpha and beta stimulation were compared is of interest. Blair et al. (I979b) 

have shown that adrenaline markedly inhibits pyruvate kinase and lactate 
o • 

production in juvenile rats, but is only slightly effective in adults and yet, 

adrenaline~timulation of glucose output in these two groups is comparable 

(BlaÏl' et al. 1979a), These authors suggest that this difference is duê' to to 
'0 

the fact that catecholamine effects in younger animaIs are mediated 

predominantly by beta adrenoqeptors, 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 tha t this may be the reason for the 

generally observed less effective stimulation of g1uconeoger;Jesis by 

catecholammes compared with g1ucagon (for references see Garrison and 

Borland 19(9). Howevcr, Rognstad and Katz (!977) have reported that in cells 

from fasted rats, maximal conce"ntrations ;f 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 6trYn. This observation led Chan and Exton (978) to suggest that 

alpha adrenergic stim ula tion of gluconcogenesis could occur a t another control 
, 

point in the .pathway, possibly fructose-I,6-bisphoS:;:>hatase. It is intet'esting to 

note that recently Van Schaftingen et al. (1980) have sh~ that 

f~uctose-~,6:bisphosphate is an important regulator at this point in the· .. 

gluconeogenic pathway. This metabolite inhibits fructose-l,6-bisphosphatase and 

uctivates phosphofructokinase (Her~ and Van Schaftingen 1982), Glucagon 

stimulation of isolated hepatocytes c,auses a markcd decreases in lcvels of this' 

metabolite llnd is tholl~'ht to be in ,part responsible fOl' the enhanced 
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gluconeogcnesis under these conditions (Von Schaftingen and Hers 1982. 
1 

However, A23187, phenylephrine and vasopressin cause an increase i 
i 

fructose-2,6-bisphosphate content of the hepatocyte and yet the latter tWf 

"agents also stimulate gluconeogenesis (Whitton et aL 1978). The interestmk 
1 

possibility that this regulator eXel'ts effects on other metabolic pathways an l 

control pOints requit'es further investigation. 

Still other mechanisms not involving enzyme pho~phoryla tion directly m 

be at work ln the eeU. For example, Merryfield et al. (1982) have shown th t 

phosphénolpyruvate carboxykinase, another key enzyme in the gluconcogen c 

pathway, is activated by the release of Fe++ from rat liver mitochond ia 

mediated by free calcjum. These authors speculate tl1at alpha receptor agoni ts 

as weil as other caleium-dependent hormones may exert a regulatory influe ce 

on this enzyme VIa this mechanism. Whether C'AIvlP-dependent ay 

have a similar effect IS unknown. 

Another indication of profound oiffel'ences in the effect 

groups of hormones on hepatoeyte metabolism cornes from 

Reinhart et al. (l982b). These authol'S demonstrated t110t 

vasopressin and angiotensin II administered to perfuseo rat liver prod 

rapid parallcl increase In glucose output and oxygen uptake. On tl 

hand, gluca~on's effect on glucose output was slower u and occurl'e~ in the 

absence of any large change in respiration. These authors concluded that 

mitochondrla play a vital role in mediating the glycogenolytic effect of the 

calcium-dependent hOl'mones, but not glucagon. 1 
1 

! 
1 

, 1 

Al though these two groups of hormones appear ta have cli'fferent cffcC'ts 

on cellular metabollsrn, eVldence eXlsts to suggest that these, pathways do not 
1 

1 

function llldcpendently: hOl'mones of one group muy mOd}fy or overrlde the 

effects of the second. Exton and coworkcrs (Asslmacopoulos-,JEWnnct et al. 

1982) dCll10nstrated tl1at phcnylcphrine and adrenalinc could sllppress 

gluca:p.;on-rnecliated elevation of cAMP and gluconeog-encsis from lactatè in 
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isola ted hepatocytes. In con trast to the studies of Jard e.t al. (1981) whQ. 
1 

demonstrated that adenylate cyclase inhibition' in isolated plasma membranes 

occurred via alpha2 r,eceptors, Exton's group (ASSimacoPoulreanne;. et al. 

1982) showed that the inhibitory e~fect on cAMP accumulat{on in hcpatocytes 

suggested an alphal receptor mechanism was more i\nportant. The' 

contradictory nature of these findings may be a consequence of the different . 

preparations used. Whether this inhibitory effect is mediated by alpha2 or 

alpha1 receptors, the ability to also inhibit stimulation. of gluconeog-enesis by 

exogenous cAMP suggests that other loci in "addition to adenylate cyclase may 

be involved (Assimacopoulos-Jeannet et al. 1982). The el~cidation of the true 

nature of this interaction and its possible role in vivo require further study. 
l ... ~. ~ • 

Assuming tl1at alpha and beta receptor .stimula,~n do affect the cellls 

metabolic machinery in different ways, how and under what circumstRnces does 

,diffel'ential stimulation of these receptors occur? As can be seen from table 
f>Î' 

3.1, the sensitivity to gly~ogen phosphorylase stimulation by adrenaline is not 

markedly changed in the hypothyroid rat; half-maximal' phosphorylase activation 

ôccurs at 7.73 (pD2) and 7.96 (pD2) for- normal and hypothyroid rats 

respectively. Since at least s'orne residual alpha receptor activity remains, one 

would not expect the threshold for phospohorylase activation to be greatly .". 

altered in the l1ypothyr,oid rat liver. However, hypothyroid rats possess 
l 

. adrenoceptors of the beta~ subtype, (section 4.4) which ar,e ver~. n:uch less 

sensitive to noradrenaline ['elellsed from hepatic sympllthetic nerves (section 
" 

1.2.3) than- are alpha receptors. One mfLY then speculate that in the 

hypothyroid ra t the major pa thway for adrenergic acJivation of liver 

phosphorylase is through stîmula tion of beta2 receptors by adrenaline released 

from the adrenal medulla, whereas in normal rats noradrenaline relcased from 
.... 
sympathetic nerve, endings and acting on alphal receptors' would be ~ore 

important. As described in section 1.4 therc is sorne ev~dencé that such an 

ar'rangement might exist in the rabbit and ,the guinea pig which normally 
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possesses both alpha and beta hcpatic adrenoceptors. 
u 

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 said'lj about the physiological role _of 

. thyroid-induced changes in adrenoceptor properties. However., as described' 

above, logical reasons do exist for expecting that such cl)anges may have 

important physiologie al consequences. 

(6 Possible mecllanisms of thyroid, inauced alterations in hepatic adrenoceptor 
i 

properties. 

The present study documents a clear effect of thyroid state ,on hepatic 

adrenoceptor properties, but unfortunately provides little insight into the 

possible mechanism of su ch changes. However, isola ted hepatocytes provide an 

ideal model system which might be used ta reproducc and study tl1ese effects 

under controlled in vitro conditions. Thus far there is sorne evidence that 

thyroid hornlones can produce çhanges in adrenergic receptor properties in' 

isolated cardiac tissue (see section 1.2.3), but attempts to affect similar 

changes in isolated adipocytes has met ~ith little success (see discussion in 

Fain 1981). , 
One must consider that 1nyroid hormones could influenck adrenergic 

'" 
~ 

receptors other th an by a direct effect on tissue for which the change is 

identified. For example, thyroid-induced alterations in the metabolic state tl1at 
, , 

~ c ' 

result in changes in adrencrgic receptors could repre~en,t pal't of an overall 
r? 

J 
adaptive response of the anim/:ll to its ncw phvsiologic state. There is at , . 
present little thl1t can be said to r-efute or support this possibility other than 

to reiterate the facts thnt ,thyl'oid hOl'mones have profound effects on almost 
G 

evel'y rnetnbolic system studied and thl1t a'drelJ~gic reccptors' exhibit signiflcant 

'Iplasticitytf 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. 
1 

This possibility has been discussed with respect to corticosteroids (section 4.4). 
1 

Results presented here suggest that thyroid hormonE' effects on hepatic 

a'drenoceptors do not occur because of corticosteroid deficiency in 

hypothyroidism. However, the possibili ty 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 mechanism relates to the apparent effect of 

thyro1d hormones on the developmental state of the tissue. Adequate thyroid 

funct'ion is necessary for normal, growth and differentiation of many tissues 

(Gr~enberg et al, "1974) as are glucocorticoids~ HepatIc beta receptors are 

rel~ tive~y mo~e important in young rats and there is an apparent shift in the 

predominant hepatic adrenoceptor from alpha to beta after partial hepatectomy, 
\ 

exposurc to hepatocarcinogens or in hepatocytes maintained in primary culture 

(see section 4.4). The similarity between these situations and the hypotllyroid 

rat model suggests that the presence of thyroid hormone may be required to 
\ 

~ 

rnaintain tlle state of differentiation of the tissue. When thyroid hormone is , 

removed the hepatocyte may revert to a .léss weIl differentia ted form in which 

the beta receptor contribution is more significant than in the normal adult 

animal. 

An' effect of thyroid ,h6rmone directly on the tissue could influence 

adrenergic rep?nsiveness by an action on the receptor site or sorne post-reeptor 

event. The loss of bcta receptor activity in fat cells from hypothyroid ra t8 

provides an example or" the latter (see section 1.2.3); the ['efractorincss of 

adipose tissue to adrenergic stimuli was due in part to an increase in cAMP 
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p~osphodiesterase (Armstrong et al. 1974) und possibly also n 108s of coupling 

between the betn receptor and adeny11ilte cyclase (Fain 1981). In the present 

experiments the increased beta and decreased alpha receptor responsiveness are 

accomponJed by an increase in bda and decrease in alpha receptor binding site 
o • 

densities. Althdugh this is the most like1y cxplanation for the altered tissue 

responsiveness th.e 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 lIver? 

Thyroid hormone receptors have been described in a nùmber of sub-cellular 
, 

struc\ures including the plasma membrane and the nucl~us (Sterling 1979; 

BernaI and DeGroot 1980). There is evidence that thyroid hormone stimulates 

'protein synthesis at botl1 the level of translation and transcription (Remal and 

OeGroot 1980). Hence, it is possible that th~roid hormones may, directly 

influenceo the production of receptor protein or sorne other" gene product that 

has a reg1!la tory effect on the arll'energic receptor. If thE'se effects could be 

reproduced !D. vitro one could test the role of protein synthesis directly by the 
\ us\ of specific inhlbitors. Recall that the ernergence of beta recèptor aetivity 

in J-Jepatoeytes maintained in prirnary culture could be prevented by the addition 
\ 0 ,. 

of cycloheximide, a protein synthesis inhibitor (Okajima and Ui 1982). 

'Kernpson et al. (l978) reported chang~s in beta. receptor binding in 
\ 

cardinc\iissue incubated in vitro with thyroid hormone that appeared not to be 
\ 

dependènt on protein synthesis (section 1.2.4). Thus one could specula te that 
- \ 

a specir'ie effect of thyroid hormone at the levcl of the cell.membrane may 

be impor~ant. The incorporation or activation of cryptic recegtOl's from an 
\ . 

inactive mgembrane > or cytoplasmic pool mey be regulated by thyroid hormone 

through either a dit'cet effect on guch receptors or as a consequence of a more 
" . 

genel'ulizcd chang'e sllch as alteration of membrane fluidity (Mendoza et al. 

1977). 

Of' pnrticular }nterest with respect to possible dircct effccts of thyroid 

. , 
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hormones on adrenergic receptors is the proposaI tha t alpha and beta reccptors 

represent two forms of a single protein which can interconvert in response to 

certain stimuli such as temperature o~ 'thyroid state ({{unos 1977, 1978). 

However, in light of recent demonstrations of the existence of at least four 

types of adrenerg-ic receptors, sorne with very different mechanism for responsc 
J'Ii" L~ 

\ 

, 
. activation (section 1.2.3) this interconversion hypothesis hàs become somewhat 

strained. Wood et al. (1979) have solubilized from hepatic plasma membranes 

seperate macromolecules that have the property of binding [3 H] WB 4101 and 

(3 Hl D HA respecti\!ely, and concluded that these receptors, therefore, do not 

reside on the same maèromolecule. However, recovery of alpha receptor-like 

binding sites was low 0-5%) and may not be truly representative of the hepatic 
1 

receptor. Furthermore, as discussed in section l.3.4, the most appropria te 

ligands for identifying alpha and beta receptors in liver are unsèttled issues. 

Runos (1980', 1981) has broadened the dcfinition of "interconvel'sion" to imply 

a close functional coupling between receptors. Hence, a decrease in one 

receptor type would result in a concomitant increase in the second type ta 

which it is coupled. Such coupled regulation may be mediated indirectly by a 

thyroid hormone-dependcnt cellular signal other than the 'adrenergic receptor 

itself. Indeed, observatipns in many experimental systems have shown that in 
l ". 

many cases whcn either alpha or beta receptor activities change they do so in 
f,' 

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. Sorne of these have beén 
Q 

described above. The elucidation of the actual mechanism(s) involved in this 

regula tion will require a gr~a ter understanding of both thyroid hormone action 

and adrenergic receptor pl'o~erties. Such studies would be faèilitated by a 
,1' 

reliable in vitro model system in which thyroid regulation of adrenergic 

receptor properties can bc demonstrated •. The isolated rat hepatocyte might 

provide stlch a model. 
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, 1. The effect of thyroid hormones on hepatic ffdrenergic receptors was 

examined ·in hepatocyte suspensions prepared from euthyroid, hyperthyroid, 

hypothyroid and hypothyroid, triiodothyronfne-trea ted ra ts. 
o 
, " 

2. Experimenfs with adrenergic agonists and selective antagonists showed ·that 

. activation of liver glycogen phosphorylase in ceUs prepared from euthyroid and 

hyperthyroid rats was mediated by alpha adrenergic receptors. 

3. The induction of hypothyroidism revealed the emergence of a significant 

beta receptor contribution to this response, as weIl as an enhanced 

accumulation of cAMP in response to beta receptor stimulation. The presence 

of a phosphodiesterE.se inhibitor did not eliminate this difference. 

4. The response to glucagon, which also' activa tes glycogen phosphorylase via 

a cAMP-dependent mechanism, ,was 'not similarly affected; phosphorylase 

activa tion by glucagon was the same in hepatocytes from hypothyroid, and 

euthyroid rats. Cyclic AM P accumulation was enhanced in hypothyroid 

hepatocytes at high glucagon concentrations and this difference was maintained 

in the presence of a phosphodiestel'ase inhibitor. 

5. This emergence of beta receptor activity in hypothyroidism was 

accompanied by a decreased alpha receptor pctivity, as demonstrated by a 

suppression of phenylephrine-stimulated phosphorylase activation and calcium 

efflux from isola ted hepatocytes. 

6. Responses to vasopressin and the diva.lent cation ionophore, A23187, which 

like alpha agonists pt'oduce activation of liver glycogen phosphorylase by a 
l ' 

release of intracellular calcium, were ,not similarly affected; the effectiveness 

of vasopressin in stimula ting calcium efflux was slightly reduced and that of 

A23187 unllffected .in hypothyroid hepatocytes. 

7. Analysis of specific binding of [3 HJ prazosin, a selective alphal antagonist, 
(1 

to liver r1asma membranes revealed a decrease in the density of putative ajpha 

receptor sites in preparations from hypothyroid rats. Hypothyroidism did not 

influence the binding affin'ity of adrenergic agonists or [3 HJ praz os in ta alphal 
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receptor sites. This change was opposite to the increase in density of beta 

receptors in hypothyroid rat liver reported by others. 

" ' 8. AIl of these changes: the increased beta receptor activity, the decreased 

alpha receptor activity and the decreased density of alphal receptor binding 

sites could be returned towards normal by prior administration of 

triiodothyronine to hypothyroid rats. ' 

9. It is concluded that -hypothyroidism pl'oduces a selective and reversible 

enhancement of beta receptor activity and su~ression of alpha re~eptor activity 

in ra ~ hepatocytes. These changes are f110st likely the result of aItera tions in 

the density of receptor sites in the plasma membrane. 

\ 
~ 
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