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- onstrate and characterize the actlons of ﬁhyrold’hormones at

~ the cellular level. It was necessary to develop a cell

‘medium is described. Culture surfaces were coated with a

éhe cells in culture. The additipn 6f insulin or dexameth-'

_ lally improved the malntenance of morphology and longev1ty

ABSTRACT -
v i S

The object of the research in this’ the51s was to dem-

culture system responsive to thyroid hormones. A method for,

L]

the primary culturing of adult,rat hepatocytes in serum—free

e

film of rat tall collage;/whlch 1ncreased the longev1ty of

asone to the culture medium altergd the morphology of the

cells when compared to ?epaﬁocytes'maintained in hormone-

free medium. insulln and dexamethasone, together, substant-~

)

of the cells in culture] The addition of trllodothyronlne,
alone or with 1nsu11n and dexamethasone did not a{ter cell

morphology or longevity, - - .

Treatment of hepathyte cultures with triiodqthyrogine

in the presence of insulin and cortisol caused the concurr-
: & ’ . .
ent inductions of mitochondrial a-glycerophosphate dehydro-

ge;ase and cytos 'ic,malic enzyme which %ollow the :same
time course as/the in vivo resppnse to-triiodothyronine.
Hepatocytes isolated from thyroiéectomized rats also res-
pond to triiodothyronine wicm increased.a—glycgrophosphate
dehydrogenase activity. Because hepatocyte cultures are
only useful for short term studies (4 days), tﬁyroid hormone.

actions on other enzymes, e.g. succrnate dehydrogenase,

4 - iv ”
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not be fully characterized.: The: content of‘mitoc

cytochrome a(fa3),

-

‘3_days of t idodqthyronine‘trea}ment. Thyroid hormone effects

on glyceroli id synthesis were observed within 1 #r 2 days

-

: of trllbdothy onine treatment. The lncorporatlon of .choline

into mlcrosoma& phosphollplds was decreased by trllodothyro-
\

nine. Trllodothironlne treatment 1ncreased gl&cerol

incorporation into triglycerides but not tnto phospholipids
g

of cultured hepatdcytes. ) O\Q

\
\

Arthouéh incneases in a~g19cerophosphaté\dehydrogenase

and malic enzyme activities were observed when €riiodothy-

L4 . v . - ‘?
ronine was added to the culture medium, ‘in the pgesence of.

. | . -
insulin and cortisol/or dexamethasone, the responSe was

31gn1flcantly greater. Insulin and glucocorticoid id not
‘cause -any marked 1ncre45e in elther enzyme in the absence of

trllodothyronlne. Thyrox1ne also caused an 1ncrease\&n the

dotivities of both enzymes. ' \

|
| -

'

i The potentiation of triiodothyronine-action varfed

t

with the concentrations of insulin, dexamethasone or cort-
isol in the medium., In the presence of bovine serum%

| . . 1
albumin to prevent metabolism of triiodothyronine, h ato—

cytes showed increased enzyme activity at concentmati hs as

low as 1010y,

The ability of different steroids to potentiate

triiodothyronine~action coincided with their ability t
t

P

= g ry =
. : .
. . 1
[} . » . ,
\ .
- - .
. . ,
. - ‘

b and ¢ were increased in hepgtocytes by\\

.
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required for maximum potentiation of triiodothyronine-

action (10“7M2 also maximally' induced tyrosine aminotrans-
ferase.

lof glucocorticoids. The concentration of dexamethasoge

These results suggest glucocorticoids may act at
° . : : ’ ‘ e it s T e, .
. the nuclear level to potentiate triiodothyronine action in
v . » : —
liver cells”
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. CHAPTER 1. INTRODUCTION:

®

The thyroid hormoges, T4 ?nd T3, are remarkable for
their ability to affect the metabolism or development of
'virtuaily all tissues in the mammalian body. In spite of
the fact that the changes observed,in thyroid states, either

naturally 6dcurring or induced in laboratbry animals have

| been studied for a long time, the cellular effects and

mechanism of action of these hormones remain to be charac-
terized clearly (Wolff and Wolff, 1964; Turakulov et al.,
1975). One reason fgr‘the difficulty in examining the

actions of thyroid hormone at the.cellﬁlar level has been
t \—

the” lack of tissue culture systems for definitive stugies

(Samuels et al., 1973).

v

In the past few years and during the course of these
, -~
- studies, much new information and new concepts on the
) EN .'f"i'.A'-_ . -4
actﬁgpé 6f-thyroid hormone have been published. My research

- has‘sought té“investigate what the direct actions of thyroid
hormone are on cellular processes in a defined tissue culture
system, primary‘Eﬁltured hepatocytes. Because of the rapid
developments in both areas of research, hepatocyte cultur-

ing and thyroid hormone research, the focus.of my studies

evolved to take advanﬁage of the recent information in the

~ c

literature. .In particular the involvement and interactions

A\l

of other hormones on the cellular actions of T3 were exam-

ined.

= -

In the rest of this introduction I have discussed con-

i

-

I o
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its conversion to the more active T

o

I

v '

, . . #/

cepts‘ogithyfbid hormone action emphasizing mammalian effects
LI \ . .'

and incfluded very recent developments, \in order ﬁa provide

the bacRground intowhich the research in this thésis fits.

) P
1l.1.1 'Mechanism of Action and Cellular Effects
For information on the history, synthesis, secretion

and’ catabolism of the thyroid hormones, the reader is

referred to the comprehensiéé text The Thyroid (Werner and

4 ‘.

Inébér, 1978). T4 is the predominant secretory product but

; largely determines the
) )

biological effect§/(Lar§en and Frgmess, 1977; Cho%ra et al.,
1978; Silva and Larsen, 1978). )

One of thevgép&iest reéognized actions of thyroid
hormonés was the calorigenic ;ffect (Barker, 1964). Since
mitochondria are the major site of oxygen consumption in
the cell, they were centered upon by researchers as the
most likely target bf hormone action. Additions of largé
concentrations of T, (lO—SM) to isolated mitochondria results
in uncoupling of oxidative phosphgrylation which was g

-

assumed to explain increased oxygen consumption (see review
by Turakulov et al., 1975). However, oxidative phosphoryl-
ation is tightly coupled in vivo irrespéctive of the e

thyroid status of the animal (Nishiki et al., 1978). 1In

-another repg;t Primack et al. (;9715 repdrted that thyroid

_hormoneé at concentrations about lQ-SM stimulated protein

a

synthesis in isolated mitochondria. ' Again, -this in vitro

+

action has been shown to be unrelated to the ig vivo actions

.
D T T T - -~ -~ e e - —




of thyroid hormones on the basis of e time course of
\/
action and concentration requirements (Gordon et al.,1973).

Ismail-Beigi and*Edglman (1971) proposed that increasedﬁg

activity of Na'K ATPase py’ﬁbéfreatment ig'vivo is the ATP

utilizing process responsible for the calorigenic action.

De novojsyﬁthesis of Na'K'ATPase is stimulated by thyroid

hormones (Lo and. Lo, 1980). Sestoft (1980) disagrees that,
\

Na+K+ATPase plays a dominant role in thyroid hormone-induced

-

calorlgene51s and reviews evidence that increased oxygen

consumptlon is due to futile cycl ng/of free fatty acids
into trlglycerldes. Increased syAthe51s and oxidation of
fatty acids in the hyperthyroid state may also contribute
to thyroid hormone~induced calorig nésis (Fain, 1980).

It was realized in some inst nces (e.g. hepatic
mitochondrial a-glyce%ophosphate dghydrogenéée and cytosolic

|
malic enzyme) that the activities of enzymes are increased

by thyroid hormonesdué to the induétion of newuenzyme\pro—
tein (Tarentino et al., 1966; Murphy and Walker, 1974).
Slnce thyroid hormones 1nfluence growth and development, it
followed that the many actions of these hor;\hes might be
explained by regulatioﬂ'of the synthesis of ce11ular con-
stiiuents. The time éourse of the_various responses of
thyroidectomized .rats to an injection of\T3 demonstrated
that the earliest observeé effects included labelling of
nuclear RNA and increased activity of RNA polymégaées,,
;uggest?ng control at the‘gene level (Tagf, 1969{. .High
caffinity, %imited capacity T3—binding sites were identified

I \
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\
in the nuclei of rat liver and kidney cells (Oppenheimer et
al., 1972). Considerable evidence has now accumulated that

supports the view that these sites aﬁé‘ihe true receptore

responsible for the initiat%on of thyroid hormone action

(Oppenheimer and Dillmann, 1978; Oppenheimer et al., 1979).~

-~

Other broposed mechanisms}of action of thyroid hormones
involve stimulation of mRNA translation (Carter et al., 1976)
and incorporation of iodothyrohines into proteinstYDratman
et al., 1970). : s

Thyroid. hormones play an 1mportant role 1n mltoehon—
drial blogene31s (reviewed by Wooten and Cascarano, 1980)

Most mltochongrlal proteins are coded for by nuclearoDNA

but some of the proteins increased by thyroid hormones such_
AR
as cytochrome b and subun;ts of cytochrome c oxidase (Roo&yn

‘et al. , 1965; Nishiki- et al., 1978) are codﬁg for by the 7
wmltochondrlal DNA (Milner, 1976; Tzagoloff et al., 1979).
The assembly of mitochondrial enzyme complexes is ,dependent ,

upon the cooperatlon between the mlto[hondrlal genetlc

‘sys;em and the nuclear system (Freedman and Chan, 1978).
Thus, \the abjlity of thyroid hormones to regulate mitochon-
drial biogenésis may yet be explainefl by actions at: &he

nuclear level regulating the mitochondrial genegic”system.
' N v
High affinity, .low capacity binding of thyroid hor-
. "
mpnée to a 1i§oprotein of the inner mitochendrial membrane

isolated from rat liver has been }eported (Sterling et ‘al.,

-

1978). Direct activation of mitochondrial energy metabolism
e . M .

via this putative receptor would explain rapid hormone
[
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actilons independent of protein synthesis (Sterling et al.,

198¢). Corroborative evidence is so far lacking as other

researchers have been unable to find specific mitochondrial

T3—binding sites in vivo or in vitro (Greif and Sloane, .

1978) .

H Actions and developméntal‘effects of thyroid hormones
that are explained by enzyme induction or increases in
protein synthesis aré surveydd below. Different mechanisms
oﬁ stimulation of general protefn‘synthesis have been pro- ’
posed to explain the role of tthoidfhormoneé in brain ___

development (Sokoloff, 1977, Valcana and Eberhardt, 1977).

—

’

assembly by controlling the levels of a promoter of micro-
tubule polymerization "(Fellows et él.} 1979). Increased

levels of lysosomai proteases in hyperthyroidism or

thyrotoxicosis account for increased protein catabolism

-

(DeMartino and Goldberg, 1978). The levels of lipogenic .

enzymes such as fatty acid synthtase, NADPH denerating
. .e-s‘., PR

7 : . . : . :
enzynles and fafty acid elongation enzymes are 1ncrea§Fd by -

_thyroid hormones (Roncari and Murthy, 1975; Gmoni et al.,.
1978; Mariash et al., '1980). fhe cholesterol synthesizimng =~
enzyme, hydroxymethyl gluta{yl-CoA‘reducégsé is 'induced by
thyroid hormones (Lakshmanaﬂ et al., 1975; reviewed by .
Eberhardﬁgég al., 1980). At the same tiﬁe thyroid hormoﬁes
increase the levels of lysosomal acid lipases responsible
for lipid degradation (DeMartino and Goldberg, 1978; Coates

et al., 1979). Thyroid hormones regulate the expression of
ec a’. % s A ;

X
AN

. - - K *
More specifically, thyroid hormones may regulate neurotubule

-
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the gene for growth hormone (Coulombe et al., 1978). Many
in vivo effects of the thyroid hormones on growth and devel-
opfient are attributed to the stimulation of growth hormone
production (Krane and Goldring, 1978a).

Another mechanism by which thyroid hormones act is by
altering the response of certain tissues to catecholamines.
The actions of thyroid hormones on the cardiovascular system
include tachycardia, increased contractibility, glycogenoly-
sis and lipolysis. These effects are mediated by an increased
sensitivity to catechotamines caﬁsed by an increased number
.0of B-adrenergic recep%brs (kempson et al., 1978); Thyroid
hormones increase receptor levels by rapid post-translational
events and long term transcriptional-translational events
(Kempson et al., 1978). In the case of bone resorption,
thyroid hormones are_thought to increase the response to
catecholamines by inhibiting phosphodiesterases which

S

degrade catecholamines' secondary messenger, cAMP (Krane
9 ,

and Goldriqg, 1978b) .

]
[}

1
The-effects of thyroid hormones on carbohydrate met-

abolism are complex in that opposing metabolic pathways are

- éﬁtivated. Baquer et al. (1976) suggest that increases 'in

£

CAMP afd ccMb phosphodiesterases which occur in hypothy-
roidism, depress the response to hormoﬂes such as epine-
phrine, glucagon and insulin which éct via secondary
messengers ¢cAMP and c¢cGMP. Thus, batﬁ\anaQolic and catabolic’

pathways are depressed in the absence of thyroid hormone.

In summary, evidence exists for multiple mechanisgms




.

of action of the thyroid hormones including direct activat-
ion of‘cellular brocesses, modulation of the action of other
hormones and coritrol of gene expression,
{;1.2 Thy;oid Hormone Action in Tissue Culture

Because of the involvement.of other hormones, tissue
interactions;aﬁd the complsxity of metabolic regulation,
in vivo studies ére unable.to define clearly thé primary
actions of the thyroid hormones. Tissue culture systems
have the potential to solve many of the problems associated’
with in zizg studies since a homogeneous cell population
can be studied in a defined envirommént. Much effort has
been put into develpping culture systems that,retafﬁ differ-
eptiated properties and can respond to or a{e dependent upon
hormones (MacIntyré, 1974). Finding cultured cells that
will respond to the thyroid hormones has been particularly
difficult.

Some actions of thy;oid hormones exhibited in culture
systems that require high concentrations (lB—SM)~include

. ’
growth inhibition of human cells from fetal lung and kidney

(Leslie and Sinclair, 1959) and increased glucose and lactic

acid production in chick embryo fibrobladts (Halevy:.and

Avivi, 1960). These same actions of tiyroid hormone have

been described An human\fibroblasts (Ydshizato et al.,

1 line of humah kidney cellt (T or

ations of 10-5—

1980). A heteroploid ce

T+l cells) respond to T4 oX\T

10"7M with increased plating efficiency and changeé in the

/



cell cycle, protein and’nucleic acid synthesis (Siegel and

Tobias, 1966; Burki and Tobias, 1970). 7

-~

A cell line, GH, , initiated from a rat pituitary glands
tumour was ghe first cell system shown to responé to physio-

logical levels' of the thyroid hormones. T4 and T3 decrease
N \.

the doubling time, iﬁbrease glucose utilization, stimulate -
de novo synthesis of growth hormone and 1nh1bit production

\

of prolactin in GH1 cultured (Samuels et al., 19737 Samuels

’

and Shapiro, I§76). Other researchers have confirmed that

-

thyroid hormones regulate the productidn 6f growth hormone

N v

in related rat pituitary cell iines, Gﬁg (Ivarie et il;'
l98Q) and GC cells (Martial.et al., 1977). .In all these
cell lines; thyroid hormones induce the synthesis of pre-
grgyth hormone mRNA byﬂbinding.to specific nqplear receptors
(Samuels, 1978; Latham et al., 1978). ° .
-»oIn enother rat'pituitary tumour cell line GH3/C14

thyroid hormone€s are required for in vivo estrogen-dependent

\

PRI growth but when the cells are cultured in vitro, thyroid b

hormones are directly mitdgenic (Sorrentino et al., 1976

-

-

Kirkland et al., 1976). " )

’ Tissue culture systems originating from chick emﬁryos
- i, o

have been very.usefulfin the study of thyroid hormdnes. In

. R * K .

»

/ chick emidryo heart cells, T3 (lOdgM) stimulates deox;glucose
. o - e ’ .
. uptake:'an effeog which is partly insensitive to transcrip-'
tion or transl%zion‘inhibitors (Segal et al., 1977; Segal

and Gordon, 1977). Lipogenesis in chiék embryo liver cells

N

..
4 ar

in prinary culture is(gegulaﬁed by T, (Gogdridge. et al., .

~ .
~ . . .
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.

1974). Malic enzyme is induced by T3, and insulin, whith
. P

- has only a modest effect alone, potentiates‘théiresponse to .

-~
W%y

.~ . L

T,. (Goodridge and Adelmap, 1876). >

s

Ty stimulates the uptake of 2~deoxyglucose and 3-0-
AN ‘ - & ..
methylglucose by a‘mechanism that does not require protein

synthesis in isolated raf’thymocytes KSegal'épd Ingbar,

-

1979), -

o 1
. te &

Synthesis of myelin»associéfgd lipids is regulated by

thyroid hormones in cultures of .dissociated hrain cells

"

from embryonic mice ‘(Bhat et,al., 1979).°
During the course Qf the studies in this thesis, &

: L. > v

few reports on the action of T3 in isolated or ‘primary

. ~ LN

cultyred rat hepatocytes have appeared,’ In_isoiated“hepa—-

tocytes, the level of extfactgblevlactate dehydro&enaseﬂis .

increased by, three hérmoness iﬁsdﬁin,'glucaggn éﬁd T3 o7
(Suleiman and Wéstling, 1979) . Glucokinase is induced by
. & Y s .

<

L

insulin and dexamethasone in primary cultures from a

euthyroid rat.but cultures derived f{bm'a thyroidectomized
e - ’

»

rat must be- preincubated with Ty
. ' 2

before such glucokinase
inductions are observed (Spence_andqgitot; 1990). A

0
.
[

similar phenomenon occurs with the regulatioff of glutamine
vt N .

® v o . N
synthetase where T, reinforces-stimulation by growth hor-

3
morie ‘and dexamethasone, (Gebhardt and Mecke, 1979b). ~In'~

“ . v

’, I . . - 0 3 h
anhother report, addition of T3 to primary,K cultured hepato-

. -

- [y
+

cytes from a thyroidegtomized“rat'resdlts in an. increase in
oxygen consumptionJ'NafKtATPase'ang a~glyceroplosphate

deh&drogenase activities (Iémaii"Beigiﬁgijgi., 1979). .

- r «
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In summary, studies'on the control of growth hormone

production in rat'pituita?§'cell lines and induction of

. malic enzyme in cultured chick hepafécytes have provided
: . much information on the nuc%éar ihitiation of thyroid hor-
L . mone'ﬁbﬁién. EE‘XEEEP studies with isolated ceils have
. . given direct evidence that glucose uptake is stimulated by
. extra:nuciear action. Other cell culture studies Qemonstrate

’ that other hormones may inte;aEt with thyroid hormones at

£

the cellular level. N
& _ )
The research ﬁ}ﬁsented in this thesis takes tissue

] I
culture studies of thyroid hormone action a step forward ) -

.
i
|

A7
B

' through the uie of a completely defined system and critical

examination of hormone concentrations and interactions.

~
~ -

o aren

Each chapter includes its own introdgction, methods, results
- 4
and discussion of a particular aspect of this problem.




CHAPTER 2. PRIMARY CULTURING OF

- ADULT RAT HEPATOCYTES

e
v

2.1 INTRODUCT ION

Experimen?s with t?f rat pituitgry\cell line, GHl’
gave the first demonstration that cultured mammalian cells
could respond to physiological levelg of thyroid hormone in
vitro (Samuels'gE gi.; 1973). 1In rat pituitary cell lines,
the transcription of the gene'fpr growth hormone is \\ -
regulated by specific binding of T3 to nuclea{ receptors
,(Samuéls and Shapiro, 1976; Seo et al., 1977). These cell’
lines ha;e been exéensively studied in the past few years
as a model syﬁtem for hormonal control of gene expression
(Samuels et al., 1977, 1979a, 1979, 1980; Martial et al.,
1977; Eberhardt et gi., 1980; Ivarie et al., 1981).

The control of pituitary hormones in vivo and in
.vitro is a tissue-specific action of thyroid hormones. 1In
other tissués such as liver, kidney 0and heart, thyroid o
hormone has a more general effect increasipg the aétivfties
of many enzymes (Wolff and Wolff, 1964). I;'order to
study such regulation qf enzyme activity at the cellular
level, a method of culturing adult rat hepatocytes was
developed. The reason‘fog using prfmary cultures of liver
cells were: 1) in comparative studies, responses of
enzymés in liver are greater than ip other tissues

following th&administration of thyroid hormomnes in vivo

(Wolff and Wolff, 1964; Lee and Lardy, 1965); 2) perma-

! , T
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nent cell lines established from liver or hepatomas retain
only a few differgntia??d fhnqgions (Thompson et al., 1966;
Potter, 1972; Bissell et al., 1978; Pitot and Sirica, °
1980); 3) primaf& cultured hepatocytes carry out méhy
liver-specific functions and are responsive to hormones
‘(Bissell et al., 1973; Bonney et al., 1974; Michalopoulos

°

and Pitot, 1975).

A

Liver parenchymal cells are functionally ﬁetéro—a
geneous QJungermann and Sasse, 1978). Since primary
cultures of rat hepatocytes are mass cultures, they are
thought to be more representative of liver tissue‘ﬁhan cell
'lines or long term cultures in which selection of certain
cell populations has océurred gLaisﬁés and\Wi;liams} 1976a;
Bonney et al., 1974; Gerschenson "and Thompson, 1975).'

" The isolation of adult rat hepatocytes by methods
involving in vivo perfusion with collagenase has become
routine, (Berry and Friend, 1969; Fry et al., 1976; for
reviewsysee Wagle, 1975 and Seglen, 1976). OFreshly iso-
lated hepatocytes have'been extensiveiy‘QSed for sh;rt term
studies (Sungler'and Akesson, 1975; LeCam and Freychett,
£977; Katz et al., 1979%; for reviewisee Seglen, 1976).
Primary cultures of rat hepatocytés are required if
thyroid hormone action is £o be studied since many in'vivo
actions involve a long lag time. A maximum response to a
single dose requires 2-4 days (Tata, 1969).

The development of the method for primary culturing

of adult rat hepatocytes used in these studies involved the

12




5,
R

~

trial of numerous modifications 'of perfusion and culture
techniques. In this chapter the method is detailed and
certain critical steps are discussed. The properties of

hepatocytes in different culture conditions are described.

2.2 MATERTALS AND METHODS

2.2.1 In Vivo .Perfusion and Hepatocyte, Isolation

Male Sprague-Dawley or Wistar rats (200-300 g) were
obtained from Canadian Breeders (Montreal, Quebec). A rat

was anesthetized by -an intréperitoneal injection of

Nembutal ®, 0.1 ml 6% .solution per 100g body weight (Abbott

" Laboratories, Montreal, Quebec)l Clippers were used fo re-
. .

move hair from the abdomen and chest areas. Operative pro-

cedures aré based on the standard procedures for in situ

liver perfusion (Ross, 1972) and were carried out in a
Aﬁgrizontal laminar flow hood under sterile conditions.

Thé anesthetized rat was placed on an.operating-plat-
form above the level of the roller pump (MHRE.100, Watson-
Marlow Ltd.) and a 39°C water bath containing tHE perfusion
media. Tubing was sterilized by running through 80% .
ethanol and then sterile water. The surgical area was
ﬁiped with a%cohol. The abdomen.was opened and the po;tal
vein exposed. &Loose ligatuxe§ were placed, one afoung the
g%nferior vena cava above the renal vein and two around the
portal vein about 5 mm apart. The more distal ligature

around the portal Vefﬁswas tied off. The portal vein was

nicked with scissors between the iigatures. A cannula of

’
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polyethylene tubing was inserted into-the nick and secured
in place by the second ligature. Perfusiﬁﬁfﬁas started
immediately with sterile EGTA-Washout Medium (39°C)
containing 0.5 mM EGTA in Ca2+ and §g2+ free Hanks'
balanced salt solution buffered with 50 mM Hepes, pH 7’2ﬁ

-

at 8 ml/min (William et al., 1977). Escape of the perfusate

/

was allowed by nickihg the inferior wvena cava below the -~
renal vein. The chest cavity was opened and the thoracic
inferior vena cava was cannulated by puncturing Fhe right
atrium with a sharp piece of polyethylenée tubind/and the
tubinglsecured in place by a ligatureu The subéepatic
inferior wvena cava‘waé tied off and flow diré ted tﬁrough
the outflow cannula dn the thoracic inferior/&enq cava.
The flow rate was increqsed to 30—46 ml/min éhd let run to
waste until all blood was flushed from&lhe.l}V¢r.

Collagenase Perfusion Medium was prebared quore the
;operatioﬁ by adding coilaggnase k45 U/mlL‘Type IV,\éiqma

. . N

Chemical Co., St. Louis, Mo.) to L-15 mediﬁm (Flow \\
Lahoratoried, Mississauga, Ontario) supplemented with 5.5 ﬁM\
glucose, 5 mM/Ca2+( aﬁtibiotiés (100 U/m} penibi;lin G and
100 pg/ml streptomycin sulfate) and 50 mM Hepes, pH 7.4.
*The Collagenase Perfusion.pedium wés sterilized by filtra-
éion (Nalgene®, 0.2yn) and placed in the 39°C water gaph. )
- Perfusion of the liver with collagenase wés'begun at

30-40 ml/min and allowed to-run to waste for approximately

1 min before recirculation was started. Over the 10-12 min ~

; APt e &



At

-

perfusion period the flow rate was decreased to 20 ml/min

-

t

(Williams et al., 1977).
The liver was excised and placed in 40 ml of 'Collagen-

ase Perfusion Medium (4°C). Cells were dissociated by 'comb-
ing' the digested liver using sterile forceps and a dog hair
comb (Laishes and Williams, 1976a). The cell suspension was
filtered through gauze. Parenchymal cells were isoléted
from debris and other cg;l pypes'by 4 centrifugations at
50-70 x g for 2 min each, resuspending each time in 4°c
Washing‘Medium (1L-15 medium, S.S_mM glucose, antibiotics,
10 mM. Hepes, pH 7.4, and 1% fraction V BSA (Sigma) (Bissell
et al., 1973]. :

‘ Viability of the parenchymal cells in Washing Medium
was determined by exclusion of trypan blue. frimary cultures

were initiated by inoculating 105 viable cells/0.2 ml warmed

'medium/cmz culture area (Tanaka et al., 1978). Details of the

culture media and conditions are described for each experi-

ment. All hormones were purchased from the Sigma Chemical Co.

\ 4 Ty

2.2.2 Preparation of Collagen-coated Tissue Culture Dishes

Two or three rat tails were dissected to give

0.5-0.8 g of collagen fibers (weighed 1/2 h after dissection).

A collagen solution was prepared using the method of
Michalopoulos and Pitot (1975). -This solution was poured
through gauze into 50 ml Falcon tubes and centrifuged foﬂu
10 min at 3000 x g maintaining sterile conditions. The

supernantant was stored at 4°c.

4
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\Culture surfaces were collagen-coated as de;cribed by
Michalopoulos and Pitot (1975). ‘Tissue culture flasks
(75 émz, Costar or Falcon), sterile plastic petri dishes
(56.7 cm2) or 4 well Linbro ® plates (28.3 cm%) received
1.0 ml of collagen solution per 25 cm2. The plates were
dried at 55°C for 24*h'and‘rinsed with 0.1 M phosphate

-~

.buffer containing 2 mg/l phenol red.

2.2.3 Determination of Cellular Protein or DNA of' the

Inoculum and Monolayers

N~ .
The volume of the initial hepatocyte suspension used

as inoculum was mixed with 2-3 volumes PBS- (4C). Cells.,
were pelleted by centrifugation at 500 x g for 10 min and
suspended in a known volume of PBS-.

. In order to harvest the hepatocyte monolayeré, the

médium was asplrated and the monolayers were rinsed with
PBS to remove una?%ached cells. Cellular material was

scraped off the culture surface using a rubber policeman
&
into PBS~ (4°C) and: treated the same way as the inoculum

sample.:

.

An allquot of cellular ‘material was incubated for 30
{

min at. 37°C w1th an equal volume of 2N NaOH and proteln
determined (Lowry et al., 1951). Sodium/citrate was used

instead of tartrate and crystallized albumin was the stand-
d L

If DNA was to be determined, a 0.5N HClO ~extract was

ward.

prepared fﬁﬁé an aliquot of the cellulégﬁmaterial by

16
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incubating .at 70°C for 20 min. The DNA content was deter-
mined by the method of Burton (1956) using diphenylamine

reagent without H

Y

2SO4. Calf thymus DNA was used for

standards. ‘ <

LT | ’///—‘wa‘

2.3~ RESULTS

2.3.1 Effect of Dissociation Method on Initiating Cultures

E)

The plating ability of the cells was exXamined follow-

ing two different methods of dissociation of the cells from )

the digested 1iver.‘ One method was that described in o
Materials and Methods in which the excised liver wa§7placed
%n 40 ml collagenase perfusion medium (4°C). In the otherl
methéd the excised liver was placed in 40 ml of collaggnaée
medium at 37°Cf broken up and incpbated at 37°C for 15 min
(Bissell et al., 1973). Dissociated cells from either '~
ﬁethod were then purified by low spéed centrifugation.

The plating ability of the cells was determined
indirecfly by measuring the ?umbér\of_viable,and non—v;égle

' 3
cglls that were unable to attach after 1.5 h and were thus\

‘floating in the medium (Table 1l). Fewer viable.cells were

~

‘present in the medium after 1.5 h following dissociation by
, o
the 4°C method than the 37°C preincﬁbétioﬁ,\ This indicates
‘that ;hé ability of viable cells’to attach was greater for
hepatocytes isolated by the 49C method and visual observa—\
tion of the tissue culture plates confirmed this. The
difference between methods cannot be accounted for ﬁy a
greater loss of viabiiityaover the 1.5 h period sinée the

L~

~
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tgtai number of celf; as &e}l as the number of viable cells
unattached was also less following 4°C dissociation.'4Fol—
loﬁing dissociation by 37°C preincubation, especiaily at
higher inoculum numbers, it was observed that a ‘large
number of viable cells representing a substantial percent-
age of the inoculated number waé unable to attach. Follow-
ing both methods~of dissociation, the percentage of Qiable

cells unattached at 1.5 h increased when the number of '

¢

cells inoculated was increased.
The purification of parenchymal cells by low speed

centrifugation is shown in Figure 1. The initial cell sus-

pension (A} contained large parenchymal cells, cellular

debris and smaller non-parenchymal cells. ‘During the

centrifugation steps, the large parenchymal cells were
‘pelleted while the non-parenchymal cells remained in the
- supernaiant (rl. Almost no non-parenchymal cells could be -

observed in the final parenchymal cell preparation (C).

P ]
. ~ 1y ,
\

2.3.2 Effects of Different Culture Conditions on Monolayer
l-‘/ .

7

SU{vival-~

At the time these culture methods were developed,

-~ ]

other workers had consistentl§ reported that se;um/ﬁés

. especially important for atgéchment and culturing of hepa-
tocytes (Bissell et al., 1973; Bonney, 1974; Laishes and
Williams, 1976a). Following along the same lines, the.

survival of hepatocytes plated in medium containing 10% FBS

and maintained after 2 h in medium containing 2.5% FBS, rat

-

-
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FIGURE 1

>

/ ’ <
. INITIAL CELL SUSPENSIONS

-
-

Hepatocytes were isolated as described in Materials
and Methods. - A - Initial cell suspension prior to low
.speed centrifugation; B +~ Supernatant of the first centri-
- ®fugation step; C - Final suspension of purified parenchy- -
mal cells. ‘Size bar represents 0.lmm.
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. _ the first 50 h was the samé as for the hepatocytes examlned

" plating or culture surv1val (Flg. 3A). ) When serum~was'

"grow1ng surface ‘No dlfference in survrval of the mono-

' surv1val (measured as cellular DNA) of the monolayers overjf

ﬂln Fig. 2A.  Hepatocytes cultured on collagen substratum R SR

were examined‘ Increa51ng the glucose., concentratlon from

H . * ;
serum or heat inactivated rat serum for 3 days was examined -

‘(?ig 2A).~ .On the baSlS of cellular proteln, approx1mately

70% of- the inoculated he atocytes were able to attach - "

,e »

'Durlng the period from to 26 h, the parenchymal cells | .

'flattened and formed a partlally confluent monolayer of

»

epithelial—shaped cells. A substantial.loss of cells (40% B
: h )

ofﬁinoculum)'occurred. Between 26 and 50 h the monolayers

-~

appeared stable and little loss of cells occurred. After

SO'h the monolayer ceased to exist ~as the hepatocytes i

aggregated 1nto balls of cells which dld not adhere to the

l‘xgr cudtures -as measured by cellular proteln conld be

I
observed between hepatocytes malntalned in medium containn

’

»ing the different sera, ) N Ly Coe

. -~ N N R
“t

“Survival of hepatocytes plated and maintained in;a

medium containing 2.5% rat serim and cultured on collagen- . '

coated surfaces was examined (Fig. 2B). Thé“plating and " ¢

- -

. PR Red -

(Fig. ‘ZB) survived better after 50 he From 26 h to 122 h
the monolayers contalned eplth%llal shaped cells and lost

]

only 20% of inocylated cellular DNA. o a0

The effects of further changes in,medium composition

‘5., 5 mM to 10 mM or addlng 1 mM Succanate dld not affect

-

. . : A
N . 1 e
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*.film of ‘coll

- FIGUR@ 2

. EFFECT OF SERUM AND COLLAGEN SUBSTRATUM
* "ON MAINTENANGE OF HEPATOCYTES IN CULTURE

- .
PP
< -

Hepatocytes were isolated and plated as described in
Materials ‘and M&thods. The culture medium consisted of L-15
medium, 5.5 mM.glucose“antlbldtlcsand lO mM Hepes (pH 7.4)
plus serun. tain
2.5% rat'se (O—~0) or 2.5% heat- 1nactIvated rat serum
(a=2) . JResults are. expre§sed as the % of inoculated cellu-.
lar protéinﬁ .Z) Tissue -culture flasks were coated with a

n as describéd in methods. Cells were plated
and maintained in medium” containing 2. 5% rat serum. Results
are- expressed!as thé % of inoculated cellular DNA.
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FIGURE 3
EFFECTS OF MEDIUM COMPOSITION AND HORMONES

——— ’ ON MAINTENANCE OF HEPATOCYTES IN CULTURE

ER

Hepatocytes were isolated and cultured on collagen-
coated surfaces as. described in_Materials and Methods. The
survival of hepatocytes in culture was determined by measur-
ing the amount of cellular DNA attached to the culture
plates exressed as a % of inoculated DNA. A) Hepatocytes
were plated and maintained in,L-15 medium, antibiotics,

20 mM Hepes, 10 mM TES and 10 niM BES, pH 7.4,°with the
following additions: 5.5 mM glucose and 2.5% rat serum
(0—©°); 10 mM glucose, 1 mM succinate and 2.5% rat serum
(v—o); or 10 mM glucose and 1 mM succinate (®—e). B) Hep-
atoCytes were plated in medium consisting of L-15 medium,

10 mM glucose, 1 mM succinate, antibiotics, 20 mM Hepes,

10 mM TES and 10 mM BES, pH 7.4. Control cultures were
maintained in the medium used-for plating (e—e). After 2h,
test cultures received medium supplemented with 1.54 x 10~6M
T4 (6—2), 160-6M insulin and 10-/M dexamethasohe (W—®) ov

10-6M insulin, 10-7M dexamethasone and 1.54 x 10-6M T3
(A—A) .
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omitted from the medium%#wzamount of cellular DNA (reflect-
ing number of hepatocytes) which attached was decreased
slightly. The shape of the survival curves of hepatocytes
in serum-free versus serum-containing medium differed in
two respects. First, over the first 50 h there was less
loss of material from cultures maintained in serum-free
medium. Secondly, between 50 and 74 h there was a decline
of cellular material in the cultures not seen in ‘serum-
maintained hépatocy}es such that after 74 h the survival of
hepatocytes was similar in both culture conditions.

The effect of hormones on the maintenance of hepato-
cytes in culture was examineq (F%g. 3B). Confrol cells
were maintained in serum= and hormone-free medium used in
Fig. 3A. The shapes of the survival curves for the same
condition (Fig. 3A vs. Fig. 3B) were similar but the per-
centage of .inoculated DNA in Fig., 3B was ‘greater throughout
tHe culture period. -The addition of T, after 2 h neither
improved nor impaired the ability of hepatocytes to remain
in culture. Addition of insulin and dexamethasone after 2

h markedly improved the survival of hepatocytes in culture.

Without more‘detailed experimentation, it is impossible to b

tell if the rise in percentage of imoculated DNA over the
2-26 h period was real or reflected experimental variability.
Although hépatocytes maintained in insulin and dexaﬁétﬁasone
underwent a decline .in culture‘survival between 50 and 74 h;
after 74 h almost no further loss of cellular material

occurred. The addition of T3 as well as insulin and
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2.3. 3 Morphologynof CuItured Hepatocytes : ) __”./- i;;-

i

Phase contrast photography was used- to follow the

changes in cell morphology w1th't1me in culture (Fig: 4)

- PN -
P

R

--

1nto groups of polygonal cells A partlal monolayer formed

as cells continued to flatten and groups of ce115'301ned /
into cords. The polygonal shape of cells was retalned |
throughout'the culture perlpd_rn_cultures receiving medium
supplemented with inshlin'and dexamethasone.

cultures maintained in hormone-free medlum exhibited

Hepatocyte

elongated cells w1th ragged edges by 74 h 1nstead of the

polygonal shaped cells observed up- to 50 h.u S

LY

The appearance of the hepatocytes in culture varied

depending on the hormone or,hormones present in the medium.
L 4 . .
Photographs of .the cells.,after 74 h in culture illustrate

the differencés in morphology (Fig. 5), Briefly, hepato-
’ - ' .. :

cytes maintained in hormone~free medium exhibited elongateq

+

shapes (A). Insulin supplementation resulted in ceIls with

broader cytoplasm and.@enser monolayers, but thexcells were

somewhat elongated with ragged edges (B). As in‘the‘time

course (Fig. 4), the polygonal shape of hepatocytes was

observed in the insulin and dexamethasone condition ().

Dexamethaséne supplementation resulted in sparse cultures

with more rounded cells (D). In general, the additions of

T, to the mediym in the absence or presence of one‘'or more

o

3

T



FIGURE 4

.~ MORPHOLOGY OF HEPATOCYTES IN CULTURE

Hepatocytes were isolated and cultured on collagen- |

,\ . goated surfaces as described in ¥aterials and Methods. !
Cells were plated in the medium used in Fig. 3B containing L

~ No Hormones. After 2 h, cultures were maintained in the ' i

same medium or the medium supplemented with 10-6M insulin
and\lO'7M dexamethasone (Insulin + Dex.). Phase contrast.
photographs taken at 24 h intervals after plating show the
morphological changes with time.

By

-




No Hormones Insulin + Dex.
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FIGURE 5

EFFECTS OF HORMONES ON CELL MORPHOLOGY

-

-

Isolation and plating procedures are described in
Fig. 4. Phase contrast photographs show the appearance of
hepatocytes maintained for 3 days in medium supplemented
with different hormones after 2 h. A - no hormones; B -
10-6M insulin; C - 10-6M insulin and 10~7/M dexamethasone;
D --10~7M dexamethasone. E, F, G, H are the same hormone
conditions as A, B, C, D respectively plus 1.54 x 1070M T,







-~

hormones (E,F,G,H) did not alter the morphology.
Occasionally, cultures with Ty and dexamgthasone contained
larger éroups of ‘cells with somé polygonal appearance wheﬁ
compared to the dexamethasone condition (D). -
2.4 DISCUSSION Lt . ‘

The liver perfusion method uséd in these studies was
paéterned very closely after that of Williams EE\EL' (1977) . ,
The reason for the twé—step procedure has been described in
detail by Seglen (l9i6)f Although the perfusion buffer§ of
Bissell et al. (1973) were tried initially the use of EGTA
in the washogt perfuszbn and culture medium supplemeﬁtéa |
with extra Ca2+ for the collagenase éerfusion were adopted
to improve yields of\cells (Seglen, '1976; Marceau et al.,
1977).

Low speed cenfrifugationh(50—70 X g) removed most of
the subcellular debris and nonnparenchymal=ceiis. Tﬁis
type of purification of parenchymal>liver‘cells has been
widely used and results in < 1% cpntamination by ﬁpn—
parenchymal cells (Crisp and Pogson, 1972; 3issell ggjgl.,
1973; Bonney 93 al., 1974; Michalopoplos and Pitot, 1975;
Seglen, 1976). N

Hepatocytes dissociated at 4°C initia£ed cultures .
better than cells dissociated by incubationvat 37°C. The
h%gtter method appeared to impair thé ability of viable cells

to attach to the substratum confirming a similar observation’

by Williams et al. (1977). Tirés observation-also pointed

33




out that’VLAbility determined by trypan blue dye exclusion
does not reflect the attachment ability of cells. There-
fore inoculating with the same number of viable cells does
not ensure that the same number of hepatocytes will attach
and initiate cultures. This may in part expiain the -
variations in plating efficiency and mdintenance of cells
observed between experiments in which cultures were
initiated with the same number of viable cells in the same
medium. However, the shap; of the su¥¥ival curve between
experiments remained the same for the same culture condi-
tions. -

Survival of hepatocytes in culture was determined by,
measuring cellular protein or DNA attached to the. sub-
stratum. Attempts to quantitate hepatocyte survival by .

standard trypsinizing procedures were abandoned because of

extensive cellular destruction and loss of viability.

-

Parenchymal cells are k?own to/he especially susceptibl& to
destruction by proteaseé (Seglen and Fossg, 1978).

One of the goals 19 developing this culture method
was to minimize serum supplementatloq in order to have a
well-defined system for hormone studies, Serum was r%duced
to 2.5% and even omitted with only small losses in the
" amount of cellular material. Using homologous serum rather
than FBS did not improve culture survival contraf§ tb the
report by Stenberg, Skett and Gustafgéon (1978).

It was very important to develop a culture method

that allowed examination of cellular functions for 3-4 days

! 4
4
|
|

»
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because thyroid hormone action in vivo involves a long lag

~time (Tata, 1969; Oppenheimer and Dillmann, 1978). Heﬁéto—

cytes cultured on collagen~coated surfaces did not undergo
a rapid decline in survival between 50-and 74 h
be cultured for 475 days.

Maintaining hepatoc cultures in medium containing

insulin and de hasone substantially improved survival !

e cells agreeing with other reports (Tanaka et al.,

1978; Michalopoulos and Pitot, 1975). Morphological

studies agfééd with the survival curves in that monolayers

maintained in hormone-free medium appeared sparse. Cul-

tures that were maintained in medium containing insulin and
-dexamethasone were denser and had retained the polygonal -
morpholo&y. Contrary to the report by Laisﬂes and Williams
(1976b), dexam?thasone alone did not appéar to improve

longevity and ﬁaintenance of morphology. Addition of T, to °

3

the medium did not cause any change in culture survival or

« - -

morphology. o
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DOTHYRONINE ACTIPNS IN
“ . ¢ .

“CULTURED HEPATOCYTES

INTRODUCTION . | ’ \
———— N N . . - ‘u’ .

'TQe number of enzymes whose aqtivit;es are affected by

N

3.1

<

thyroid hb;mone in vivo is very large s(Pitt-Rivers and Tata,

-

1959; Wolff\qnd‘Wblff, 1964)~ Some corfelafions between parti-

cular enz§me% affected by thyroid hormoné aﬁd‘ghe observed
physié%ogical actions have been médes(Ismail—Beigi~and‘Edel—
. W

man, 19711 Gbodridgg, 1975; DeMait;no and Goldberg, 1978;
Eberhardt.et al., 1980). In general the actions of thyroid

hormone have been examined in in vivo expéeriments in which

~

v N t‘ﬁ'.
the influence of other factors such as hormones and tissue

.

. interactions cannot be ruled out or defined. It is the

-~ v

’ .

major advantage yg tissue culture that direct effects of

Ny

ho:mohes éah be studied on a single qelI type.- Howevex, it
: r'follows. that ‘changes in-liver due to T, in the‘whoIe.animal

heed not® be present in cultured hepatocytes since the cul-\

-

»

ture system doés not alléw for indirect or secondary’actioﬁs.
Reports in the literature have indZcated that rat hep—
atocytes in culture %etaiﬁ”the ability to res?ondrto maﬁy QQ /
hormones,,insulin,‘glucag?n, glucocarticoids, epidermal
growth factor and’estrogens (Richman et al., %976;_Micpalo-‘
poulos et al., 1978; Geelen et al., 1978; Gebhardt and Mecke, .
1979a; Séhuﬂt, 1979a,b) . [However, in primary_cuiéh;;d hepé—l :;.
T3 was unable |
et al., 1;76) or proteig synthesis g$ahak§v§5 al., 1978)

tocytes, to stimulate DNA s&nthesis (Ricﬁmén_ .

o

o

\ #
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.although both effects have beeh éharaéferized:inzvivo

Tshort et al., l&&O;-Tata,'lQGQf.‘ When maintained in gell!

+ - PN . . - ” . >

- .
-

cultures, hepatocytes-undergo some alterations in matabolic

character and gradually lose differentidted functions (Bon-

ney et al., 1974; Pitot and Sirica, 1986)." _
‘The primary‘tash was to. determine if eultured hepato-

Q ) J— .
. cyt€s were capable of ressgnses to T

'y

3 This chapter des- i

cribes the examlnatlon of different enzymes and. cell para—
“meters of cultured hepatocytes Both normal and
thyr01dectomlzed rats were used as sources of hepatocytes.

The relevance and con51stency af the actlons observed in

. *cultured hepatocytes with regard tO'thelactlens observed in

- -

-\

.- .
‘e . ”
- A . -

. -

vive has been considered. . -~ . LT L

[
' > - a

3.2 - MATERTALS AND METHODS - " \

a

: 3 2.1 Cell Culture and Harvy stlng . T

.Hepatocytes were. isplated from addlt male rats (200-

Lo : 325 g, Spague-Dawley oxr WLstar) or adult thyr01dectomlzed
‘ N &”;w‘ et " . +
o 5 _rats (160-190 g, Spague-Dawley) as descrlbed in Materlals

v ’ .and Methods 1n Chapter. 2. he thyr01dectomy was- performed
’ ,"; . by Canadlan Breeders ‘on rats welghlng 76 -100 g.) A'welght

Lo . chart was’ kept and the thyr01dectomy.was considered success—

3

RN ful if the welght plateaued around 160 g. Non-thyroidectom-

-

.ized rats ‘af the ‘same. age welghed betWeen 200 and 300 g.

. T . ~

‘ Cells were plated for»2 h on.collagen~COated tlssue

\ [

culture flasks (75 cm ) in medium without. T3 The pasmc

. 3 .
. culture medlum consisted of L—lS medlum, 10 mM glucose 1 mM
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unless otﬁerwise,stated.
ted angd

. mented with T

: sz'

‘above., -

, : é?' e
‘$uccinate, antibiotios, 10-6M insulin and lO-SM cortisol

The bufferlngof tbe medlum—ls;des—
crlbed for each experiment. At 2 h, the medrum was aspira-

ontrol cultires received the control‘medium used

fd? plating \_Test cultures recelved the same medlum supple-

1.54 x 10 M). Media were changed every

3
24 ‘h thereafter. . . i
Hepatoggte monolayers were harvested by 2 methods In
‘one method monolayers were rinsed twice with PBS (4 C) and

scraped off the culture surface with a rubber pollceman into

(4 C) Gellularamaterral‘Was pelleted at 500 x g and

[

suspended in a small volume (l 0 - 1.5.m1).of 1solatlon

medlum STE (0 25 M sucrose, 50 mM Trls, 0. l mM EDTA, PH 7.4).

- &

-The second harvestlnggmethod involved r1n51ng the monolayers

“dwice wlth PBS™ © (37 C) and treating with 2 ml of sterlle/
céllagenaseé in PBS”

Cells freed from the culture surface w1th collagenase were
~ s ,é?

centrlfuged at 122 X g or 500 X g'for 10 mln, resuspended 1n

(I30°U/ml) for approx1mately 4 min (37 C)

.5 ml PBS ‘(4 ¢y and centrlfuged at 500 X 3 for 10 min. The

pellet was suspended in a:Small;volume of STE as descrlbed

-t . - '
- ‘/ ) .

- - sy
Ve AY
< . - )

4 . e

3.2.2 Cedl Fractignation and Enzyme Assays . S

A;l steps were carried out. at 4°C. The cellular.

s - .

; materlal harvested and, suspended in STE was homogenized using

»

a Polytron® equlpped w1th a PT lO~saw-tooth generator at a

38

.
-

~
P

settlng of 3 for’ 15=20 s (Lipton and McMurray, 1977) .

N g

.'The -




homogenate was centrifuged at 12,500 x g*gof 10 min., . The

S

superhatant was termed”the post-mitochondrial supernatant

Y

¢ which was either stored frozen (—gOOC) or recentrifﬁged at

<

12,500 x g for 10 min before being stored frozen. The

. . » ’ - ‘

12;500 x g pellet was suspended in STE (1.0 - 1.5 ml) and
centrifuged at 50 x g for 10 min. Mitochondria were iso-
1% lated from the supernatant by centrifuging at 5000 x g for

10 min, 10,000 x g for -1.5 min and washed once before being
. & ¢ R “ N

stdred frozen. )

Cell fractions from test cultures were alwajs‘assayed

and compared with cell fracdtions prepared from control cells

.

harvested and fractionated at the same time as the test
L4 .

’

-

-

cultures. Usually each sample (post-mitochondrial supérna-
tant or mitochéndria)'Was assayed at two protein cohcentra-

tion and the specific activities wer@faver%?ed, except in

* those cases where there was insyfficient sample to allow for

- R o * .
dupligate assays. . ) .- -

IS

¢l . o-Glycerophosphate dehydrogenase (EC 1.1.99.5) and

. o succinate dehydrogenase (EC'1.3:9911) were assayed in the

mitochéndrial fraction by the method of Lee and Lardy'(1965).

. The following enzymes were assyed.in the ppst—mitochondrial

ALY

supernatant by the methoé§ referenced- NADPH-cytochrbme c
reductase (EC 3.2. 3 5), Llpton and McMurray, 1977; glucose-

K :6~phosphatase (EC 3.1.3.9), Baglnskl et al., 1974. The
%»

\
i

activity o@ cytosolic NADP-specific malic enzyme (EC 1.1;1.40)

» was assayed in the post-mitochondrial supernatant by a modi-

. ‘figatiqy'of tHe method of Hsu and Qardy {1969). The final

N y it

. R . o
) ® . '




assay volume was 1.0 ml and contained 3 times the concentra-.

i
fo—2od

tions of NADP+ and L-malate., The reaction was. started by \
. ! . \ . A4
the addition ,of L-malate after’ an 8 min preincubation.

.

: . hKY ~

The protein content 'of the cell fractions was deterﬁ
mined by a modification of the method. of Lowry et al. (1951)

using sodium citrate instead of tartrate wifh crystallized

BSA (Sigma) as the standard.. The‘presence of Tris in the

isolation medium, STE, resulted in" a slight overestimation
of protein values. The protein values for the cell fractions

‘were corrected for Tris interference (Appendix 1).

°

3

3.2.3 Incorporation af Choline into Microsomal PhQsphol%pidS ‘
Hepatocyte monolayers wgfe labelled for 1-3 ﬁ-with\

é ml of medium suéglemented with0.1lp Ci/ml [methyl:l4C]

choline chloride~?NEN Canada, Lathne, Que.). The monolay-

ers were harvesté; and cell fractions prepared as described

in previous sections. The post™mitochondrial supernatant - .

wés cen%;ifuged at 195,000 X g for 1 h. The microsomal ‘i C ,

pellet was 'suspended in 0.5 ml STE. The lipid extraction

procedure used was that described by McMurray and Rogers

(1973)'using appropriate volumes in relation to the volume
‘of the sample. The lower phase ‘was washed with\theoretiéaL

uppér phase (chloroform:methaﬁblzo.9% NaCl;.3:48;4Z) contain-

.'ing 1 mM choline chloride before 3 washes with theoretical

upper phase without choline chloride. The phosphorus con- i
tent of the lipid extract was detgrmined by the method of

14

“Rouser et al: (1966) reading optical density at 797 nm. A
-, '

ks Ao, 1 Ayt e YR Y
[}
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sample of the lipid extract was dried down, 5 ml ACS®
(Amersham, Oakville, Ont.) was added'and cpm dete;mined.iﬂ-a

liquid scintillation spectrometer (LS-3133T, Beckman®).

4 1

3.2.4 Incorporation of 14C—Glycerol into Triglycerides and
14
Phospholipids

Hepatocytes were labelled in hormone-free medium con-

- ~ )
taining 0.5 mM glycerol carrier and 1 uCi/ml [2—14C]—glycerol.

Labelling was stopped by rinsing the monoiayers with PBS with

5 MM glycerol prior to harvesting by collagenase treatment.

oA
After harvesting all steps were carried out at 4°¢. Hepato-

cytes were pelleted at 120 x g, resuspended in PBS™ and

pelleted at 500 x g. Lipids were extracted from a 0.5 ml

-

aliquot of whole cells by the method described for micro-

somal phospholipids except that the first wash of the lower

] -~

phase contained 1 mM or 5 mM gly;erol-instead of 1 mM choline
<ChiO{}de. -

An aliquot of the lipid extract was spotted on Whatman
LKSD‘plateg\an chromatographed in hexanes:&ther:acetic
acid (60:40:1) with triolein, diolein (Serdary Resegrch
Laboratories, London, Ont.) and phosphatidyl c@oliné'(sigma)
as standards. ‘The triglyceridé‘and phospholipid spots were
scraped offs the piates and counted in 0.5 ml HZO and 5 ﬁi
ACS®. Counts per min (cpm) were corrected for recovery
from the thin layer plates‘and expressed'as cpm/mg cealular
protein. \ﬁecovery was generally 70-90%. The protein content
of aliquots of ceilular material boiled for 5 min in 1 N NaOH

e ' . ,

s

P




¥ suspended in 50% glyéerol. Low temperature difference spec-

-

H
-~ . . i

was determined as described previously,

3.2.5 Low Temperature Difference Spectra

-

Mitochondria was_isolated as described previousl§ and

tra were obtained as described by Lipton and McMurray (1977).

The light path was 1 mm.

-l .

3.3 RESULTS |
@ .

3.3.1 Effect of Triiodothyronine on Enzyme Activities in
e ~

Cultured Hepatocytes

. 4

U VR,

The enzyme mitochondrial o-glycerophosphate dﬁ%ydrogen—

ase, is a g@nsitiveAindicator of thyroid hormone action in
rat,liver in vivo (Lee and Lardy, 1985; Larsen and Frumess,
1977g Oppc—:jnheimer and Dillmann, 1978,) . The microassay of

Lee and Lardy (1965) providea a reliable means of measuring
this enzyme in mitochondria isolated from heéatécyte mono-~ 3
layers. The first indication that he?atoéytes were respond-
ing to T3 was observed in hepatocytes maintéined in medium

supplementedr with 2.5% rat serum, lO_QM insulin and lO_SM

cortisol. 'The substantial stimulation of a-glyqerophosphate
dehydrogenase activity is shown in Fi%yre é. Thg résponse

was uhchanged if serum was omitted or if growth hormone was *
added. The response tq T3 was slightly less in hepatocytes R j
maintained in medium buffered with only 10 mM Hepes instead
of 20 mM, suggesting that the lower pH reached in such . %&.
medium during the culture period may have decreased the |

1

o




FIGURE 6

INCREASE IN o-GLYCEROPHOSPHATE DEHYDROGENASE

%
ACTIVITY IN RESPONSE TO T3

.

Hepatocytes were isolated, cultured and harvested as
described in Materials and Methods. The basic culture
medium was supplemented with 20 mM Hepes, pH 7.4. The
variations of medium composition were the following:

A, 2.5% rat serum, batch 1;¥ B, 2.5% rat serum, batch 2;
C, 10 mM Hepes instead of 20 mM with 2.5% rat serum,
batch 1; D, no serum; E, 17 mU/ml (8.5 ug/ml) growth
hormone (Sigma) with 2.5% rat serum, batch 1. The enzyme
activities in hepatocytes maintained for 3 days in the

different media conditions with (hatched bars) or without
(open bars) T,. ‘

} R
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5
-

response.

-

The effects of T3 on cultures of hepatocytes isoléted
from thyroidectomized rats were examined (Table 2). Enzyme

activities in the control cells were very low. a-Glycero- . ;
N 2 P ' o

phosphate dehydrogenase activity was increased approximately %\'y

2.5 fold after 3 days in culture with T3. In the presence

-~ e

of serum the increase in enzyme activity was larger.

In monolayers of hepatocytes obtained from a éuthyroid”
rat, the activities 5f a~glycerophosphate dehydrogenase and
sucéinate dehydrogenase were moni%ored over 4 days.. Supple- .
mentation of the medium Qith T3 caused a steady increaée in . - '

a-glycerophosphate dehydrogenase activiEy with time (fig.

-~

7A). The activity of succinate dehydrogenase was not a%fec—

3 -

ted by ™ (Fig. 7B). e
) %% The activities of certain non-mitochondrial enzymes

were examined in hepétbcytes over the same 4 day period. If -

®ion-mitochondrial enzymes were to be examined in the post-
g0 mitochondrial supernétant it was important to harvest by

collagenase treatment. Scraping the cells off the’plate

with a rubber policeman résulted in a loss of cytop;asmic e 4
protein pfesumabl§ due to breakage of the cells (Appeﬁdix -
3) . Activity of the cytosolic NADP malic enzyme ingreased >
in hepatocytes maintained in méedium containing T, (Fig. 8A).
In the absence of T, the activity of maliéfengyme decreased
siightly throudhout the culture period similar to 0-glycero-

phosphate dehydrogenase activity (Fig. 7A). The microsomal

enzyme glucose-6-phosphatase decreased slightly during the



TABLE 2

0~GLYCEROPHOSPHATE DEHYDROGENASE ACTIVITY IN

CULTURED HEPATOCYTES FROM THYROIDECTOMIZED RATS

all procedures for

R

isolation, culturing and harvesting

of hepatocytes are described in Materials and Methods. The
medium used was the basic medium with 20 mM Hepes + 2.5%
-serum from thyroidectomized rats- (TRS), Expt. A or 10 mM
Hepes, 10 mM BES, 10 mM TES, pH 7.4, Expt. B. T, at the
concentrations indicated was added after 2-h. ~T~Hepatocyte

monolayers were harvested

after 3 days .in culture. and

o-glycerophosphate dehydrogenase activities measured. Results
are expressed as A0D/min/mg mitochondrial protein (% of

Control).

Control

1.54 x 10" 'm T,

1.54 x 10 % T
? : .13

1.54 x 10°°M T,

2.5% TRS

1

2.5% TRS + 1.54 x 10°°M T,

)

Expt. A

0.034 (100)

v

0.090" (264)

\

0.050 (100)
0.255 (509)
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FIGURE 7
PHOSPHATE DEHYDROGENASE AND SUCCINATE

NASE ACTIVITIES IN CULTURED HEPATOYCTES

- _ g

es were cuftured and enzymes assayéﬁ as des-
Bls and Methods. The medium was buffered

, pH 7.4. Mitochondrial enzyme activities
anintained after 2 h in medium containing
(A—A) or without T, (®—e) are shown.

sphate dehydrogenasé B - succinate dehydro-

v e e was

h e e —~ B
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: FIGURE 8

-~

ENZYME ACTIVITIES IN THE POST-MITOCHONDRIAL

- * ° SUPERNATANT OF CULTURED HEPATOCYTES

Procedures for culturing hepatocytes are the samée as
in Figure 7. Enzyme activities were assayed as described in
Materials and Methods. A - Malic enzyme (product measured
was NADPH). B - glucose-6-phosphatase (phosphate).

C - NADPH-cytochrome c reductase (reduced cytochrome c). »
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culture perlod and T3 treatment of the hepatocytes dld not

alter the enzyme's act1v1ty (Flg. 8B). T3—treated hepato—

cytes had sllghtly greater NADPH—cytochrome c reductase

, act1v1ty than non-treated cells (Flg 8C).. ‘Both treated
p
- and non—treateq‘pepatocytes exhibited a small but gradual =

. increase in enzyme activity over the 4 day period.

‘The increasee in ;fglycerophesphate deﬁydregenase(and
* malic enéyme ;ere eramlhea in more detail in aaérher exberij
ment. The time .courses were fellowed over a 4 day periodt
Concurrent i?cneases in the activities of thése ehzyﬁes w;re
'again observed (Fig. 9 and Fig. 10). By ?A h invculture'the‘

activities in T3—treated cells were about, 2.5 times taat of
cells maintained iﬁ;insulin and-cgrtiébl medium. Eﬁzyme'

. " activitdes in T3~treatedjcei1e were increased §ﬁﬁs£antially
‘above tae activity of ‘freshly isolateg hepatocyfes-(d h time
points) . Addition of luM ~cycloheximide after 50 h of cul-

ture caused littletdifference {nta;glyceroﬁheephate dehydro-

genase and malic enzyme activities in control cultures but

. ", blocked any further increase in aetivities in Ta-treated

cultures. - R \ o

S v

= -~

3.3:.2 Iﬁcorporation of Choline ix:o Microsomal Phosﬁholiéids

The ability of hepatogytee o incorporate ctholine into

micresomal phosphelipids‘after 26 or 50 h in c&lture was -

4

. / . :
examined. Hepatocytes were 1abelled for 1, 2. and/or°3 h with

- [methyl;-l C]—chollne. Mondlayers malntarned in medlum con-~

taining 1.54 x 10 “6y T, incorporated less_l4c—choline into

-

i S
=}
o
o
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TIME COURSE OF a—G;.YCE‘ROPHOSP-HATE ' ' .
. & Lo ' o : ‘ .
: .- L DEHYDROGENASE INDUCTION BY T3 VY
' ) < v . -
L Hepatocytes were ;solate'{‘cultured and enzyme actlv—_ . 5
. ities.were gssayed at the tlimes/indicated as described in .
1 Materials arid Methbds.” Controllcultures were mdintained 13_ .
: insulin and c¢ortisol (e—e). Test cultures received T3' . .=
t1.54 x 10~6M) (A—a4). Media wefe buffered with 10 mM of
‘. . ¢ach Hepes, TES and BES. Error bars represent + the range, )
2 ::‘°between activities measured in 2 separately prepared samples.
; .7 A€s50-h, 1 uM cycloheximide was added to control cultures !
+ (0==-0) and test cultures (a--a). Insets represent the same
' hormgne/Supplementatlon conditions but media were buffqped
- w;th 20 mM Hepes, 10 mM TES and 10 mM BES. = . e
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lipid than non-treated control cells (Flg ll) The rate of

incorporation of choline in both control and T3-treated cells -~

P was less et 50 h than at 26 h. ‘

L ———

3.3.3 Incorporation of Glycerol into Glycerolipids

Following 48 h of hormone'treatment,'the ability of

[N

hepatocytes to incorporate 14C-glycerol into triglycerides //

[ . .

and“phospholipids was examined. Control cultures were

meintaihed in hormone-free medium while test cultures recei-
ved hormones at 2 h (Table 3). The incorporation of labell-

ed glycerol into phospholipids was not affected by.hormone

¥
o treatment: Triglyceride labelling was increased by insulin

.+ %= *.and dexamethasone when compared to the control. 'T3 alone

T ‘.‘i. g =
_h[ Lo appé%red t Wlncrease incorporation only slightly if at all
»-j?. ,; '.‘ L \« .\,; .:‘- -
X o L Howevex, ln the presence of insulin and dexamethasone, T3
2t .' ¢ a "3 e
“5“"‘" : 1ncreased the amouht of 1ncorporatlon into trlglycerldes
A A ‘\ xn:, ' s

' L above that oE 1nsulzn¢'and dexamethasone—treated cells.

. .:;__ '::-,l'.’ '2.\4 .“T"‘ v f
3 gae e T In'another study ﬁepatocytes were maintained in medium

vl I

v
.).

o » re

g W

contarhlng no hofﬁones untli 26 h. Hormone treatment was

%
‘eb’a-

then begun and ;necrpgratlonrof‘qiycerol into ?riglycerides

PRI I .
N . ,.., - _J, -’

At .

-ngf ! and ghospholip;ds was examlned 48 h lateraﬁter 74 h total ¢

lib

¢

..
o ot tlme 1n culture«, When compared to the control (no hormones, -

. < V)

ey

- - 5

'ff‘ gbbﬁditfoﬁ ;' ncorporatleﬁ‘sf glycerol lnto phOSphOllpldS was | . e
e o, T R S ‘
N et RN TV

AN 1nqreased by Ln§u11n and, dexamethasone ‘treatment (Table 4) ,' Y

. »" !'

:(;\‘

-,

TSN

'T3 hadwno effect on the'labeLilnq.of phospholipids. The '

effect of., the dlfferent hormones on the 1ncorporatlon into - .

. fic]
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RIS trlglycerldes was the same as that observed in.Table 3. The
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FIGURE 11
INCORPORATION OF 14C—CHOLINE INTO ‘
. - MICROSOMAL PHOSPg-IOLIPIDS
< Hepatocytes from an euthyroid rat were isolated, cul-.
\ tured and microsomal phospholipids labelled as described in
Materials and Methods. The media were buffered with 10 mM
\ of léach Hepes, TES and BES. Results are expressed as 103

cpm/ugP versus incubatidn time with l4C-choline for T,-

g . treated hepatocytes (4-—aA) and control hepatocytes (e=—ej) ., -
'A' represents cells cultured for 26 h before labelling.

X , 'B' represents cells cultured for *50 h before labelling<
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. with the following hormones: +T

S a s B R T I

.

TABLE 3
INCORPORATION OF GLYCEROL INTO TRIGLYCERIDES -AND

’ PHOSPHOLIPIDS AFTER 50 h 1IN CULTURE
!

.

. Hepatocytes were cultured as detailed in Materials
and Methods. The control mfedium designated NH (indicating
thatsno hormones were present) consisted of L-15, 10 mM
glucose, 1 mM succinate, antibiotics, 20 mM Hepes, 10 mM TES
and 10 mM BES, pH 7.4. All cells were plated in control
medium and at 2 h test cultures received medium supplemented
, 1.54 x 10-6M. T,; I + D,
10-6M insulin and 10-7M dexamethgsone; I+D+ ng contained
all three hormones at the given concentrations. i4C—Gly:cerol
incorporation was linear for at least one hour. Results are
expressed as 10° cpm. incorporated/mg cellular protein/h +
range (n = number of experiments).

"

Triglycerides Phospholipids (n)
NH 6.3 + 1.4 —_ 6.2 + 2.2 (2)
+ T - 7.1 ) 6.3 (1)
I+D . 12,3 + 3.4 | 6.3 3.2 (2)

3 19.1 + 6.6 5.8 + 3.2 (2)
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i N v

’

s

AND PHOSPHOLIPIDS AFTER 74 h IN CULTURE

TABLE 4

INCORPORATION OF GLYCEROL INTO TRIGLYQ%RIDES

'

'

.o e et

Experlmental condltlons were the same as detalled in
Table 3 with the follow1ng change.

Hepatocytes were

test cultures received hormone supplemented medium.

were- exposed to hormones for 2 days (26 74 .,h) .
are expressed as 103
+ range for n = 2 or + S.E. for n = 3,
cycloheximide was present in the medlum from.26 h-on.

NH

+ Ty

I+ D

I+ D+ T,
NH + CHI
I+ D + CHI

I+ D+ T+ CHI

a /

Triglycerides

5.6 +

7.3

)

Phospholipids

5.6,4 0.4

5. 7% 2.2

O

plated
" and maintained ‘in cogtrol medium until 26 h at which time

Cells

Results
cpm incorporated/mg’ celluldr protein/hr.
+CHI indicates 1 uM

gﬂ
- (3)

@)

. (3)
« (3)

(1)~

(1)
(1)

60.
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greatest incorporation was observed when all three hormones

were present. In all hormone conditions the addition of

cycloheximide markedly depressed the incorporation into tri-

glycerides while depressing, incorporation into éhospholiﬁids
to a lesser extent. Cycloheximide could not be édded at 2 h,

since it impairs the ability of hepatocytes to form monolayers

(personal observation). Incorporation of label into both

triglycerides and phospholipids was marginally elevated in

-

the presence of insulin, dqxamethasone, T3.\

LY

3.3.4 Cytochrome Spectra and Content

i
A\

chondria isolated from hepa@%cyteé cultured under different

—

hormonal conditions is shown in Figure 12. The content of”
. ” 4’\
the different cytochromeés was determined by calculating the

A0D at paired wavelengths from the speétra (Chance, 1957;
Kleitmann et al., 1973). In order to compare the contents

- .
between hormonal conditions, the A0D for each cytochrom§ of

I

the control condition (No Hérmones) was sSet at 100% (Tablel

-

5). Absolute and relative values for cytochromes were not

calculated because at low température the intensification of

cytochrome peaks varies and can distort the relative values

-~ ~

obtained<JChaﬁ2e, 1957; Chance and Hagihara, 1961). .

Except for cytochrome ¢, the contenté.of the other

a‘?'lé‘.‘
s

cytochromes ‘'were increased slightly (9-26%) in hepatocyte

maintained in insulin and cortisol. The activity of .

a?glycerophgkphate dehydrogenase was increased to the same

extent im the: insulin and cortisol condition. When T3 was

The low temperature (77°K) difference spectra-oﬁ,mito- -

v L TR e R - semuachaee o B nes e

A ety

61 I
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FIGURE 12
LOW TEMPERATURE DIFFERENCE SPECTRA OF

MITOCHONDRIAL CYTOCHROMES

Hepatocytes were isolated, pfultured and cytochrome
#spectra determined as described in|Materials and Methods.
The media were buffered with 20 mM| Hepes, 10 jmM TES and;10 mM -
BES. Control hepatocytes were plated and maintained i
.medium containing no hormones. T3 was added at 2 h to
insulin and cortisol plated cells? \Hepatocytes *were ¢ultured
for 3 days with-or withou# hormones.\ The protein concentra-
tions of the mitochondrial samples before the addition of an
equal volume of glycerol were, 3.49 m /ml for the control
(No Hormones), 3.35 mg/ml for Insulin Cortisol and 3.84
mg/ml for Insulin + Cortisol + T,- The\ bar indicates the

optical density scale. .
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TABLE 5 ‘ -
CHANGES IN CYTOCHROME CONTENTS
. i . . AND ENZYME ACTIVITY
The cytochrome contents of hormone-treated hepétocytes

relative to control cells ‘were determined from the low tem- °
perature difference spectra (Fig. 12) as diascussed in

* Results.

The spectral differences were measured at the

followin® wavelength pairs:

a(+a,), 602 vs. 620 nm; b, 558

. " vys. 575 mm; c, 548 vs. 540 mm; c
" change in OD was divided by the
mitochondrial sample (Fig. 12),.

17 554 vs. 540 nm. The

protein concentration of the
In this experiment a-glycero-

mined. Lo

- LY

”

a(+a35

.

phosphate dehydrogenase (@-GPD) specific activity was deter-

. ‘ 0~GPD b wc ¢,

- Control (No'Hormones)'. 100 100 100 ioo , 100 °
Insulin + Cortisol 121 124 126 98" 109.

‘Insulin + Cortisol + T, 262 184 - 167 123 lli
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A4to basal act1v1ty 1n hypothyr01d rats but in terms of absolute

‘included in the medium with insulin and cortisol, there;masr &

peaks (cB and Cy Fig. 12) and may be underestlmated because.-

st . ” . Y g g
previous experiments, the activity of a-glycerophosphate . -

3.4 ~DISCYSSION* - S "

ThlS stlmulatlon of enzyme act1v1ty was not dependent on

‘;and~cortlsol in thyr01d hormone actlon 1n v1tro is dlsCussed

'in detall in the’ follow1ng chapter.

" relative to basal activity caused by TB treatment was about ;
3 * . ., L8 .

2 N2.5 fold, and attained values\similar'to those in hepa-

" ‘heimer et al., 1977)., When hepatodi:if from.a thyr01dectomlzed

- ) ~ & J. . . ) \ N
. Kl L
, . . SRR ‘ ) Y )
ae I - . . i N .

= . . N . Nepes v s e e

PR e e ey A SSTRII A T TR O b i e e i ik~ W2, B Ve ok 4 pA g Syaap e RroRr somsebanen Y
v - Yo
. . o

< . ~
]

an increase cytochromes a(+aj), b and ¢ .but not Cy

.
PN . -~
7

The . K
sbectral peaks/for c, ci and b overlap. The increase in

cytochrome c caused By T “is very ev1dent from the spectral S

of the cross-interference of cytochrome peaks. As noted in

A

dehydrogenase'was increased-substaﬁtially by T3. *>',‘ o =
> . . jf ’ J ‘ i . ' ,

1 -
A N

T a-Glycerophosphaté dehydrogenase activity was increa-

1 . ‘. A | ¥ -

sed substantially in cultured hepatocytes treated wrth T3 Lo

ot \

o

growth hormone or serum factors. The 1nvolvemeﬁt of 1nsu11n
. ]

N4

LY
L4

The basal act1v1ty of a—glycerophosphate dehydrogen~ :

ase in cultured hepatocytes from thyrordectomlzed rats was

low as expected from in vivo reports‘iLee and Lardy,°1965). >
In the absence oﬁ’serum, the increase fit enzyme activity v ‘
- J‘ . I . . (. - P )

~ . - > . e - 3

4
]

toc tes "from an euthyr01d rat. In vivo the increase in

~

a- glycer phosphate dehydrogepase actlvaty was larger relatlve

‘ o A
values was the same as for T3—treated euthyrord rats (Opéen—_

L8
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)

* rat. were cultured with serum, the incremental increase in g
enzyme activity (0.2 OD unlts/«mln/mg) was s:.mllar to that

observed in T -tneatment of euthyroxd hepatocyte monolayefs.
* Serum factors may be 1mportant for thls response in hepato—
. By : iy
cytes frdm a thyr01dedtomlzed rat but they do not seem to be I

7

#*
. requlréd.ln euthyr01d-monolayers. Therefore, there were no ad-

- — —~

[ » “N——\O
vantages in using hypothyr01d*rats in these studies. In fact
£ . .

bt .
“‘ there were a few dlsadva%tages' 1) unless serum was used the >

] h ~.

" incremental 1ncrease in enzyme act1v1ty wad less~than in hepa—

- -

tocytes from euthyroid rats, 2)-the snaller thyroidectomizeﬁ
. * .4 -

rats ylelded fewer hepatocytes whlch did not seem to lnltlate
cultures well and 3) the low basatl level of enzyme actgty ', .

" was dlfflcult to measure. Anpther reason for u51ng hepato- .

y fa »

cytes from euthyr01d anlmals was the report that hypothyroid T 1K 'tf.“

) rats eihlblt a reduced response tg T3\w1th respect to mallic ﬁlg:.u-‘a ‘j

;“ enzyne 1nductron (Oppenheimer et al»,.1977) ' I'b:&l' - ?v%ﬁ
] ‘.hfi Increases in, .the act1V1ties of hepatlcsﬁltochondrlal e ‘w‘l :f%ﬁig

L -

a-glycerophosphate dehydrogdhase and NADP malic enzyme are

the best characterlzed responses»to T3 in v1vc (Tarentlno s - ‘:;_' .]“;":

)

- et al., 196%; Oppenhé‘imer and Dll].mann, 1978; Lee and Lardy,

"1965; Murphy anﬁ Walker, 1974) Increases In a~glycerophos—

N -

phate dehydrogenase and mallc enzyme fn T3-treated hepatocytes o

followed the sameatlme course as occurs in v1vo. “The sensl—

3 , - -

o/

t1v1ty\qf these%xnbreases in eqzyme “activities to the prdé.

) Lol A . RS , ! o) A o 5
- teln synthesms 1nh1b1tor; cycloheximide, was used as a ‘check
. - . ' - N

“
-

. that the effect pfoduced By T3 in‘the cell cultures was °
n{; 4 .
it 81mrgar to %ﬁb effect 1n vivo, anolving an ’ .

\

S

~

&



s 1nductlon.of enzyme SyntheSLS,% Therefore hepatocytes in cul—

. \ s
~ . . 8
‘ b,

:”turesreﬂaln the.aballtyvto respond to T3 ln a characterlst;c

IRt N St o B a EI
. - 2 * . v
Wl and phy31o;oglcal;y meanlngful way. o ) '
o '\-h FO A

" 3. - v

N .

: In~01vo thé enzymes suocihate dehydrogenase, NADPH—

:;"*.- e B i

& ;;' cytochrome ¢ rednqtase and~qiuboSeh6 phosphatase have all been

/’ * . 0ol a3

. '(repbrted to réspond to thyrold h ?ménes‘w th 1ncreased

‘\' f’ LI

R actlvn-_les (WQLEE. and Wolff.. i9,64'2‘. Howevefr' the actlon of - °

Sy *\., “

_?‘, vy ‘.‘, : :'. Y (: R

.

- therId hormones on’ these enzymes is not as well deflned as X
Gy o~ ».', ““ - " . 1
,\u\ . S

- ... the. actaons on mafac enzyme and a~gly€erophosphate dehydro— R

o0 B genase. Succ1nate dehydrogenase.actlylty shomg relatlvely i -
. ~ ) )' /. R e ‘:‘ \'\ . ,'-. ..\ﬂ‘k__, ‘_af ’.' " . . :'

- ,". small (10 50%)-indreases eyen afte; 5 ‘oL; 14 days of treatr . .

PN Lo R -
*. t e « .

R meht w1th T3 1n v1vo (Reath-ex 81.,,l973 .Wooten and Cas—

carano; 1980) Lee ana nardy (r965) notedrno 51gn1f1Cant RTINS

. ] 3: i (T K . S

- ‘/ decrease 1ﬁ suc01nate dehydrogenése activ lty inwthyrolﬁect- :

. o . " '."‘ . .a’l.. !' ‘1,_\~“ . .' .. ‘\-.

@ S ‘ : ALY w TP Lo
e omlzed rats aﬁd no increase 1n actxvity when such an;mals ’ :

,
M .t ~
o, Lt e ) - . N ‘ P “,_ ./q ... K

}lf“ L ;n'_;*were treated w1th T3 There are cdnfizctlng reports: %

-1/e . N

N S « - n

.,

T

e . * ., .
13
.

yr01d hormone effects on glucose-6~phosphata§e. Decreases S

RN

ctlv;ty‘mave beeﬁ reported.CWinnxék, léfd' Paul and Dhax,

r‘. f

i
L)

P

's‘\

1980) as Wwoll” as lncreases in act1v1ty of 28% after 8 days o
e T o ' ‘*“-5‘-;h s

. or 132% after 131days of thyr01dfhormoﬁim;reatmenﬁ (Colton "

.

_x‘_

a?

B
F O L -

P . B
S s -,.},w. . o

et al., 1972 Batterbee, 1974) 'These studles 1n,hepatp--.~ . -

v, }; :-‘1 ~ . . .

‘cyte monolayers were done ovérwa 3 day peniod unllke the . ..

S 14 day 1n v1vo studn.es and qhanges ’in‘lénZymeﬁ-actlvn‘hy of

/"‘Wr s n %

WY 74 .—‘- R
e s "

0= 30%chu1d be w1thin“%he amou t of vaniailon obsermed\\ (n" R

- R B T T S

between samples 1n an ex:Erlmentv%e,g.,,seeuEag;“G) de et el T

5
-‘v
« %
w
-
4

A »i”t TR 8, the 1nab11mtg»to d"monstrate changes ln enzyme actav- .

A C K~ﬂty Of* succmnate dehydr“genase and glucose-é-phoSphatase 1nwv'. T
. . ?’f‘, ’ - . St s ’: ‘,( YRR T
. , ¢u tured hepatocytes treated w1th~T ‘1s§not'1nconsistent RV B

et . oy

I -



- with in vivo studies. -
- — R éf .
When euthyroid rats received daily injections of

.

thy;oxine‘it requires moreé than 8 days for a maximum‘increase
}n;NADPH-cytochrome c reductase (Phillips and Langdon, l§56).
Based,on the preliminary study of the enzyme in T3;treated
hepatocytes, a graduai but small increase in activity was
observed. ﬂmhie agrees' with in giﬁg data in which the.incr- -

ease in:t NADPH-cytochrome c reductase activity is 20-40% after

’uigﬁwpf’4 daysvof T3—treatment (bhillips and Langdon, 1956)

lllll

3

The regulatlon of llpogenlc enzymes involved, 1n fatty
acxd §ynthe515 by thyroid hormones has begn well character-

;zed 1n v1vo,nn the rat- (Diamont et al., 1972; Roncar1 and

- .—*“' »" -

Murthy, 1975 Marlash et al., 19803 Sestoft 1980; Oppenhei-

mer et al., 1981) and iﬁ Vitros in chick hepatocytes (Good-
&

rldge et él ,41974' Goodrldge, 1975).. Much less’ is known

" abou the hormonal’regulatlon of glycerollpld synthe51s in

LIPS

l iver (Van Golde and‘Van den Bergh, 1877) . T4 1ncreased the

R PR
’ \ @ ."‘ "/‘. 3

act1v1ty of hepatlc phoSphollpld synthe5121ng enzymes in

hypothyr01d chlcke hut npt in normal CthkS (Lyman et al.,
32P_

e

1976) Th¥r01d hormones increase ghcorporatlon of

v

phosphate 1nto mltochondrlal phpsphollplds (Nelson and

Cornatzer, 1965) and mlcrosomal phOSphOllpldS (Tata, 1970)

R4
(53 t“

in. rat llver iﬁ v1vo.. In other studies, T4 did not alter

' phosphollpld synthe81S»1n“rat 11ver (Glenny and Brlndley,

A e,

"1978) or' in cultured rat lung cells (Post et al., 1980)

(1970) reported that chollne ;ncorporatlon into micro- "

[T

L




oo

. -
‘indicated that cortisol increases the incorpgration of gly-

pog W s T Tt e e e AR s e LI R vt s , ~ ceem el R—_—

by T In contrast to this, de;present studies showed e

3"
thatrT3 caused a décéféase in choline- incorporation into

microsomal phospholipids in.cultuged'hepatocytes from an
i ‘ .

4

euthyroid rat. Such differéﬁces‘will only be explained by
further investigators both in vivo and in vitro.

insulin does not significantly affect the incorporation
of glycerol into triglyggrides or phospholipids in cultured -

-

rat ‘hepatocytes (Geelen-gg al., 1978). 1In vivo work has

cerol.into'friglycerides (Glenny and Bfindleyy 1978).
. ’t ‘ " ‘
Dexamethasone, a synthetic glucocorticoid, may be responsible
L o .

. .%‘ » . v . N 7 -:‘ T .y
for the-increase in incorporation -of glycerol observed in

ro

_hepatocytes cultured for 2 days with;:rsdlin and dekamethaéone.;

Treatment of hepatocytes withT. in

e presence EE f&aulln

and dexamethasone appeared to lncrease glycerolrlncorporatlon

into tplglycerldes. Some in v1vo studles support this find-

»

ing. Thy101d hormones 1ncrease the acylatlon .of glycerol—
phosphate 1n rat liver (Rohcarl and Murthy, 1975) and in
_rabblt heart (Kako anq;Llu, 1974) . Glenny and Brindley
(1975) reported inoreases in glycerol incorporation'into

triglyoerides and & decrease in diglycéri@e followings treat-

- [4

ment of rats. Wlth T4. Stimulation of the activity of

dlacylglycerokaacyltransferasé (EC 2 3.1. 20) (Young and

Lynen, 1969) may be respon81ble for.theése effects observed ﬂ .
.. . {

. . ’ .

in vivo and in.vitrom

’By»using low temperétﬁre,difference’spectra, incredses ’
. . . LN .
rin cytochromes a(+a,), b and ¢ were detected in cultured

L 1

i . s . «

!
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1968 Booth and Holloszy, 1975; Jakovcic

. . Nishiki‘ét”al., 1978). When hepatocytes

Tt

1nsu11n and cortlsol but w1thout T3; the

*

chromes a%+a3), b and'clvlncreased 9-26%

.. did not. ~The lower amount of cytochrome

et al., 1978-

. " n

were treated w1th

content of cyto-’

<

but cytochrome ¢

¢ present im this

> R NP 3
. h‘:-“ ‘._ ro ~ .’-‘ L . ..‘ !:.. ; . {i‘ Au'f‘}-.g"f' v ! - A bl - -_:‘ . -‘.'_:, . .
: ‘ - . . o * S

!....,' - B . ) - - * ’ £ -
hépatocytgs tredted w1th T3 These results agree well with
in v1vo studles on thyr01d hormone—stlmulated increases in
m;tochondrlal cztochrome content in rat l;yer and heart
' Coa i . ) PP

. (RoodYn'gt al., 1965;' Kadenbach, 1966; Schafer and Nagel,.

o condition‘ﬁheﬁ dbmpared to the other cytoéhromesfmay reflect

the decrease in cytochrome c conitent’ caused by insulin in

v1vo (Schafer and, Nagel 1968) . - ¢ .
' 3
- . . ‘
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"Jeejeebhoy, et al., 1980). It ,was evident in the first o~

_hydrogenase and malic enzyﬁe activities due to T

“in potentiating T

o/ ¢ . L \
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CHAPTER 4. REGULATION OF a-GLYCEROPHOSPHATE DEHYDROGENASE

AND MALIC E§ZYME BY THYROID HORMONES, INSULIN

7

‘ ' AND GLUCOCORTICOIDS

= Do
4.1.  INTRODUCTION . L

3

& . . .
Insulin and glucocorticoids are used extensively as

3

hepatotrophic agents for maintenance of primary cultqres of
adult rat hepatocytes (Michalopoulos andkPitot, léi%?f'm*
k-

Laishes and Williams, 1976am,b; Tanaka et al., 1978; ‘

v

trial experiments that increases in a-glycerophosphate de-

-
14

3
were greater in hepatocytes cultured in medium which was

+treatment

—

also supplemented with insulin and cortisol. Insulin is

reported to potentiate the action of T, ih, cHick hepatocytes

) in culture (Goodridge and Adelman, 1976). The possibility

¥

that both insulin and glucocorticoids are involved .in the

¢ -~

 response Of mammalian liver to thyroid hormones las not been

' [ i

previously described in vivo or in vitro. ' Therefore, it was

of interest to characterize the role of insulin and cortisol

~ a

3vaction in this Culture‘syséem for rat

Y . ) \
. N o~ -
hepatocytes. . oo . N

@ ' This chaptér examines the changes in enzyme activities

v

in hepatocftes cultured in medium supplemented with differ-

ent combinations of T, insulin and cortisol, and the con=. °*
; J 1n ¢

'centrationgdependende'9f these -horméne effects. s o

N ’ 1
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4.2 MATERIALS AND METHODS

4.2.1 -Cell Culture and Engzyme Assays
The procedures used to isolate and culture hepatocytes .
from adult male Wistar rats (200-300 g) are described in the

Materials and Methods section of Chapter 2, Hepatocyte

’

cultures were initiated on collagen-coated tisgue culture .
. . T ] o
flasks. The basic culture medium consisted of L-15 medium

(Flow), 10 mM Qlucose 1 mM suceiﬁate, antibiotics and was - .

buffered with 20 mM Hepes; 10 mM TES and 10 mM BES PH 7.4. )
* *

Hepatocytes were plated in basic culture medium unless other-

wise stated. The additions of hormones after 2 h is described

-

*

for each experiment.

-~

f\jkﬁﬂ;

_ Hepatocytes were cultured for 3 .days. ‘For each" ~

\ . .
expe;imept, cells were harvested at 74 h or 70 and 74 h if

duplicate sambles were to be prepared. Hébhtocyte morio- .
layers were harvested by the collagenase-treatment methoa .
. 7 ) Y ® -
described in Chapter 3. Cell fractions wergiprepared in
g

STE or SE (O.25ﬁ sucrpse, 0.1.mM EDTA) isolaﬁion medium - -’
(pH 7.4). B "
a—Glyceropﬁbsphate deﬁYdrogenasé and maLic enzyme

~

act1v1t1es were assayed in cell fractlons prepared from test

and control cultures as described in Chapter 3, o 2f‘
. B e - -

——
[y

4.2.2 * Extraction of Cortisol from Medium and its Concentra-
. tion Determination o -0 -
. Medium i 0 ml)-was extracted.3fglmes Qith ether: s
~»
chloroform (4:1). This e;tract was dried down, spot£ed on

L4 .




~» oo

L
e N

.

Whatman LKSD thin layer plates and chromatograpned in chloro-
o 3 in ca.

form: ethanol water (87: 13 1) (Bailey, l96§) ~ The cortisoi
spot was scraped.off and eluted once w1th methanol and. 2

times w1th ether. The extract was taken to dryness and re-
J
dissolved 1n dichloromethane. A gas chromatograph (Hewlett—
b

Packard 5830A)1equipped with an SE 30 column was used to

‘

determine the amount of cortisol in the extract.
-, - ¥ ‘ .

4.2.3 Equilibrium Dialysis )

Dialy51s membranes were prepared by washing in 50 mM

Trls HCl pH 8. 0 followed by b0111ng in 25 mM NaHCO., water,

3
1 mM EDTAS pH 7.0 and water (Lo and Sanwal, 1975) The

binding of T3 to BSA (fraction VvV, fatty acid- free, Sigma) 71N

~N

cglture medium supplemented with 1% BSA was determined by

equilibium dialysis against medium containing fU—;ZSIJ-Ts

(NEN Qanada, Lachine, Que.). Dialysis chambers‘contained

»

0.1 ml and the procedure was carried out at 4°C. .’
" .

-

4.3 RESULTS : o

i

4.3.1" Requirement for Insulin.and Cortisol for a’ Maximum

JResponse to T3

The role of insulin and cortisol in the induction,dﬁ

.

.o

a-glycerophosphate dehydrogenase and malid.enzyme was exam- -

ined in' detail by combining the results of numerous .experi-

4
)

ments and determining theé significance between'treatment
) .. . N . 2

groups. The effects of medium supplementation mith\difiers"

'ent combinations of T3, insulin and cortisol- are shown in

B -
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‘_sytes was tested (Flg 13)
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Table 6 for a-glycerophosphate dehydrogenase and in Table 7

’

for malic enzyme. a-Glycerophosphate dehydrogenase and malic

enzyme ‘activities were signififantly increased in all 53-

supplemented conditionsgwhentcompared to the corresponding

non;T3«supplemented\COndition, eg. 1nsu11n + T3 versus insu-

lin. The max1mum 1nductlon of both enzymes by T3 occurred
in the presence of insulin and-cortissl and was significantly

greater, than that by Ty alone“(p <,0005). The response to

*

- ' a . - L
insulin and T3 was significantly lower than with-the insulin,
o .

'cortisol and T3*supplemented condition (p <.0005). Similarly

El -\/
if insulin was omltted the Aesponse to cortisol” ahd T3 was
51gn1ﬁ1cantly lower (p <. UDOS for a~glycerophosphate dehydro—

genase, p <.025 for malic enzyme). ‘ :

8 ar s
3 A -

- s,
'

3 ”. . “_~..

q

-

- "The activities of a-glycerophosphate dehydrogenase‘,: 5:.

@ AN

and malic enzyme were measured in hepat@bytesfmagntained for

3 days in 'varying concentratlons Of. Té (Frg“ 13) Maximum 2

1nduct10n occurred at & medlum cdoncentration of 1 54 x 10 6M

LY
P + [

t . N
- e N L, RS
. « - N
. . o 1, e o~ L, ‘ -
. - v s
3 ~ . PN - S . .
. . < ',—‘( XY _ -~ ot e

The effectlveness of T4 asﬁan:inducer of a~dlycero—f"i o

Al

phosphate dehydrogenase and mallc ‘enzyme 1%;cultured hepato- LT

O L
4 appears to be ‘as actIVe as

PR - Tl e o
¢ N LRI Y. N
g B

T3 in 1nduolng both enzymes w1th max;mum 1nduct10n occurrlng

. “ s, .
t.-v.-,. € et 2T

in the same concentration range.‘ However, a. decrease iAo AT

- - « v

enzyme ac¢1v1t1es was. observed at’ concentratlons greater than -

)"‘

e

ﬂ‘(;

4.3. 2 Concentratlon Curves for the Response to T, ande4w ) o
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‘TABLE 6»

. EFFECTS OF HORMONES ON G~GLYCEROPHOSPHATE

DEHYDROGENASE SPECIFIC ACTIVITY OF HE?ATOCYTES

’

\ Cell culture and assa
Materials and Methods,
th§f§0110w1ng
cortisol;
control. cultures + S.E.

1.54 x 1076M T3,
Results are expressed as a %.0of the activity of
of,n 1nd1v1dualfsamples.

AFTER 3 DAYS IN CULTURE

procedures are described in
The Hormone concentrations used are

10° 6M insulin and 10-5M

The p

values were determined by a t-test on the $ differences

S
Wyt -

Hormone Addltlon

None £controla

'.,'_

LI Ty, e

ITI -insulin ¥'Cortlsol

IVL Insulln + Cortlsol + T3
vV ”'ilngulln ~

..VI -, Insulin + T

23

VIR ﬁi"Cdf%isol‘.'i“5 i
Sk At R
aVI;IQ 'Co;tisollf‘T3'

\"

kK p< 0005 when compared to IV

K 0. 140 + 0. 019AOD/min/mg (n

between treatment groups as indicated.

N 3% Activity

20)

1

167

100+

108"

20%%

10

44

11

22% %

15

25**'

p<.0005

p< 0005

P The average specmflc act1v1ty + S.E. fof thgycontrol was.

O ) e R U=

75.

\
j
{
§

H;
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‘ : “ TABLE 7 | u -
B : } * - : ‘ - S )
EFFECT OF HORMONES ON MALIC ENZYME SPéCIFIC .
ACTIVITY OF HEPATOCYTES AFTER 3 DAYS IN CULTURE ’
- L. .. ? N > - “ IRy
Experiméntal conditions are the same as in Table 6. Results “k
are exrressed'as a % of the control cultures enzyme specific
act1v1ty + S E. of n individual samples . ‘
8 . . . ’ "
Hormone Addition n. $ Activity ' '
T None (Control) . «100t ° . ~
X . ) p<.0005
II " Ty 13 ‘136 + 16** -
. I1I Insulin + Cortisol 16 117 + 13 r |
’ ' ) p<.0005 -
IV _  Insulin + Cortisol + T, 16 264 + 52 -
‘v Ipsulin 13«7 117 # 12 :
. ) ~ o ) - p<.005
¥ VI Insulin + T, 13 160 + 39** |7 o
; ] . ) . ‘ Rid [ . '_’m )
: . " VII Cortisol .5 77 + 19 - ;
. . p<.01
AIL - Cortisol + T, b5 155 + 39% - |
} » . . oo ’
: QP , . -
‘ * p<.025 and ** p<.0005 when compared to IV = -
‘ - + The éﬁerage specific activity +-S.E, for the control was
. 0.p93 + 0.01940D/min/mg (n = 20). e,
¢ 3 ) . ’ N . - t , « @ ";r‘.
. - 1
¢ 7 N ‘,
. . 4 !’ - v + » ‘ !
| - .
.$_ | g ‘ ‘g
- |/ : v ' - ' .



brelid {:}-!

A,

L1

.
— r—— T

. ted of T3 (®-e). 1In afiother experlment the responses to .

L o FIGURE 13-
" EFFECT OF VARYING CONCENTRATIONS OF T,
AND T, ON THE INDUCTION OF o-GLYCEROPHOSPHATE

DEHYDROGENASE (o-GPD) AND MALIC ENZYME
\ .

Hepatocytes were isolated and cultured for 70 or 74 h
as described in Materials—-and Methods. Control cultures
were plated and maintained in medium containing no hormones.
After 2 h in culture test cultures received medium containing
10-6M insulin, 10~5M cortisol and the concentrations indica-
different concentrations of T, (o-o] were 1nvest1gated in
the same manner. Results repéesent the enzyme activities
expressed as % activity of hepatocytes malntalned in medium
containing no hormones + range between samples prepared at °~ -°

70 h versus dgplicate samples prepared at 74 h.
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.,f t 4.3.3 Effect of Varying Insulin or Cortiso _Coﬂcentratioﬁ
o CooT TN s . .
ot : The role of/dnsulln in enzyme 1nduct10n was’ 1nvest1- K

- ~

gated by varylng the concentratlon of 1nsu11n in the culture

medlum while cortlsol and T3 concentratlons ‘were kept con-

= ¢ r’ . °
stant. The ablllty of insulin to peotentiate T3 action. varies

.
LY

with- the concentration of 1nsu11n in the medium ‘(Fig. 14).

’ > > ~~
K . -~

T _ No increase in enzyne actiVity is observed until loﬂﬁfinsulin

- is added, and a.maximum potentiation occurs at about 10_5M2-~9 ’

“ -
. e

s . Similarly, the role of_cortisol in cultured hepato—, ‘
- \ ‘ “‘a

cytes wasﬂstudled by varying its. concentratlon wh;le Lnsulln

»

and T3 concentrations were kept-constant (Flg IS) : Insullné‘ '.i
. .
. ~ © treeated cells were used as controls fot thls‘exgermment.‘ At .77

. Y

- ., 10 7M cortisol no change—en—eagiyéerophosphatewdehzdxggenase .

«

‘ activity over-lnsulrn- and T3—treated ﬁepatocytes'can be .
I . N~ > S | ~o ° .

- observé nd only a sllght change41f any can be observed .

. . \ ~—e
. for mallc enzyme. Wlth lncre331nq COncentratlons of cogti-

3 e

soli. the a-glycerophosﬁhate dehydrogenaSe and mallc enzyme
> -, \ ,‘-

N . \
AT ¢ - s
.

1nduct10n -by T3 was. 1ncreased.— . oo

- Y v o ¢

‘ ) » Hepatocytas dn culture retaln the ablllty to. metabw

“e . .
3 L . hd

x;: olize the hormones, 1nsu11n (Terrrs and Stefner, 1975

Dy W e e

e P R
.

3 ' ’ -

. ! 'Duckwor§E§ et al., 981) and T (Ismall BELgl et al., 19ng\ '

%

.o o pny
f

>

.and cell llnes derlved from the liver of young rats retaln

(Y]

the pathways of ste501d.@etabollen (CHessebepf‘et al., 1975) ? (

-

LS

T ”,n »The level of cortlsol in the" cu;ture medlum over the flrst'

o ., R .
H . / .
i\' \ .. c 24 h culture perlod was examlned and found to have decreased
b o , . . T
N Cw vrapld;y (Table 8). « - N Do _ .
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-FIGURE 1
\ . .

EFFECT OF VARYING INSULIN CONCENTRATION._

[

Hepatocytes were isolated, cultured and enzymes were
assayed as described in Materials and Methods. Control.
culture$ were maintained in hormone free medium. Test -
cultures received media containing 10-5M cortisol and 1.54
x 10~6m T3. plus the concentrations of insulin .indicated.
Results are expressed ‘as a % .of the activity in control -
cultures + range Bgtween samples. prepared after 10 h in
culture-versus duplicate samples at 74 h. .a~Glycerophos-
phate dehydrogenase (a-GPD] and malic enzyme activities

»are shown. ' \
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FIGURE 15 .o
4
EFFECT OF CORTISOL CONCENTRATION ON
- T, INDUCTION OF a-GLYCEROPHOSPHATE

DEHYDROGENASE AND MALIC ENZYME

’ -

-

Hepatocytes were isolated, cultured and enzymes assayed

as described in Materials and Methods. Control cultures were

maintained in 1nsu11n-supplemeﬂ@%d’medlum All test cultures
were malntalned in media containing 10-6M -insulin and 1.54 x
10-6M T3 with the concentrations of cortisol indicated.
Results are expressed as a % of the activity in control cul-
tures + S.E., n = 4.except. for the 10-6M cortisol condition
for a—glycerophosphate dehydrogenase where n = 3. The open
bars represént a-glycerophosphate dehydrogenase and the
hatched bars represent malic enzyme.
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TABLE 8

~

DECREASE IN MEDIUM CORTISOL CONCENTRATION WITH TIME

The concentration of cortisol was determined as des-
cribed in methods. Hepatocytes were plated in hormone-free
medium.% After' 2 h, the medium was changed to medium contain-
ing 10 °M insulin, 10~5M cortisol and 1.54 x 10~6M T.

‘Cortisol was extracted from the medium after incubation with

hepatocyte monolayers at the times indicated. Results are
expressed as'a % of the cortisol extracted from medium not
exposed to cultured cells.

]

Incubation Time : $ Cortisol Remaining*
0 h . - - 92.0
0.5 h 3 : . ] 53.5
2 h “ . 9.6
24 h ‘ not detectable

* The half-lifé of cortisol caltulated from these data was
approximately 37 min.
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4.3% Effect of Dexamethasone on'T., Action

3

In the absence of T,, dexamethasone did not ihqrease

3I
. the activity of either a—glycerophoéghate dehydrogenase or

malic enZyme (Fig. 16). The respgonse to\B constant level of a

T3 11.54 X 10'6M) varied with the concentration of dexametha-

sone. Maximum induction of a-glycerophosphate dehydrogenase

(3-fold) and malic enzyme‘(4.5—fold) occurred at a dexameth- -

,/ ' asone concentration of 10-7M. Dexamethasone at a concentra-

tion of 10-9M has the same ability to potentiate TS action

as‘lQ—SM cor'tisol.

b

L

. . 473.5 Response to T3

Dexamethasone (107 'M) and insulin (10 %M) were

in the Presence of BSA

« - included in the medium to potentiate T, action and aid in_
detecting a response to low levels of T3. The medium was . |
supplemented with 1% BSA (fraction V, fatty acid-free) which |
bound 94% (Appendix 4) of the T

3
by equilibrium dialysis. The BSA provided a sink of hormone

-~

added to med%gp as measured

unavailable for metabolism (Goodridge, 1975). At free hor-
. . » \ - ) , - \. *
mone concentrations of ‘10 10 to 10 M measurable induction )

of a-glycerophosphate dehydrogenase and malic enzyme occurred
(Fig. 17).

4.4 DISCUSSION

Although the addition of T, alone was cépable of sig-

3
nificantly inducinhg a—glyceroph03phafé'dehydrogenase (62%

increase) and malic enzyme (36%), a maximum induction!by T3
, \
; .
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FIGURE 16

POTENTIATION OF &, ACTION BY DEXAMETHASONE

¢ ¥

Hepatocytes wexe isolated, cultured, harvested and .
enzyme activities were assayed as described in Materials and ’
Methods. Control cultiirés were maintained-in medlum contain-
ing no hormones. Test cultures received media containing \

- 10"5M insulin (®—e) or. 10~6M insylin and 1.54 x 10-6M T,
(A—A) and_the concentration of dexamethasone indicated. The
specific activities of a-glycerophosphate dehydrogenase . i
(a-GPD) and malic enzyme are expressed as a 3,0f the activ= .

ity of control cultures + range between samples prepared at - J
) 70 h and 74 h. The enzyme activities in hepatocytes main- ’

tained’ in meédium contalnlng 10-6M insulin, 1.54 x 10~ b . ¢ ’ '
T, and 107°M cortisol is shown(®™). - - ~ 7
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FIGURE 17

RESPONSE TO T3.IN THE PRESENCE OF 1% BSA

-

Hepatocytes were isolated as described in Materials
and Methods. Following the initial 2 h culture period in
medium containing no hormones_or BSA, test media were added
containing 10=6M insulin,'10~/M dexamethasone, 1% BSA and
the concentrations of T3 indicated. Hepatocytes were
harvested after 70 h and 74 h in culture. o-Glycerophos-
phate dehydrogenase (a-GPD) and malic enzyme activities
were assayed as described in Materials and Methods. -
Results are expressed as a percentage of the activity of
contrel &ultures maintained in medium containing no hormones
or BSA + the range between 70 h and 74 h samples. ¥
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occurred only in the presence of insulin and cortiéol. ;The

omission of either insulin or cortisol resulted in a signifi-
t

cant loss of enzyme induction. ‘Ismail—Beigi et al. (1979)

reported that increases in a—glyceropﬁosphate dehydrogenase

-

in cultured hepatocytes from thyroideetomized rats were

-

unaffected by the omission of insulin, corticosterone and
serum. The level of %nsulin they were using was 4 mU/ml

(2.9 x 10_8M) which from our insulin concentration curve

3
high concentrations of around'lO—GM_insulin were ré&uired to

would not potentiate T, action in normal hepatocytes. Rather

see stimulation of the T, response, but it should be rememb-

3
ered that cultured hepatocytgs internalize and degrade
insulin (Terfis and Steiner, 1975; Duckworth-et al., 1981).
Corticosterone is the méjor glucoéorticoid of the rat
but in bioassays it is less active than cortisol (Schulster
et al., 1976)?"‘A concentration of 10 %Mcortisol was the
lowest concentration at which poteﬁtiation of T3 induction
of a-glycerophosphate dehydrogenase occurred. Thus, the
level of cortiéosterope (10-6M) used by Ismail-Beigi et al.

(1979) may be too low to potentiate Ty action in their cell

cultures. .

’ i . r
The requirement for high concentrations of cortisol

-4 6

(10 - 10" °M when compared to free physiological levels of

about 10—8M (Bailard, 1979) ) is likely due to metabolism of
(the harmone by hepatocytes over. the culture period. The
concentration of cortisol in the medium decreased rapidly
with a half-life of 37 min. Dexamethasone, a popent non-
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metaboliéable synthetié'glucocorticoid, was able to poten— &

tlate T 1nqiftlon of a—glycerpphosphate dehydrogenase and

10_9,\--'

malic enzyme at concenxratlons as low as 10 10 "M, -

-

The productlon of" grdwth hormone ‘in the rat pitnitary'l ,

e

. cell llne, GHy , has been shown to be~under the control of Ty . :
a N

and cortisol (Martlal et al., 1977 Shaplro et al., 1978). In

\4

both systems, GHl or cultured hepatocytes, cortisol alone can-

not induce the production of growth hormone (Samuels et al.,

1979) or a-glycerophosphate dehydrogenase and malic enzyme

respectively but rather potentiates the action of T

3
Adult rat hepatocytes exhibited insulin potentiation

of T3 induction of malic enzyme as reported earller for chick

hepatocytes (Goodrldge, 1975). Although not‘reported for

chick hepatocytes, the induction of mitochondrial a-glycero-

. phosphate dehydrogenase in response to T, was al potenti-

3
ated by insulin in ‘rat heptocytes in culture.

Liver ie the major organ of thyroid hormone catab li&n

“\\ ) ’ and cultgred rat hepatocytes'break down.Té rapidly (Ismail-
Beigi, et gl.,19791. Cdnsequé%tly, in the experiment withon;

BSA supplementation, the»ceﬁbentration of 10—%&T3 required t; ) 3

obtain maximum induction of alalyceroéhosphate dehydrogenase

’

and malic enzyme in cultured hepatocytes represents the
& -

concentration that saturated the receptors over the 24 h

period between media changes (Oppenheimer et al., 1977).

Most of the action of T4 probably comes from its ‘conver-

sion to T (Silva and Larsen, 1978; Oppenheimer,%g al., 1979).

3
\Although it can bind to nuclear receptors and thereby exert ¥
B ' QD LT 1
> . '
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some intrinsi¢ effects, T, has a lower affinity than T,

(Cppenheimer et al., 1976). Rat® hepatocytes in primary cul-

v £

ture retain the liver's ability to deiodinate T, to Tg
kL
(Krenning et al., 1980). Presumably both conversion of T, to -

T, and T, binding directly to nuclear receptors are involved

and could account for the similarity between T3

and T4 concen-

“tration curves.

. .

Hepatocytes in culture for 3 daYs)showed'an increase .in

a-glycerophosphate dehydrogenase and malic enzyme at concen-

tratioﬂé>of T3 between 10-10

to prevent rapid degradation,vlo-sM was requireg%\\The .

and 10_9M£ whereas without BSA

addition of BSA may influence the~re§€f:se in ways other than

binding Té such as binding dexamethasone (Ballard, 1979) and

altering the uptake of T3 by hepatocytes (Krenning gﬁ'gl.,
'1979). The induction$ of hepatic a-lecerophoéphate dehydro-

) P _ AN o
genase and malic enzyme require a high degree of saturation

of nuclear receptors by T3\(Opg§hheimef and Dillmann, - 1978).
Thus, although the correlation‘w;ﬂh stimulating pﬁyéio}ogical

107 - 10710

10

o
free levels of T M, is not exact, the response

3

to concentrations of 10 .

‘

degree of sensitivity of cultured hepatocytes.

and 107°M represents a reasonable
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g0
"

"

.

{

8

=




, , .
; CHAPTER 5. GLUCOCORTICOID ACTION AND STEROID °

' - SPECIFICITY OF THE PbTENTIATION OF

- T, ACTION

. =

-

. 14
s 5.1 INTRODUCTION s

‘.. . .

- ‘ Interactions between hormones. in the regulation of
~ ) : : < . N
- . /\1wenzyme activities An cultured hepatocytes have recently been

‘ . ! - - .

é\ described; in most instances glucocorticoids are involved
[ - {,‘U -(Mi halopeulos et al., 1978; Gebhardt and Mecke, 1979a,b;

' SMZdt, 1979 a,b, 1980a,b) .. Tﬂe role of glueocorticoids in
hormonal controléoiheg\zme activity is sometimes described
as "permissive" since the glucocort1c01ds often have no

-

— action on their own butjare required for or potentiate the
| action of epother hdrmone.(Gebhardt and Mecke,.i979a,b;
Granner,‘l979;°Katz eg‘gl.,-1979b; Redshaw, 1980). These
—- peémissive acfions of glﬁcocorticqids,ig vitro. have not peen
characterized with respect to steroid &Pecificity.
From the results presented in-Chapter 4, it is clear
thét cortisol_and dexamethasone potentiated the response of
' rat hepatocytes‘to T3.

erent steroids to potentiate 'I'3 action is compared w1th thelr
2

In thik chapter the ablllty of diff-

ability to induce tyrosine aminotransferase (EC %.6,1.5),

typical and specific action of glucocorticoids (Thomp%on,

: w 19794 \ \
R ‘ The effect ef glucagon on the¥response of hepatocytes
~ to T3 and dexamethasone‘was examined Secause inxeréctioqs
( betweeﬁ‘these hormones have been reported (Goodridge, 1978;

, = .
£
- -
hY . .
» 1
.
. .
.
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Michalopoulos et al., 1978; Dillmann and Oppenheimer%\l979;
Ernest and Feigelson,,1979; Thompson, 1979).
S . -

5.2 MATERIALS AND METHODS

The procedures used to isolate and cuiture hepatocytes
from adult male Wistar rats'(200-300 g) are detailed in .
Materials and Methods, Chapter 4. ﬁepatocytes were plated
in basic culture fedium consisting Qt L-15 medium, 10 mM
glucose, i mM succinate, antibiotics, 20 mM Hepes, 10 mM TES
and 10 mM BES. The addition of different .hormones to tne
medlum after & h of culture is Qescrlbed for each experlment.
Hepatocyte monolayers were harvested after 3 days in culture

by collagenase treatment (Materials and Methods, Chapter 4).

The activities of a-glycerophosphate dehydrcgenase and malic

. enzyme were determined as 'described previously. Tyrosine

aminotransferase (EC 2.6.1.5) was assayed in the post-
mitochondrial supernatant by the method of Granner and -

Tomkins (1975).

5.3  RESULTS n ,
5.3.1 Comparison of the Glucocorticoid Action of Steroids
and Their Potentiation of T3 Action

The effect of different concentrations of dexamethasone

" on tyrosxne amlnotransferase activity was. measured (Fig. 18).

Insulln and T treatment nerther 1ncreased nor decreased

" tyrosine aminotransferase activity in the absence of dexame-

.

thasone. Tyrosine aminotransferase activity was increased,

94



(  FIGURE: 18
EFFECT OF VARYING DEXAMETHASONE CON/CENTRATION

ON TYROSINE AMINOTRANSFERASE

-

Procedures for culturing hepatocytes and assaying
tyrosine aminotransferase are described in Materials and
Methods. Hepatocytes were cultured for 3 days with 10-6M
insulin, 1.54 x 107®M T3 and the concentration of dexameth-
asone indicated. Results are expressed as % activity of
control cells maintained in medium containing no hormones
+ range between 70 and 74 h samples.
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by a concentration of dexamethasone-as low as 10-9M and poss-

-10

ibly 10 M. The maximum increase in enzyme activity was

7-8 times control values and occurred with 10—7M dexameth-
.asone. The activiﬁy of tyrosine aminotransferase decreased

slightly in hépatocytes maintained in higher concentrations

. -6 -4 W
(10 - 10 'M) of dexamethasone. : .7
In orfder to examine the steroid specificity, test cul-
/ ) i
tures received medium supplemented with insulin, T, and diff- ‘

3
erent steroids after the 2 h plating interval. These ’

steroids wgie added at lO—SM since at this concentration
\ /
cortisol markedly increasedBI‘3 action (Figg 15, Chapter 4).

From previous experiments it was determined that maximum

potentiation of T3 action (Fi 6, Chapter 4) and maximum

increase in tyrosine aminotransferase activity (above) :

IS ES b :
7

occurred at a concentration of 10 'M dexamethasone (a syn-

thetic?and non—metabolizéble glucocorticoid). Therefore, %
b, v - . 5

the ability of. steroids ‘to potentiate Ts action or to |
~ 2

. . §
increase tyrosine aminotransferase activity was compared ;
" !

with the maximum effect caused by 10—7M dexamethasone (set'

at 100%). The results of 3 experiments (2 samples/ekberi-

-4

ment) are combined and presented in Table 9. "Cortisol,

corticosteroge and aldostefrone sighificgntly increased the
é(.u

~

activities of malic enzyme and tyrosine aminotransferase

» ~
above the insulih and T, condition. Deoxycorticosterone and

testosterone slightly increased malic enzyme activity (not

[T —

i

sighificant for deoxycorticosterone but low n value) but

had no effect on tyrosine aminotransferase activity. Chol-
¢




N\

transferae Ta%¥) were determined in post-mitochondrial

. S.E. All steroids were added to the culture medium at a

_on $ increases. p< **,0.25, ***,01, +. 005, ++.0005.

TABLE 9
EFFECT OF DIFFERENT STEROIDS ON THE ACTIVITIES

OF MALIC ENZYME AND TYROSINE AMINOTRANSFERASE:

.The activities of malic enzyme and tyrosine amino-

supernatant fractions from hepatocytes cultured for 3 days
with 10~0M insulin, 1.54 x 10’6M T3 and the different
steroids indicated. Results are expressed as a %:0f
maximum glucocorticoid action (i.e. the increase in enzyme
activities caused by 107 M dexamethasone above the activity
observed in hepatocytes cultured with insulin and T3) +

concentratlon of 10™°M. The specific activity of malic
enzyme in the control condition (insulin + T3) was 0.116 +
0.020 A0D/min/mg. In the presence of, insulin, dgxamethasone
and T3 the specific activity was 0.345 + 0.087 AOD/mln/mg
Control (insulin + T3] specifjc activity of tyrosine amino-
transferase was (.253 + 0,080 AOD/min/mg (13 + 4 milliunits/
mg). * Specific activity in the presence of insulin,
dexamethasone and T3 was 2.362 + 0.963 AOD/min/mg (119 + 48
milliunits/mgk. The p values were determined by a t-test

Steroid -~ (n) g Malic Enzyme TAT
Cortisol . (6)5' 40 + 3&* 43 + 7t
Corticosterohe (6) 39+ 11%%* . 18 i~4+ )
Aldosterone 6y - 38 + 477 7 214"
Deoxycor%}cos;erone (4 "9 i' 5" ' -1 + 2"
Testosterone _ (6) 10 i 4x* 3 +2
Cholesterol (4) -4 + 5 J 1w 2.
178-Estradiol (4) '2#{ 3 4+ 2
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"+ esterol and estradiol had'no_effeit on eithef enzyme.

4 .

5.3.2 Effects of Degamethasoﬁe,_Insulin, T3 and Glucagon on

. Enzyme Activity - ‘«

\& The activities of o-glycerophosphate dehydrogenase
\

(Table 10), malic A£nzyme (Table ¥l) and tyrosine aminotrans-

4

ferase'(TaBle 12\ were examihed (in 4 experiments, 2 samples/y

\;_experlment) in hepatocytes cultured for 3 days w1th different

» oy

comblnatlons of insulin, dexamethasone, T3 and gluéagon.
Although the number 6f.samples was 8 or 1ess, statistical

analyses by t-tests on‘% differences were done to‘%idlin the

’ Al
- =

The effects of the different’
L

hormones on a-glycerophosphate dehydrogenase and malic enzyme

interpretation of the results.

activities were similar to those observed in Tables 6 and 7
(Chapter 4) wHen_cortisol was used instead of dexamethasone.

Glucagon alone had no effect on either enzyﬁgf” In the‘pre—

sence of .insulin, dexamethasone:and T3, glucagon did not
wﬂ'

alter o-glycerophosphate aehydrogenase activ%ty but appeared

-

to decrease malic enzyme)ecti&ity although with variation
between samples the decrease was .not significant.
Tyrosine aminotransferase was not increased by insulin

& v -
or T3, either alone or together (Table 12), which agrees witp

the results in Figure 18. 1In every condition in which v

-
dexamethasone was addeﬁ‘to the medium, tyrosine aminotrans-
ferase activity was significantly increased (6-12 fold). ,

/
" /
Glucagon alone increased tyrosine amigptransferase activity

2 fold (which was significant). When glucagbn was added

—
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TABLE 10
‘ 4

EFFECT OF DEXAMETHASONE, INSULIN, T3 AND

GLUCAGON ON a-GLYCERQOPHOSPHATE DEHYDROGENASE

<
3

. ‘ Procedures for culturing hepatocytes.and assaying
. enzyme activity are described in Materials and Methods.
’ ' Hepatocytes were cultured for 3 days with the hormone
icated at the following concentrations: insulin, 10~

100

-

”

.

A

g ind-

14

1,54 x 10~6M; dexamethasone (Dex.), 10~7M; glucagon, 10-6M ;

-~ Enzyme specific activity is expressed as a % of the enzyme
specific activity in control cultures *+ S.E. The p values
were determined by a t-test on the % differences between
o test and control cultures. p *.05,; **,025, ***_01, *.005,
. ++.0005
™~ 3
Hormone Addition . " n % Activity f
None (Control) 8 * 100t
. . Insulin 6 102 ¥79
\ - 14
; T, 4 156 % 14
t Dex. . 3 75 * 31 - : i
:s'f N / /‘ * i
' Glucagon g 5 105 % 10 - ;
Insulin ¥ Dex. , 6 116 * 11 %
Dex. + T, / 4 139 t 23
Insulin + T, | 6 177 + v4t ~
Insulin + Dex. + T, g 258 = 1r3** '
» N - nlS.
: Insulin + Dex. + T3 + Blucagon 6 271 % 1Q++

P

T Specific Activity was 0.I17 + 0.015 AOD/min/mg.-

B e e s ]

14
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. ' TABLE 11 .

EFFECT OF DEXAMETHASONE; INSULIN, T3 AND

¢
GLUCAGON ON MALIC ENZYME

]

Details of the experimental conditions, hormone con-
centrations and énzyme assays are given in Table 10. Results .
are expressed as % of the enzyme specific activity of the
control * S.E, The p values were determined by a t-test
and are listed in Table 1l0.

“Q" .

Hormone Addition n , % AEtivity
None (Control) ! . 8 — 100%

Insulin - I "6 115 + 9

Ty | 4 144 + 19%*

Dex. : ‘ Q 58 * 2 -

CGiucagon ‘ 6 .\ 117 =2
Insulin + Dex. . .6 143 + ]12%*x
Dex. + T, o 141 * 40 }

_ Insqiin + T, ' 6. ' 159 + 127
Insulin tDex. + T . f 8 374 + 33%*
Insulin +“Dex. + T3 ¥ G‘].uca;gons 6 298 + 2477 nes
+ Specifie Activity was 0.095'+ 0.025 AOD/min/mg.

[ & . \ T v st
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TABLE 12
EFFECT OF DEXAMETHASONE, INSULIN, T, AND
GLUCAGON ON TYR INOTRANSFERASE . \\
Details of the experimental: conditions, hormone .
concentrations and enzyme assays are given in Table 10.
Results are expressed as % of the enzyme specific activity
of the control + S.E. The p values were determined by a t-
, test and are listed in Table 10. J :
\.
Hormone Addition - . n % Activity
None (Control) = - 8 100t ‘
Insulin o 6 106 + 6 i 1 )
T,"' . 4 114 + 6 ’ '

3 . . . = ’ .
Dex. . . ) 4 621 £ 148***.- .
Glucagon 6 213 4, 3d%x .
Insulin + Dex. 6 915 + 98*f,A
Dex. + T, - 4. 985+ 193*** | )
Ingulin + T, /o 6 122+ 10 - g

%  Insulin + Dex. + T & 8 795 + 80+ .
g 3 ) ‘ - + - “
Insulin + Dex. + T, + Glucagon ‘o6 1189 + 115%
t Specific Activity was 0.228 + 0.080 AOD/min/mg.
- 9 .
. . . D
/ =
5 e b ;ﬁ
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with insulin, dexamethasone and T the increase in enzyme

3[
activity was 12 fold compared to 8 fold without glucagon.
This increase by glucagon was significant.

I3

5.4 DISCUSSION

The inductidn of tyrosine aminotran;}erase by gluco-
corticoids has been extgnsively'studied in vivo and in vitro
in HTC cells and in isolated or cultured hepatocytes (Lin and
‘Knox) 1957; Tanaka et al., 1978; Ernest and Feigelson, 1979;
Granner, 1979; Thompson, 1979; Ivarie et al., 1980). Unlike
the T, induction of a-glyéerophosphate dehydrogenase and
malic enzyme, the increase o% tyrosine aminotransferase by
dexamethasone treatment of cultured hepatocytes reached a
maximum withinAl day, then gradually decreased (Appendix 5)
which agrees with the repdrt by Ivarie éghgi. (1980). 1In
order to compare the qfﬁects of dekamethasone and other ster—.
oiés on tyrosine aminotransferase and T3 action, a 3 day
treatment period was used.thropghout these studieg.

‘The inereases in tyrosine aminotransferase %ctivity
caused by different coqcentrations of dexamethasone pafall—
eled the increases in a-glycerophosphate dehydrogenase and
malic enzyme activities caused by dexamethasone in the
presence of insulin and T, (see Chdapter 4). Concentrations

10

of 10~ - 10—9M were required to observe a response and the
Yy

( .

maximum effect occurred at lOf7M dexamethasone.
Oﬁ;y the steroids (cortisol, corticosterone and aldo-

sterone) with known glucocorticoid action {Schulster et al.,

| S

5% Lo R o A,
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1976) were able to potentiate T, action substantially and to

3
increase tyrosine aminotransferase activity. Déoxycorticos-
terone is a mineraloqpréicoid which by bioassays has no

glucocorticoid action (Schulster et al., 1976). In HTC cells,

N ' deoxycorticosterone is a poor inducer of tyrosine amino-

transferase requiring sustained high concentrations (Samuels

and Tomkins, 1970). One distinction between these culture
systems is that HTC cells cannot metabolize stergids '

(Samuels and Tomkins, 1970) but primary cultured ﬂépatocytes
can (see Chapter 4). Presumably deoxycorticosterone was beinga

metabolized by the hepatocytes and was not maintained at a ' -t

concentration sufficient to increase tyrosine aminotransferase.

The activity of malic enzyme in the presence of deOﬁycorti—

costerone and testosterone appeared slightly elevated whereas

’

\ ) tyrosine aminotransferase activity was definitely not affec-

Bes

ted. The reason for this is unclear and may reflect

independent actions of these hormones/in the culture system

not related to any glucocorticoid action.

-

The:interaction of glucocorticoids and T3 in GHl‘and ‘

GH, cells has been extensively studied (Martial et al., 1977€L—

Pow—

Shapiro et al., 1978; Samuels et

o
hormones are

., 1979; Ivarie et al.,

s

1980, 1981). Thes hought to interact at a

ek

pre~translational'l vel (Shapiro e gll, 1978):&Recenf

N \\ studieé in the GH3 ce 3
‘ effect as” dexamethasone ahd T, if the cells were pretreated

T, alone has as large an

with dexamethasone (Ivarie et al., 1980). Ivarie et al.

(1980) suggest that dexamethasone is controlling the syn-

e
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.
thesis of a regulator which then acts in combination with Ty
These studies in cultured hepatocytes have shown a ' .
/ remarkable gimilarity in steroid specificity apd\concentré%—

ion requirements of glucocorticoidwaction and steroid hoxrmone

S . potentiation of T,

examined (increases in tyrosine aminotransferase activity) is

action. Since the glucocorticoid action

known to occur at, the nuclear level (Higgins et al., 1979),

, this suggests that glucocorticoids may be acting at the

-

nuclear level to potentiate T3 action in cultured hepancytes:
by a hgchanism comparaBle to/their‘action in rat pituitary

cell lines. However, only further experimentation in cul-

L

W g

tured hepatocytes will reveal whether the glucocorticoid

~
’

/
- effects are direct or involve the expression of a regulator

of T, action. ) - -

fhe chaﬂges in the activities ofa;glyé;rophosphate de-
hydrégepasg and malic enzyme in.mediumasupple;ented with

. ‘ ,Qifferent‘combinations of insul;;Ln,‘dexamethasone.and'T3 are’

— ' Gery similar to those observed in Chapter 4 when cortisol

- Y

3

was used in place of dexamethasone. Glucagon alone did not

affect the activities of a-glycerophosphate dehydrogenase
. * or malic enzyme but did ®increase significantly ‘tyrosine -

-

aminotransferase activity in agreement with the rebort by

N

Michalopoulos et al. (1978). Ernest and Feigelson (1979)

reporfed thé}}&examethaSOne and either glucagon or dibutyryl

. - _CAMP .must be present to induce tyrosine aminotransferase. in
isolated rat liver cells. In these studies and studies by

Michalopoulos et al. (1978) either a glucocorticoid .

o
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(dexamethasone, these studies; cortisol, ylchalopoulos et
,al. .’ 1978) or glucagon could.lncrease/f§;c51ne aminotrans-
ferasé activity independently. An effect of lnsulln on
tyrosine aminctransfe;ase could not be demonstrated in

primary cultured‘hepatocytes althqugh an increase in enzyme

L ¢ -

activity due to decreased degradatlon of the enzyme has been - -

4

described in HTC cells (Gelehrter, 19791. In the presence of .

~

N .
both dexamethasone and glucagon, the activity of tyrosine
aminotransferase was significantly 'increased above the level .

. of each hormone alone. The synergism of glucagon and gluco-
¢ corticoids on tyrosine amindétransferase in.primary cultured

hepatocytes has also been deSCfibed by Michalopou}oszgtxgiﬁ

- - a
- Rd

(1973).

-

The effect of glucagon -on T, action has been extensiyely -

studied in cultured. chick hepatccytes {Goodridge and Adelman, *°

-
1976; Goodrldge, 1978; Siddiqui et al., 1981), Glucagon ;
rapldly blocks induction of mallc enzyme by T3 by lnhlbltlng -
B the production of translatable mRNA Zélddqul et al., 1981)
. : . | In these~studies with primary cultured_rat tepatocytes, N
> glucagon appeared to decrease malic enzyme aqtitity} although .

L

the effect was.pot statistically significant. a—Glycerophos—
dehydrogenase act1v1ty was unaffected by glucagon

phate
which is consistent with in vivo results (Dlllmann and Oppen-

heimer, 1979). - Thé elevation of glucagon by starvation is

thought to prevent the induction of malic enzyme by T; in )
starved rats or chicks (Dillmann and Oppenheimer, 1979;
. , o

Siddiguni et al.., 1981). Malic ‘enzyme and otﬁer'lipoéenic

enzymeSEaré increased by T3 and high ca}bohydrate diets

s YW
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system with respect to Hormone levels, glucagon metabolism

need to be invg;tigated beforeaan explanation can be .put

ac Lo a8 EMWCNTAS - RO e, ey [P

- . -

ig vivo (Oppenheimer et al., 1981). The {nabili;y of gluca-

- . 3

~-gon to block T, induction of malic enzyme can not be explained

’

at present. Further work in the éultured rat hepatocyte

and culture.conditions (such as serum and gldéose levell)
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CHAPTER 6. DISCUSSION
o
6.1.1 ?hthse of Cultured Hepatocytes for Hormone Studies
In the past fow years, primary coltnres of rat hepato-
cytes haveibeen used extensively to study the actions of
many differoﬁt hormones (Geelen et al., 1978; Micoalopoulos

et al., 1978; Gebhardt and Mecke, 1979 a,b; Schudt, 1980a,b).

.

In many instances, serum and/or hormones are added to improve

the maintenance and longevity of hepatocyte cultures (Bonney
et gl.; 1974; Michélopoulos et al,, 1978, Gebhardt and Mecke,
1979b). Some workers omit serum and hormones following the
plating of the colls (Spence et al., 1979; Spence and Pitot,
1979; Schudt, 1980a) but the possible effects of this initial
exposure on the metabolism of hepatocytes throughout the

culture period has not. been considered. The culture method

'‘ised in the studies in this thesis is novel because hepato-

cytes from normal adult rats were routlnely plated and

maintained in serum- and hormone-free medium. Only recently
has ano; her hormone- and serum-free culture éothod for rat
hepatocytes be’k described»(Yamada et al., 1980).

The studles -in Chapter 2 on the morphology and longev-
1€§¢of hepatocytes cultured’with dlfferent hormones generally
agrézmw1th reports by other workers (Mlchalopoulos and
Pitot, 1975; Laishes and Williams, 1976a; TanaJa et al.

1978). It is clear that insulin and/or dexamethasone

\ o .
markedly alter the properties of these cells in culture.

. Consistently, it was noted in these studies that enzyme

&
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aétivities and other cell parameters (e.g. cytochrome con-
tént) Qefe elevated klO—ZO%) ingzs%tures maintained in med-
ium supplemented with insulin and dexamethasone aon; the”
values obtained for hepatocytes maintained in hormone-free
medium. Some of these observations'ﬁay be related to impro-
ved maintgnance of cells in culture and general pepatotrophic
effecté of insulin rather than.specific actions of thesec
hormones. However T3 did not alter the survivalkor morph-
ology of these cells in.culture. Therefore, theveffects of

T. on cultured hepatocytes represent specific ‘actions of the

<

3

hormone and can not be explained by overt. changes in longev-
ity or maintenance of these cells in culture.

P :
6.1.2 Actions of Ty in Cultured Hepatocytes '

At the time this research was begun, information on

. the mechanism of action and direct cellular effects of Tiﬁ

/
was limitedf Studies over the past 5 years, in Vvivo in the

rat (for a review see Oppenﬁéimer, 1979), in vitro in chick

-

hepatocytes (Goodridge and Adelman, 1976; Goodridge, 1978;
Siddiqui et al., 1981) and in vitro in rat pituitary cell

lines (for a review see Eberhardt et al., 1980) have consid-

erdbiy expanded'current knowledge on the control ofigene .

~

expression by T3. Because T3 actions in cultured mammalian
liver cells had not been reported when these studies were
initiated, the first goal of this research was to demonstr-

ate specific and biologically relevant effects of thyroid

hormones in vitro. The inductions of o-glycerophosphate
\




Yo,

dehydrogenase and malic enzyme in liver in vivo have been

wéll characterized and are the only actions in liver that

3 to specific

nuclear receptors (Oppenheiﬁer‘and Dillmann, 1978). The

have been linked directly to the binding of T

concurrent inductions of a—glycegopﬁosphate dehydrogenase

and malic enzyme by T, treatment of hepatocyte monolayers

3
follow the same time course as occurs in vivo. Therefore,

the first objective of these studies, i.e. the development

of a culture system which could respond to T3 as the liver

does in vivo was achieved.

The short life-span of these cells in culture preven-
3 -

ted extensive examination of certain T3 actions which are

: ‘—
known to be quantitatively less than increases in a-glycero-, .

phosphate dehydrogenaéé~6r malic enzyme and require greater
than one week to observe a maximum response (&.q. succinate

dehydrogenase or NADPH—cytochroﬁe ¢ reductase). .However,

. . Y . .
another in vivo action of thyroid hormones, increased cyto-

chrome content, was observed in cultured hepatodYtes thus

showing this action to be a direct cellular effect of T3.

-Some effects such aé”changes in the synthesis of glycero-

lipids could be observed after.24 and 50 h of treatment with

T,. In conﬁ?ast to the ié vivo repo;t by Tata (1970), T,

caused a decrease in choiihe incorporation in vitro. Tﬂis

in giggg response is definitely a direct action of T, on a

single cell type. Possibly the in vivo response requires
-~

accessory factors or tissue conditions that one not dupli-

cated during the pg}mary cultﬁring of hepatocytes.



!

6.1.3 Potentiation of T, Actidn by Insulin and‘Glucocqrti—

>

coids

N

By using inqreases in a-glycerophosphate dehydrogenase
and malic enzyme activities, it was possible to characterizé
‘the effects of othgr hormone; on the response to T3. Insulin
has been repérted to enhance the iqduction of malic enzyme
by T3 in chick hepatocytes (Goodridge and Adelman, 1976).

In the past few years the effect of glucocorticoids on the
induction of érowth hormqne by ?3 in rat pituitary cell

lines has been extensively examined (reyiewed by Eberhardt
et al., 1980). It was a unique £inding of the studies in

° this thesis that both insulin and glﬁcocorticoids potentiate
— . the action of T3
Ismail-Beigi et al. (1979) concluded that there was no effect

in mammalian liver cells. A pfport by

of corticosterone, insulin or serum on increases in activity

of a~glyc§rophospﬁate dehydrogenase caused by T3 treatment

of hepatocytes froﬁ<; thyroidectomized rat. The hormone
concentrations required and hormone metabolism character- o
'izgd/in this thesis plus other reports in the literature
suggested reasons for the negative results obtained by
Ismail—Beigi/EE al. (1979) which were discussed in detail in

Chapter 4. ' .

The ability of cultured hepatocytes to respond to

. : . el
many hormones has opened up an area of research into the

interactions of:hormones. During\the course of this work, N

many reports on the direct and permissive actions of gluco-

/ ' . corticoids have appeared. In this thesis, the potentiation




LN

- - ‘ J‘ﬁz

- "

./- . ’ / -
ofi'i‘3 action by steroids was.characterized with respect to
hormone concentration and’steroid specificity: The/results
demons;rated that the potentiation of Ty action was specific
for glucocorticoids and suggest a close parallel to the
effect of g}ucocgfticoids on T, action‘in cultured rat
pituitary cells (observed by other workers, reviewed by
Eberhardt et al., 1980). \

In a broad sense these studies emphasize the point
that the dctions of hormones can not be considered in iso-
lation even at the cellular level. Although my research
has d;alt witp the effects.of other hormones (ipsulin and
glucocorticoids) on the actions of tﬁyroid hormones, there
is evidence that thyroid hormoneé alter the response of
liver cells to ;;her hormonés./‘for_example, the éene for
%u globﬁlin is under multi-hormonal contrd in rat liver
(KRurtz and Feigelson, 1978) . In euthyroid rats, “@ndrogens
and growth.hormone increase the synthesi% of ®oy globuli

but in thyroidectomized rats this re is lacking. .
Insulin increases glucokiﬁase and ATPse ate lyase and ~

dexamethasone increases glucokinase in xy cultures of

Pitot, 1979). Pfetreatment of hepétocyte mono Igyers from
thyroidectomized rats with T3 restored the responses to
insulin and dexamethasone. Thus the imbalance (deficiency
or excess) of one hormone can drastically affect, either

impair or accentuate, the primary actions of another —_—
™

>
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hormone.

.

The research in this thesis is the first demonstration

Q < .
that both insulin and glucocorticoids potentiate the actions
of thyroid hormones in mammalian liver. The physiological
significance and molecular mechanisms of these hormone

interactions are interesting questions raised by this find-

¢ e
ing. Because the culture system for rat hepatocytes

developed for these studies is completely defined and
. %
retains the ability to respond characteristically to thyroid

‘and glucocorticoid hormones, it is an ideal system for
-

-

future investigations on the role and molecular mechanism
. . B %

of these hormone interactions.

-
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APPENDIX 1

-

CORRECTION OF PROTEIN VALUES FOR THE INTERFERENCE

OF TRIS IN THE LOWRY ASSAY

The effe¢t of Tris on protein values measured by a
. modified Lowry assay was determined as follows. By adding
STE to known quantities of BSA, the apparent ug protein
value was determined by comparison’ to a standard curve of
BSA without STE. TFor each level of -STE, the apparent ug
protein values for each actual pg protein value were aver-
| aged from 5 different assays done jin duplicate and the
stdndard error was always <0.9 ug protein. Appendix 2 shows
a graph of the values for 10, 25 and 40 ul of STE. The
. apparent vs. actual ug data was subjected to linear regres-
sion analysis. 1In all cases the correlation coefficient was '
1.000. From the equations for these lines (apparent ug = a
X actual ug + b), the protein values for the cell fractions
were corrected for Tris interference. Sucrose and EDTA(SE)
in the absence of Tris did. not affect-the assay at the con-
centrations used. . It was determined that the addition of
Tris to cell fractions prepared in the absence of Tris '
caused the same amount of interfererce as with BSA.

»
e

% STE ’ CONSTANTS

*
pl mM a ™ b
10 "2.5 ¢ - 1.006 - 1.513
) %
‘ 20 ) 5 0.986 3,894 _ ‘
: - !
\ : 25 6.25 0.976 4,846 °
s ‘ .30 7.5 0.962 . 6.278
a0 10 0.940 8.136 '
A\ ? , o \
* This is the concentration in the sample volume. The con-
centration in the complete reaction mixture is 1/12 this . 7~

’

value!
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- " APPENDIX 2-

<

GRAPH OF APPARENT ‘ug PROTEIN VS. ACTUAL pg-PROTEIN

o

3

. : The apparent g values measured in the presence of Tris

- ' were obtained as described in Appendi§ l. The apparent vs.
actual ug lines are shown for protein measured in the pre-
sence of STE, 10 pl (e—e), 25 y1 (0—0) and 40 pl (0—0),
Data for 20 and 30 pl are not shown. The influence of Tris
on protein values was greatest for low protein concentrations.
Cell fractions generally contained 1 hg/ml protein which
results in about a 15% overestimation of protein in the’
presence of Tris.
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APPENDIX 3
EFFECTS OF -HARVESTING METHOD ON PROTEIN

CONCENTRATION IN CELL FRACTIONS

Hepatocytes were isolated from a thyroidectomized rat
and cultured for 3 days as described in Materials and
Methods (Chapter 3). Cells from one flask were harvested
by scraping with a rubber policeman. Cells from a second
. Plate were harvested by collagenase treatment. Both
methods are described in Materials and Methods (Chapter 3).
Volumes of the mitochondria and. post*mltochondrlal superna-
tant (PMS) fractions were the same. -

-

Harvesting Method " -Protein Concentration (mé/ml)-
-
Mitochondria ) PMS
Collagenase treatment 1.03 1.12
Scraped : 1.15 _ 0.42
> ° \\ ‘

L
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APPENDIX 4

EQUILIBRIUM DIALYSIS

Equilibrium dialysis was performed as described in
Materials and Methods (Chapter 4). A volume (100 yl) of
basic medium supplemented with 1% BSA, 10~7M dexamethasone,
10~6M insulin and the indicated concentration of Ty was
placed in the test chamber and dialyzed against medium (100
ul) contalnlng 10~7M dexamethasone, 10~6M insulin and approx-
imately 8000 cpm 125I—T Following equilibrium of radio-
activity the cpm in each chamber were determined by liquid
scintillation counting of aliquots from both chambers.

N Results are the average of duplicates and are expressed as
the % of T3 bound in the test chamber. The average % of T3
~. bound in the medium calculated from this data is 94%.
a) When the concentration of T3 in test and control chambers
was 1,54 x 10~6M the % of T3 boynd was the same. b) The %
of T3 bound by BSA containing me¥ium used to culture hepato-
cytes for 24 h was determined, i -

N 3

‘ Concentration of T3 . "¢ of T3 Bound
: (M) :
v A 1.54 x 10710 ‘ " 93.8 i
_ 1.54 x 107° . ©94.1 )
1.54 % 1078 : 94.1 ‘ '
P 1.54 x 107 " 94.4
/ 1.54.x 107° 93.9 . #
- 1.54 x 1077 93.5 '
3.08 x 107> 93.6
' 1.54 x 107 %a) 92.6

~ ~ 1.54 x 10 °b) 92.1




APPENDIX®5

INCREASE IN TYROSINE AMINOTRANSFERASE

ACTIVITY BY DEXAMETHASONE

Procedures for culturing hepatocytes and measuring
tyrosine aminotransferaseiactivity are described in
Materials and Methods (Chapter 4). After the 2 h plating
interval, all cultures received medium containing 10~6M
insulin, 1.54 x 10~6M T3 and 10™/M dexamethasone. Enzyme
activities were determined at the times indicated after the
addition of hormones. :

Time of Treatment Tyrosine Aminotransferase
(h) Specific Activity
(milliunits/mg)
14

81
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