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ABSTRACT

HORMONAL AND DIETARY REGULATION OF ENZYME INDUCTION IN RAT LIVER

by
James Woodard Kurtz

To clarify the roles of glucose and insulin in the induction of hepa-
tic lipogenic enzymes, the contributions of these two compounds to the
induction of rat hepatic glucose 6-phosphate dehydrogenase (G6PDH),
6-phosphogluconate dehydrogenase (6PGDH), and malic enzyme (ME) were
examined.

Normal and streptozotocin diabetic male rats were starved for three
days, then refed a high carbohydrate diet for four days (hereafter abbre-
viated S/R). In streptozotocin diabetic rats, the induction responses of
G6PDH, 6PGDH, and ME proceeding from the three day starved to the four day
high carbohydrate diet refed state, were 10 to 20% of those observed in
similarly treated normal rats. This difference for diabetic rats was not
due to inadequate glucose consumption since S/R diabetic rats consumed 59%
more diet than S/R normal rats. Serum immunodetectable insulin concentra-
tions of diabetic rats increased 2.6 fold in response to refeeding in both
normal and diabetic rats. The latter insulin response did not lower serum
glucose concentrations to normal levels. Supplementation of starved dia-

betic rats with insulin during refeeding controlled serum glucose levels
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and restored the induction of G6PDH, 6PGDH, and ME to levels above
normal.

Hepatocytes were isolated from 3-day starved male rats and incubated
in serum-free Dulbecco's medium (DMEA). G6PDH specific activity increased
2.5-fold in 48 hour control incubations in DMEA and increased an addition-
al 3.5-fold in the presence of 42 mU/ml insulin, 1 uM dexamethasone, and
the absence of medium glucose. The effects of insulin and dexamethasone
on G6PDH induction of G6PDH were dose dependent and additive. Increases
in G6PDH specific activity by insulin and dexamethasone were independent
of DNA synthesis. 6PGDH and ME specific activities decreased during the
48 hour control incubation in DMEA. Insulin, but not dexamethasone, pre-
vented this decrease in activities and increased 6PGDH activity 20% above
0 hour levels. Cells incubated in DMEA with glucose in the absence of
hormones shqwed no increase in G6PDH, 6PGDH, and ME activities. These
results indicate that glucose alone is not sufficient to induce these
liver enzymes and that insulin is required for the induction of G6PDH,
6PGDH and ME in vivo and G6PDH and 6PGDH in vitro.

The role of lysosomes as mediators of S/R, insulin, and glucocorti-
coid stimulated enzyme induction in vivo and in RH-35 cells was examin-
ed.

Although previously observed increases in lysosome fragility during
the first hours of refeeding were confirmed, further labilization or stab-
ilization of lysosomes did not change the induction of G6PDH and 6PGDH
compared with controls. Refeeding of a high glucose diet to starved rats
resulted in no significant alteration in the association of lysosomal

enzyme activities with purified liver nuclei compared with activities
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present in nuclei from O hour refed rats. Starved/refed streptozotocin
diabetic rats, with or without insulin injection at doses sufficient to
induce G6PDH and 6PGDH, showed no significant change in purified liver
nuclear associated acid phosphatase activity throughout the experiment.

The glucocorticoid responsive system, induction of tyrosine-a-keto-
glutarate transaminase in RH-35 cells in culture and in adrenalectomized
rats, was used to determine if glucocorticoids elicit a nuclear transloca-
tion of lysosomes or lysosomal enzyme activity. Biochemical and electron
microscopic examination revealed no change in the association of lysosomal
hydrolases with nuclei of induced cells compared with those from uninduced
cells. There was a 9-fold greater nuclear N-acetyl-g-D-glucosaminidase
activity in RH-35 cells than in hepatocytes despite the Tower total activ-
ity/DNA of RH-35 cells.

The latter results do not support the extension of C.M. Szego's
hypothesis for lysosomal mediation of hormone action to include S/R,
insulin, and glucocorticoid action as described.

Automated fluorometric methods developed for the analysis of DNA,
protein, and selected enzyme activities: N-acetyl-g-D-glucosaminidase,

G6PDH, and 6PGDH are described.
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INTRODUCTION

Organization
This dissertation is divided into four chapters, each of which is in
a form acceptable for publication in biochemical journals. Chapter I was
authored by James /. Kurtz and Willian W. Wells, published in Analytical

Biochemistry 94:166-175 (1979), and is reproduced here by permission from

Academic Press. Part of Chapter III (Table V) was my work and is pub-
lished in the Journal of Nutrition 172:206-214 (1976) by Hartmut R.

Schroeder, John A. Gauger, and William W. Wells. Chapter IV is in prep-

aration to be submitted to the Journal of Biological Chemistry. Part I

of the Appendix was presented as part of a poster entitled Lysosomal
Enzymes and Liver Nuclei of the Genetically Obese Mouse authored by W.l.
Wells, I.T. Mak, J.W. Kurtz, N.S. Henderson, C.A. Collins, and R.E. Ray

(1979) at the XIth International Congress of Biochemistry, Toronto,

Canada.



LITERATURE SURVEY

Induction of lipogenic enzymes. Lipogenesis is the successive link-

age and reduction of the carbon units of acetate to form 1ipids. Several
enzymes which are important in channeling carbons of various sources and
reducing equivalents into fatty acids include: acetyl CoA carboxylase,
ATP-citrate lyase, fatty acid synthetase, malic enzyme, glucose-6-phos-
phate dehydrogenase, and 6-phosphogluconate dehydrogenase. The rate of
lipogenesis is controlled largely through regulation of the activities of
these enzymes. Control of 1ipid synthesis via regulation of acetyl CoA
carboxylase and fatty acid synthetase has recently been reviewed (1).
This survey will examine the dietary and hormonal factors which affect
1ipogenic enzymes with particular attention to the regulation of glucose-
6-phosphate dehydrogenase (G6PDH), 6-phosphogluconate dehydrogenase
(6PGDH), and malic enzyme (ME).

It has long been recognized that starvation lowers the activity and
refeeding increases the activity of the lipogenic enzymes to levels above
those of pre-starvation (termed "overshoot") (2,3,4). These early reports
have been reviewed (5,6,7). The major dietary components: carbohydrate,
1ipid, and protein have all been examined as affecting induction of these
enzymes and will be briefly reviewed in that order.

Sassoon et al. (8) reported that in normal starved/refed rats the
degree of induction of G6PDH and 6PGDH was correlated with the amount of
dietary glucose consumed. They also reported that a single injection of
insulin (4-6 units) resulted in a 25% increase in G6PDH activity after 24
hours but concluded that dietary carbohydrate was the more important

induction signal. In similar experiments from Holten's laboratory it was



found that the rates of G6PDH (9) and 6PGDH (10) synthesis were signifi-
cantly correlated with the amount of dietary carbohydrate consumed. In
other experiments Rudak et al., (11) found that rats fed a 60% fructose
containing diet induced G6PDH to the same extent as rats fed a 60% glucose
containing diet. The authors stated that since insulin release occurred
in one case (glucose fed) but not the other that dietary carbohydrate was
the primary signal for induction of G6DPH (see Discussion of Chapter 4 of
this dissertation for a more complete analysis of this point). Derr and
Zeive (12) found that infusion of a glucose-amino acid solution into star-
ved rats for 22 hours resulted in significant elevations in G6PDH and ME
activity.

Dietary 1ipid content has long been recognized to affect the starva-
tion/refeeding stimulated increase in lipogenic enzymes (5). Induction of
G6PDH was inversely related to the content of the fat and it was observed
that unsaturated fatty acids were more effective in suppressing the induc-
tion of G6PDH than saturated fatty acids. (13). Free fatty acids (14) and
their CoA esters (15) inhibit the activities of most of the 1ipogenic
enzymes in vitro but it was suggested that, at physiological levels, this
‘could not account for the lack of induction of dehydrogenase (14). Wolfe
and Holten (16) found that fat fed rats fail to induce G6PDH because of an
effect on the rate of G6PDH synthesis although effects on degradation
rates were not entirely eliminated. Fatty acids may therefore regulate
lipogenic enzyme activities by both short term effects on activity as well
as long term effects on enzyme synthesis (17).

Dietary protein, while required for the induction of lipogenic
enzymes (6,18,19), in large amounts inhibited enzyme overshoot (6). This

dietary protein requirement, although not ruled out as the result of



a direct effect of specific amino acids on the control of enzyme
induction, probably plays a supportive role to protein synthesis in
general.

Dietary effects cannot be isolated from subsequent hormonal actions
when discussing the regulation of enzyme levels in vivo. Several hormones
including insulin, glucocorticoids and thyroid hormones have effects on
the induction of the lipogenic enzymes.

Since the studies of Glock and McLean (2) it has been recognized that
insulin has an effect on the liver activities of G6PDH and 6PGDH. These
workers found that the liver levels of G6PDH and 6PGDH dropped during
alloxan diabetes. Others have reported that insulin injection into
alloxan diabetic (20,21) or normal (22) rats increased the activities of
these liver enzymes. Weber and Convery (23) have repo}ted that
starved/refed alloxan diabetic rats fail to induce 1iver G6PDH and 6PGDH
unless supplemented with insulin (4U/day). Holten et al. (9,10,11) have
critized the finding that insulin increases G6PDH and 6PGDH activity by
stating that this is a secondary effect on diet consumption. Others have
stated that insulin serves to induce these enzymes by enhancing glucose
transport into liver cells and glucose is then the primary signal for the
induction of G6PDH and 6PGDH (24). Very recently preliminary reports have
appeared using the the isolated hepatocyte system to investigate the
hormonal control of G6PDH and 6PGDH (25); however no full report has yet
appeared.

Glucocorticoids have been recognized as playing an important role in
the starvation/refeeding stimulated induction of G6PDH and ME. Bedanier
et al. (26-29) found, in 60% of the experiments reported, that

adrenalectomized rats were unable to show a full overshoot induction of



G6PDH and ME unless supplemented with cortisol. The other 40% of the
experiments showed some degree of overshoot induction in starved/refed
adrenalectomized rats. Wilmer and Foster (30) found adrenalectomized rats
deficient but not incapable of inducing G6PDH and 6PGDH during starva-
tion/refeeding. When several different glucocorticoids were administered
during starvation/refeeding (hydrocortisone was best), full induction was
achieved.

Other laboratories studying hormonal control of induction of gluco-
kinase in primary cultures of rat hepatocytes have reported that glucocor-
ticoids acted synergistically with insulin to induce this enzyme (31,32).
The reports that fasting (33) and glucocorticoids (34,35) decrease insulin
receptor affinity for insulin would appear to be in conflict with a syner-
gistic action of the insulin and glucocorticoids.

Thyroid hormones especially triiodothyronine, are known to regulate
the activity of ME in rat liver (36,37) and in chick cells in culture
(38). Very recently Towle et al. (39) demonstrated that starvation/re-
feeding and thyroid hormone stimulated increases in the levels of rat
liver malic enzyme activity and the rate of synthesis of ME were propor-
tional to increases in levels of mRNA for ME. Likewise, 6PGDH activity
increases during starvation/refeeding were found to be proportional to
changes in the levels of 6PGDH mRHA (40). In contrast, G6PDH activity
increases during starvation/refeeding, while proportional to increases in
the rate of G6PDH synthesis and the level of enzyme protein, could not be
attributed soley to increased mRNA (41). The recent findings that T3 is
required for the insulin mediated induction of ATP-citrate lyase (42) and
glucokinase (43) in primary cultures of isolated rat hepatocytes would

suggest that T3 may be of importance to the induction of G6PDH and 6PGDH



as well.

Induction of tyrosine aminotransferase by glucocorticoids. Since the

initial observations by Lin and Knox (44) that glucocorticoids increase
the activity of tyrosine aminotransferase (TAT) in rat liver, much has
been done to elucidate the mechanism. A recent comprehensive review of
glucocorticoid hormone action is available (45).

Kenney has shown by protein labeling and immunoprecipitation tech-

niques that the increased activity of liver TAT after in vivo administra-

tion of [14C]-leucine and hydrocortisone to rats is due to a specific
increase in TAT synthesis (46,47). This mechanism is also supported by
the work of Goldstein, Stella, and Knox (48) who showed that in the isola-
ted, perfused rat liver, addition of puromycin and hydrocortisone to the
perfusate resulted in complete disappearance of glucocorticoid mediated
TAT induction. Later Hager and Kenney found that similar rapid and speci-
fic induction of TAT could be obtained in the perfused liver system by
addition of glucagon or insulin to the perfusate (49).

As with the estrogen responsive systems, it was found that specific
cytoplasmic (50) and nuclear (51) receptor protein fractions for glucocor-
ticoids existed in cultured liver cells. Using intact animals, Sekeris'
group showed that upon entry of [3H]-cortisol into the liver, approxi-
mately 50% is associated, structurally unaltered, with cytosol, 12% is
associated with both crude mitochondria and crude microsomes and 0.3% is
associated with purified nuclei (52). The cytoplasmic cytosol receptor
was found to have glycoprotein properties (neuraminidase and protease
sensitive) with a sedimentation constant of 4S5 (52). In later reports,
binding of [3H]-cortisol to the cytoplasmic receptor glycoprotein(s) was

shown to facilitate the amount of label associated with added purified
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nuclei when compared with nuclei incubated with free [3H]-cortisol or
free [3H]-cortisol plus bovine serum albumin (53). In these experiments
[3H]-cort1501-receptor complex formation not only enhanced nuclear bind-
ing but also increased RNA polymerase activity of nuclei. Thus the cyto-
plasmic receptor-steroid complex has been implicated as a functional
intermediate in the induction process. Tomkins' group has shown that
binding of the cytoplasmic receptor-dexamethasone complex with nuclear
chromatin depends on activation. Activation can occur by incubation of
the cytosol at 20°C, high (0.3 M NaCl) ionic strength, or low protein
concentration (54,55) thus indicating, as in the estradiol system, that
some type of structural modification must occur before binding and subse-
quent hormone expression. Once in the nucleus the steroid-receptor com-
plex binds to DNA (DNase sensitive binding) receptor sites (54). Binding
is then followed by increased RNA synthesis (53). The mechanism by which
transcription is regulated by the receptor-steroid complex has been
studied primarily by Sekeris' group (56).

To my knowledge no research has been done to elucidate the mechanism
by which the glucocorticoid-receptor complex makes its way to the nucleus.
Szego has proposed a mechanism for the transfer of the estrogen-receptor
complex to the nucleus of extrogen sensitive target cells based on micro-
scopic and biochemical experiments. A brief review of this evidence
follows.

The lysosome as a mediator of hormone action. Comprehensive reviews

of the evidence for the lysosome as a mediator of hormone action are
available (57,58). Within 1-2 minutes after adminstration in vivo of
physiological amounts of estradiol-178, the acridine orange stained lyso-

somes of preputial gland and uterine cells were observed by fluorescence



microscopy to localize in and about purified nuclei (59,60). In control
experiments, injections of estradiol-17a or saline did not result in accu-
mulation of lysosomes about the nuclei. Non-estradiol target organ lyso-
somes were not responsive to estradiol treatment (59). These experiments
demonstrate the specificity of hormone-lysosome interaction.

In different studies (61) it was observed that the in vivo inter-

action of physiological amounts of estradiol-178 with the preputial gland
or uterine lysosome resulted in significant labilization of the lysosomal
membrane compared with control (saline or estradiol-17a) injections.
Membrane labilization was determined by a significant increase in the
release of lysosomal enzymes from purified lysosomes to an isotonic or
Triton X-100 incubation medium. Szego suggests (57) that the lysosomal
enzymes released may in some way affect the observed structural changes of
the cytoplasmic 85 estradiol-receptor complex to the nuclear 5S form (62).
Pharmacologic doses of cortisol-21-acetate and propanolol just prior to
estradiol-178 injections were able to reverse the previously observed:

(a) metachromatic fluorescence pattern of crude and purified nuclear prep-
arations, (b) lysosomal membrane labilization, and (c) intranuclear loca-
tion of lysosomal hydrolases of preputial glands (63).

Using adrenal demedullated rats, Szego et al. (64) have shown that
within 5 minutes after injection of low doses of the polypeptide hormone
ACTH, the adrenal cortical lysosomal membranes were labilized, i.e., more
susceptible to autolysis. This response to ACTH did not occur in lyso-
somes of non-target thyroid cells of hypophysectomized rats. Again this
indicates specificity of lysosome hormone interaction. As with the
observations with estrogen, ACTH treatment also resulted in the subsequent

intranuclear location of lysosomal hydrolases (64). Other hormones



including: PTH, TSH, FSH, LH, epinephrine, glucagon, and cyclic AMP are
proposed to act by lysosomal mediation (57).

Another report from Szego's laboratory (65) indicates the presence of
an estradiol-178 receptor protein in the lysosol fraction of preputial
glands (target organ for estrogens) of female rats. The lysosol fraction
is the supernatant of a 105,000 x g - 1 hr centrifugation of a purified
lysosome preparation which was previously incubated, with stirring, in a
hypotonic buffer in 1 hour at 0-4°C. This lysosol protein (protease sen-
sitive) posesses all of the criteria necessary for classification as a
steroid receptor, i.e.: (a) target selectivity (nine-fold more receptors
in preputial than liver cells), (b) stereospecificity (non-radioactive
17a-congener is unable to compete 3H-estradiol-178 from the protein
except at véry high concentrations), (c) protein nature (protease sensi-
tive binding), and (d) high affinity (K5 = 1010 M-1) with 1ow
capacity (n = 10-13 moles/mg total lysosol protein) (65). In addi-
tion, this lysosol receptor protein, like the cytosol estrogen and gluco-
corticoid receptors, binds with greater affinity at 32°C than at 0°C.
Szego speculates that a precursor-product relationship may exist.

From this accumulation of morphological and biochemical evidence,
Szego has hypothesized that "...the target-specific lysosome, on activa-
tion by trophic hormone, serves as a mobile 1ink for information transfer

between the cell surface and the nucleoplasm" (57,58).



RATIONALE

The experiments performed here were designed to determine if Szego's
hypothesis for lysosomal mediation of hormone action would apply to: (a)
glucocorticoid hormone stimulated TAT induction in Reuber H-35 cells
(Chapter II) and (b) starvation/refeeding stimulated induction of the
1ipogenic enzymes G6PDH, 6PGDH, and ME (Chapter III). The two major char-
acteristics of lysosomal mediation of estradiol action reported by Szego
i.e., lysosomal membrane labilization and relocalization of lysosomal
enzyme activity to purified nuclei, were examined to determine i% they
were an integral part of glucocorticoid and starvation/refeeding stimula-
ted enzyme induction in rat liver.

The experimental approaches taken were similar to those of Szego and
were an extension of work begun in Dr. Wells' laboratory (66-68). Prior
to the examination of RH-35 cells, adtomated fluorometric techniques for
analysis of DNA, protein, and enzyme activities in samples from cell cul-
ture were developed. The presence of lysosomal hydrolases in nuclei of
glucocorticoid treated RH-35 cells and adrenalectomized rats were examined
biochemically and histologically. Likewise rat liver nuclei were examined
for the presence of lysosomal enzyme activity during starvation/refeeding
and after insulin supplementation to streptozotocin diabetic rats. Lyso-
some fragility was also examined as a requirement for starvation/refeeding
stimulated induction of the 1ipogenesis enzymes G6PDH and 6PGDH.

In a final chapter, experiments using streptozotocin diabetic rats
and isolated rat hepatocytes in primary culture were performed to deter-
mine the relative contributions of glucose and insulin to the induction of

the lipogenic enzymes G6PDH, 6PGDH, and ME. Hepatocyte isolation and

10
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culture techniques were developed for this purpose. The role of glucocor-
ticoids and triiodothyronine were also examined in the isolated hepatocyte

system.
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Automated Fluorometric Analysis of DNA, Protein, and Enzyme
Activities: Application to Methods in Cell Culture!
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Automated fluorometric methods for the analysis of DNA, protein. and selected enzyme
activities for N-acetyl-8-D-glucosaminidase. glucose 6-phosphate dehydrogenase. and 6-
phosphogluconate dehydrogenase are described. Instrumentation for these assays includes a
Gilford 3500 computer-directed analvzer in conjunction with a Farrand Ratio Fluorometer-2
modified for flowthrough sampling. Comparisons were made between the automated
fluorometric methods described and manual spectrophotometnc or fluorometric methods
for reproducibility. speed of analysis. and quantitative correlation. Typical values of .NV-
acetyl-3-D-glucosaminidase. glucose 6-phosphate dehydrogenase. and 6-phosphogluconate
dehydrogenase activities obtained by these methods in isolated rat hepatocytes and Reuber

H-35 hepatoma cells are reported.

Studies using cell culture methodology
often require the use of microassays. While
manual fluorometric methods can provide
the sensitivity needed. they are often ac-
companied by reading fluctuation or back-
ground noise which is a combination of a
number of factors. including tvpe and
handling of sample, temperature. and fluorom-
eter characteristics (1.2). This paper de-
scribes the development of assay methods
for representative cellular components using
an automated fluorometer which eliminates
much of the experimental error previously
encountered.

MATERIALS AND METHODS

Sample preparation. Reuber H-35
hepatoma cells (RH-35 cells) were obtained
from Dr. Richard Hanson. Temple Uni-
versity, Philadelphia. Pennsylvania. Mono-
layer cultures were grown in 75-cm? plastic
tissue culture flasks (Bioquest. Oxnard,
Calif.) in a humidified atmosphere of 95%

' This work was supported by U. S. Public Heaith
Service Grant AM 10209.
¢ To whom inquiries shouid be addressed.

0003-269779:050166-10502.00:0
Cuopynight ¢ 979 by Academic Press. inc
All rignts ol reproduction A any lurm reserved

air/5% CO, at 37°C. Cells were grown in
Eagle's minimum essential medium (MEM)?
with Earle's salts prepared from powder
(Grand Island Biological Co.. Grand Island.
N.Y.) supplemented with 10* U/liter potas-
sium penicillin G, 0.1 g/liter streptomycin
(Chas. Pfizer and Co.. Inc.. New York.
N. Y.). and 10 giliter sodium bicarbonate
and sterilized by filtration through a 0.45-
pm filter (Millipore Corp.. Bedford, Mass.).
After filtration, the medium was tested for
sterility for 1 week by innoculation into
sterile aqueous solutions of 2.4% thiogly-
colate and 3.7% brain-heart infusion (Difco
Laboratories. Detroit. Mich.). Before use.
Eagle’s MEM was further supplemented
with nonessential amino acids and 10 fetal
calf serum (Grand Island Biological Co.).
Each T-flask yielded approximately 4 x 107
cells at near confluency.

7 Abbreviations used: MEM. minimum essential
medium (Eagle's): PBS. phosphate-buffered saline:
EB. ethidium bromide: NAGase. V-acetyl-B-p-glu-
cosaminidase: G6PDH. glucose 6-phosphate dehydro-
genase: 6PGDH. 6-phosphogluconate dehvdrogenase:
4-MU. 4-methviumbelliferone.
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Rat liver hepatocytes were obtained from
200-g male Holtzman rats by the two-step
method of Seglen (3). Magnesium-free
Krebs-Henseleit bicarbonate buffer (4)
gassed with hydrated 95% O./5% CO, was
used. Calcium was absent during preper-
fusion and present during collagenase
perfusion.

Normal hepatocytes or RH-35 cells were
suspended in 4 ml of ice-cold 0.32 M sucrose
and 3 mm MgCl, to a density of approxi-
mately 107 cells/ml. They were homogenized
for 60 s in 18 x 104-mm glass tést tubes
using a Tekmar homogenizer (Tekmar Co..
Cincinnati, Ohio) equipped with a small
probe (10 EN) and operated at 87 V. Three
milliliters of this homogenate were centri-
fuged at 800g for 10 min. To the 800g pellet
was added 1.1 ml of 0.32 M sucrose and 3

Fic. 1.
Flurometer-2.

mm MgCl,, and 1.1 ml of resuspended pellet
was used to obtain purified nuclei as de-
scribed by Szego and Seeler (5). The 800g
supernatant (2 ml) was again centrifuged at
22,000¢ for 15 min and this supernatant frac-
tion was designated F.

Instrumentation. Assays were performed
using the Gilford System 3500 computer-
directed analyzer (Gilford Instrument Co..
Inc., Oberlin, Ohio) modified so that the
reading signal originated from a Farrand
Ratio Fluorometer-2 (Farrand Optical Co..
Inc., Valhalla. N. Y.) instead of the standard
Gilford 300-N spectrophotometer (Figs.
1and 2). A thermostated. vacuum-operated.
flow-through cuvette (70 ul). specially de-
signed and available through the Gilford
Instrument Company, was inserted in place
of the standard Farrand cuvette holder

FARRAND

GiL-3800-181

Gilford Model 3500 computer-directed analyzer interfaced with the Farrand Ratio
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Fic. 2. Electrical and vacuum interconnections of the 3500 fluorescence system.

(Fig. 3). The Gilford Model 3500 computer-
directed analyzer carries out programs
directed by magnetic cards specified for
standard methods in clinical chemistry. The
most versatile cards for research are desig-
nated as Kinetics 1 and 2 and Endpoints 1
and 2. For the general kinetics programs. a
keyboard permits the operator to select any
desired time interval. The utility of the sys-
tem for the research laboratory can be ex-
tended by the availability of special pro-
grams obtained from the Gilford Instrument
Laboratories, Inc. A series of integrated
functions automatically conduct the meas-
urements, store the data, and print out the
results in appropriate units. For a fuller
description of Model 3500 hardware. e¢.g.,
transporter, pipetter/diluter, dispensers, and
Farrand Ratio Fluorometer-2 to Gilford 3500
interface system, contact the Gilford Instru-
ment Laboratories, Inc. These accessories
to the standard Gilford 3500 and the Farrand
Ratio Fluorometer-2 are available through
the Gilford Instrument Laboratories, Inc.
All assays were carried out in plastic strips
(Gilford Instrument Co.. Inc.) containing
four reaction cups per strip. In most cases
standards and samples were pipetted man-
ually into the reaction cups, and the strips
were kept on ice until initiation of the re-

action. For experimental programs, we have
found that adequate reagent mixing is ob-
tained when the volume of added reagent
is equal to or greater than the volume of
sample to which it is added. The calibra-
tion sequence of standards (see Table 1)
used in all analyses allows for the adjust-
ment of the fluorometer such that all read-
ings are on scale at one range setting. Filters
and fluorometer settings used for all analyses
are listed in Table 2.

DNA analysis. DNA analysis was per-
formed following the procedure of Karsten
and Wollenberger (6,7). Reagents [ and 11
were freshly made by mixing component stock
solutions. Reagent I is 12.5 ug/ml RNase
(Sigma Chemical Co., St. Louis. Mo.: type
1-A) and 4.13 IU/ml heparin (Sigma, type 1)
dissolved in phosphate-buffered saline
(PBS). PBS was made according to the
method of Karsten and Wollenberger (6).
Reagent 11 is 16.7 ug/ml ethidium bromide
(Sigma) in PBS. Calf thymus DNA (Sigma,
type 1), 0.1 mg/ml in PBS, was used as a
standard. All stock solutions were stored at
4°C and were stable for at least 1 month.

Purified nuclei are assayed for DNA by
the Endpoint 1 and Bilirubin-direct pro-
grams using the sequence of runs | and 2a
(Table 1). Run 1 achieves the mixing of up to
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GIL-2500-179

VACUUM
CONNECTION

F1G. 3. Thermostated cuvette and valve connections of the Farrand Ratio Fluorometer-2'Giiford

3500 fluorescence system.

0.2 ml of standard or sample with | ml of a
RNase/heparin mixture (reagent I) in reac-
tion cups. After run 1 the reaction strips
are removed from the Gilford 3500 rack
transporter and incubated 20 min at 37°C in
a water bath and 15 min at room tempera-
ture. Following incubations. run 2a accom-
plishes the mixing of 1.5 ml of the ethidium
bromide solution (reagent II) with the
samples and the reading of fluorescence.
The final concentration of ethidium bro-
mide is 10 ug/ml.

The assay of whole homogenate fractions
for DNA is similar to that of purified nuclei
except that the high fluorescence due to
whole homogenate alone necessitates the in-
clusion of sample blanks (runs 1 and 2b).
Run 1 is the same as in the assay of purified
nuclei except that samples and standards are

pipetted in two sets. The first set of samples
serve as blanks and the second set of samples
as complete reactions. After a 30-min in-
cubation at 37°C and a |5-min incubation at
room temperature. run 2b is started. In this
run, 1.5 ml of PBS is mixed with the first
set and reagent 11 is mixed with the second
set of samples and standards. Fluorescence
readings are automatically made in this run
exactly 2.5 min after each mixing.

Slopes. intercepts, and correlation co-
efficients of standard curves are obtained by
least-squares analysis. Calculation of the
concentration of DNA in mg DNA/ml
sample is as follows.

Purified nuclei: (A = CW(E)F.

Whole homogenate: [(A - B) - (C - D)y
(E)F,
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where

A = fluorescence of sample + RNase + hep-
arin + PBS + ethidium bromide (EB)
+ EB-DNA complex,

B = fluorescence of sample + RNase + hep-
arin + PBS.

C = fluorescence of RNase + heparin
+ PBS + EB,

D = fluorescence of RNase <+ heparin
+ PBS

E = slope of standard curve (AF/Amg
DNA), ,

F = undiluted sample volume (ml).

For comparison, DNA was assayed man-
ually by the diphenylamine method of Giles
and Myers (8). Diphenylamine (Mal-
linckrodt, St. Louis, Mo.) was twice re-

crystallized from 100% ethanol. mp 52.8-
54°C. Calf thymus DNA, 0.1 mg/ml in PBS.
was used as a standard. After the 18-h in-
cubation, samples were centrifuged 15 min
at 1146g at room temperature. and the ab-
sorbance of the supernatant solutions was
measured at 595 and 700 nm.

Protein analysis. Protein analysis was
performed by a modification of the method
of Bohlen er al. (9). Reagent III is 0.2 M
borate buffer, pH 9.25 (boric acid solution
titrated with NaOH). and reagent IV is
fluorescamine (Fluram Roche Diagnostics.
Nutley, N. J.) at a concentration of 30 mg/
100 ml in CaSO,-dried acetonitrile. Bovine
serum albumin (Sigma) was used as a stand-
ard. Reagents 11l and IV can be stored in-
definitely in the dark at room temperature.

TABLE 1

Assay ProTOCOLS"

Standards and samples

Reagent addition
Reac- Final Totas
Vol- tion sample assay
ume sup volume volume
Assay Program Run* Tower Reagent mb No. Contents’ tmh tmh
DNA Endpowmt | 1 A 1 1 1=4 Calibration sequence 0.2 "
(mode 1) 5-12 Standard curve (0-1$ ug
DNA)
13-end Sampie
Bilirubin-Direct 2 A n 1.8
Bilirubin-Drrect i) A PBS Ist set 1.8
11 2nd set 1.5
Protein Bilirubin-Direct 1 A 11 1. 1-4  Calibration sequence 0.1 21
8 v 0s $-12 Suandard curve (0-12 ug
protein)
13-end  Samples
NAGase Endpoint Ic 1 A v 0.2% I=4 Calibrauion sequence 0.02 s
tmode 1) £-12  Standard curve (0- 1.5 nmol
4&MU)
13-end Samples
Endpotnt Ic 2 A \2! 2.0
(mode })
G6PDH and Kinetics | ' A Vil 2.0 i=4  Cahibration sequence 0.1 pE ]
6PGDH* $-12  Standard curve 10-20 nmos
NADPH)
13-end Samples
Kimetics | 2 A Vil 2.0
* See Matenals and Methods for a descnption.
* A run s defined as the handling of sampies and reag in « progr d seq
* The calibration sequence is compnsed of cups | -4 the lowest d incups 1. 2. and 4. and the highest standard incup 3

¢ Preincubstion ume = | 3. incubation ime = 20 s. and integration ume = 10 5.
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TABLE 2

FLUOROMETER FILTERS AND SETTINGS"

Pro- G6PDH.

DNA tein NAGase 6PGDH
Excitation wavelength nm) 360 390 360 340
Filter number” o0 (7.8 17-60 17-601
Emission wavelength inm: €90 478 450 60
Filter number 13-60 (3.7 3-°3 3.7
Excutation shit setung ) ! 1 3

" In all assays. the tollowing 1asirument settings were used: damping
= jo. mode = sampic runge = i. temperature = 25°C. saempie ume
= £ vacuum = 10, and muitipiication tactor = 100,

* Farrand Opuscal Cu.. Inc.. Valnalla. N Y

" Farrand Ratio Fivorometer-2

Whole homogenate. purified nuclei. and
F fractions were assayed as indicated in
Table 1 using the Gilford 3500 program for
direct bilirubin analysis. The instrument
pipetting system forcefully mixes standard
or sample with 0.5 ml fluorescamine solu-
tion and 1.5 ml borate buffer. pH 9.25, and
the fluorescence is measured exactly 2.5
min after each mixing. The ordinate-inter-
cept of the standard curve served as the
blank since these samples do not contribute
significantly to the fluorescence of the
product.

For comparison, protein was also de-
termined manually by the procedure of
Lowry er al. (10) using bovine serum al-
bumin as standard.

N-acetvl-B-D-glucosaminidase analvsis.
N-Acetyl-8-D-glucosamindase (NAGase)
activity was determined by a method modi-
fied from that of Robins er al. (11) using the
Endpoint 1c program as summarized in
Table 1. The aqueous 75 uMm 4-methylum-
belliferone (Sigma) standard used for prep-
aration of standards listed in Table 1 was
stable at —80°C for at least 6 months. As-
says of whole homogenate and F fractions
were initiated (run 1) by the mixing of up to
0.05 ml sample or standard with 0.25 ml of
the assay mix, reagent V. Reagent V, made
on the day of assay from component stock
solutions, was: 50 mm sodium citrate. pH
4.3, 0.2% (w/v) Triton X-100 (Research
Products International Corp.. Elk Grove

Village. Ill.). and 1.03 mM 4-methylumbel-
liferyl-N-acetyl-B-D-glucosaminide (Sigma).
After a timed, room temperature incubation
period (usually 15 to 20 min). reactions were
stopped (run 2) by the addition of 2.0 mi of
20 mMm 2-amino-2-methyl 1-propanol (Sigma).
pH 10.35, reagent V1. The fluorescence of
each sample was measured in run 2, 9 s after
addition of reagent VI. In the calculation of
N-acetyl-B-D-glucosaminidase activity. the
ordinate-intercept of the standard curve
served as the blank since sample alone does
not contribute significantly to the overall
fluorescence. In addition. manual assays
were performed by the same procedure as
described for the automated method except
that reactions and fluorescence readings
were performed in 10 x 75-mm test tubes.

Glucose 6-phosphate and 6-phosphoglu-
conate dehydrogenase analysis. The pro-
cedure used for the determination of giu-
cose 6-phosphate dehydrogenase (G6PDH)
and 6-phosphogluconate dehydrogenase
(6PGDH) is a modification of that used by
Rudack er al. (12) and is summarized in
Table 1. An appropriate volume of reagent
VII is freshly prepared by mixing stock
solutions to give: 115 mm Tris, pH 8.0, 10
mm MgCl,, 50 um NADP~, 0.6 mm 6-phos-
phogluconate, and 2 mM glucose 6-phos-
phate (all organic chemicals from Sigma).
Reagent VIII is identical to reagent VII ex-
cept that glucose 6-phosphate is omitted. A
1 mm NADPH (Sigma) solution, pH 10. is
pipetted manually into the reaction cups to
give the various amounts of standard in-
dicated in Table 1. For comparison. dehy-
drogenase assays were also performed with
the same assay mixture using a Gilford 2400-S
recording spectrophotometer (Gilford In-
strument Co., Inc.). NADP~ and NADPH
solutions were stored at —80°C: all other
stock solutions were stored at 4°C.

Using the Kinetics | program. the com-
bined glucose 6-phosphate and 6-phos-
phogluconate dehvdrogenase activity are
measured during run 1, and 6-phosphoglu-
conate dehydrogenase activity alone is
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measured during run 2. Glucose 6-phos-
phate dehydrogenase activity is calculated
as the difference between the rates obtained
in runs 1 and 2. Assays on F fractions are
performed at 30°C.

Statistical methods were employed ac-
cording to Steel and Torrie (13).

RESULTS
DNA Analysis

Figure 4 presents DNA standard curves
for the ethidium bromide procedure per-
formed either manually or by the automated
method. To evaluate the reproducibility of
the two procedures for analysis of DNA,
the coefficients of variability (CV) of the
regression coefficients (slopes) of either
fluorescence or A gg-A 10 Vs the concentra-
tion of DNA were determined for a range of

100

90~

FLUMESCE:JCE {arbitrory units)
g9

-

DNA (ug)

FiG. 4. Comparison of fluorescence obtained from
the assay of standard amounts of calf thymus DNA
by the ethidium bromide method described when
performed manually or automaucally. Manual assays
(@) were performed by the same procedure as de-
scribed for the automated procedure (M) except that
reactions and fluorescence readings were carmed out in
10 x 75-mm test tubes.

TABLE 3

COMPARISON OF REPRODUCIBILITY OF AUTOMATED
AND MANUAL METHODS UsSING THE COEFFICIENTS
OF VARIABILITY OF REGRESSION
COEFFICIENTS

Method"
Automated Manual
Analysis CV (%) n CV (%) n
DNA® 1.02 44 1.47 48
Protein® 0.92 47 1.14 33
NAGaser 0.71 12 1.5 12
6PGDH" 2.03 10 5.30 8
G6PDH* 13.4 8 13.6 6
*CV, coefficient of variability: a. number of

analyses.

® Regression analysis of standard curves.

< Regression analysis of enzyme velocity vs sample
volume.

1 to 15 ug of DNA. These results, pre-
sented in Table 3, indicate that the auto-
mated method is more reproducible than the
manual method. By increasing the fluorom-
eter sensitivity 10-fold, as little as 0.1 ug
of DNA could be detected: however, read-
ing .variability was =14%. Recovery of
standard amounts of DNA added to samples
of whole homogenate was 98%. A compari-
son of the diphenylamine and ethidium bro-
mide methods for the analysis of DNA in
whole homogenate and purified nuclei frac-
tions revealed no difference (analysis of
variance) in quantities of DNA determined
when fresh or once-frozen samples were
analyzed (data not shown). A comparison of
the time efficiency of performing the auto-
mated and manual methods, Table 4, shows
the automated method to be roughly 1.7
times more rapid. This comparison does not
include the 18-h room temperature incuba-
tion necessary in the manual method.

Protein Analysis

Determination of protein concentrations
in four different preparations of rat hepato-
cyte fraction F (1-4 mg protein/ml) by both
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TABLE 4

PRODUCTIVITY COMPARISON OF THE MANUAL AND
AUTOMATED METHODS DESCRIBED

Method*
Automated Manual
DNA 44 26
Protein 56 30
NAGase 75 50
G6PDH and 6PGDH 67 48

* Rates (analyses/h) include sample pipetting time.

the manual Lowry and the automated
fluorescamine methods gave similar results
(no difference by analysis of variance).

A comparison of the coefficients of vari-
ability of regression coefficients for stand-
ard curves of the manual Lowry protein
assay with the automated fluorescamine as-
say (Table 3) shows that the latter method
was slightly more reproducible than the
manual Lowry method. A comparison of
the sensitivity of these methods in analyzing
the same amount of protein as determined
by the ratio of slopes of standard curves
for each method, indicated that the fluo-
rescamine method was 4.3 times more sensi-
tive than the Lowry method. Table 4 shows
that the speed of performing analyses by
the automated method is nearly double that
of the manual method.

N-Acetyl-B-D-Glucosaminidase Analysis

Quantitative agreement between the
manual and automated methods for this as-

say was obtained (analysis of variance).
Using the automated method described, the
linearity of N-acetyl-B8-D-glucosaminidase
activity in isolated rat hepatocyte fraction
WH with time and sample volume was veri-
fied with samples having activities up to 1
nmol 4-methylumbelliferone per minute. A
comparison of the coefficients of variability
of the regression coefficient for varying
amounts of sample vs N-acetyl-B8-D-glu-
cosaminidase activity (Table 3), determined
either automatically or manually, revealed
the former method to be more than twice as
reproducible as the latter. A comparison of
time efficiency for the automated and
manual methods (Table 4) indicated that the
automated method was 1.5 times more ef-
ficient than the manual method. Typical
values of MN-acetyl-B8-D-glucosaminidase
activity in WH fractions of rat hepatocytes
and RH-35 cells are shown in Table §.

Glucose 6-Phosphate and
6-Phosphogluconate Dehydrogenase
Analysis

Quantitative agreement between the
manual and automated methods for these
assays were obtained (analysis of variance).
Using the automated method. dehydro-
genase activity increased linearly with the
volume of fraction F assayed up to an activ-
ity of 15 nmol NADPH per minute. In this
continuous assay, linearity of activity with
time was determined for every sample using
the Kinetics 1 program. This program dic-
tates the storage of fluorescence readings

TABLE §

ENZYME ACTIVITIES OF RAT Liver CELLS®

Sample NAGase’ G6PDH* 6PGDH*
Rat hepatocytes 408.6 = 55.8 (4) 36.7 = 28.3 (4) 94.8 = 20.9 4)
RH-35 cells 139.0 = 59.0 (%) 48.0 = 15.0(8) 8.1 = 5.2(8

“ N-Acetyl-8-D-glucosaminidase activities are from whoie homogenate fractions and dehydrogenase

activities are from 22.000¢ supernatant fractions (F).
* nmoles 4-MU min-' mg DNA-'. ~
" nmoles NADPH min-' mg protein~'.
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(7 per second) for three operator-specified
intervals of time and then calculates AF per
minute and percent deviation from linearity
for each analysis. The described assays
seldom accelerated or decelerated more
than 1% from a linear rate. Comparison of
the coefficients of variability of the regres-
sion coefficients of varying amounts of
sample vs enzyme activity, determined by
the automated and manual methods de-
scribed (Table 3), indicate that the auto-
mated methods are equal to or more re-
producible than the manual methods for
glucose 6-phosphate and 6-phosphoglu-
conate dehydrogenase activity determina-
tions respectively. As shown in Table 4, use
of the automated method resulted in the proc-
essing of samples 1.4 times more rapidly
than spectrophotometric analysis using a
Gilford 2400-S. Typical values of the dehy-
drogenase activities of fraction F from iso-
lated rat hepatocytes and RH-35 cells are
shown in Table S.

DISCUSSION

While we have found the diphenylamine
method of Giles and Myers (8) for analysis
of DNA entirely adequate for rat liver. iso-
lated rat hepatocytes. and RH-35 cells. the
automated ethidium bromide method de-
scribed gives comparable results and is more
rapid and slightly more reproducible. We
therefore agree with Karsten and Wollen-
berger (7) that the ethidium bromide assay
is the method of choice for tissue culture
work. In the assay of whole homogenate,
samples were somewhat turbid; however,
adequate correction for this could be made
by the inclusion of appropriate blanks.
Therefore. fluorometry by surface illumina-
tion is not necessary and right-angle il-
lumination can be used. This is in agreement
with the findings of others (7,14.15). It was
also found that the extensive heating (50°C.
1 h) recommended by van Dyke and Szustkie-
wicz (16) was not needed and that incubation
at 37°C for 20 min as indicated by Karsten

and Wollenberger (6.7) was sufficient. The
lower fluorescence per microgram DNA in
the automated method compared with read-
ings obtained with the manual method
(Fig. 4) is due to the smaller size of the
flow-through cuvette. This does not present
a problem in routine assay since gain ad-
justments are made to give a standard to
blank ratio of 30 for 10 ug DNA. While
quantities less than 1 ug of DNA can be
measured, they are accompanied by a cor-
responding increase in reading variability.
Although unnecessary for these analyses.
greater sensitivity could be achieved with
this system by use of a time-averaging
program.

Analysis of isolated rat hepatocyte frac-
tion F for protein by the automated fluoresc-
amine method described gave results which
were similar to those obtained by the Lowry .
method. In addition, the method described
is much simpler, faster, and as reproducible
as the Lowry method over a range of 0.5
to 50 ug of protein. The limit of protein de-
tected by the automated fluorescamine
method described is 0.5 ug. This sensitivity
has proved adequate for analyses of isolated
rat hepatocyte and RH-35 cell fractions.

The ability to precisely control the timing
of multiple reagent additions to large num-
bers of samples made the described sys-
tem particularly useful for endpoint assays
of enzyme activities. This was illustrated
by the highly reproducible measurement of
N-acetyl-8-D-glucosaminidase activity
(Table 3). The values of N-acetyl-8-D-glu-
cosaminidase in isolated rat hepatocytes
reported in Table 5(408.6 = 55.8 nmol 4-MU
min~' mg DNA"!) are slightly lower than
those previously reported for whole liver
[500-3.000 nmol mm~' mg DNA"! (17,18),
assuming 2.4 mg DNA/g fresh tissue (19)]
owing to differences in substrates and cell
types. Automated methods for the measure-
ment of several other lysosomal enzymes
are available (20).

The vaiues obtained for isolated rat hepa-
tocyte G6PDH and 6PGDH (Table 5) using
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the fluorometric method compare well with
results obtained in rat liver by this and other
laboratories (12.21,22). The elevation of
G6PDH activity in the RH-35 tumor cell line
compared with levels in isolated rat hepato-
cyte (Table 4) is consistent with the find-
ings of Selmeci and Weber (23).

For the analysis of DNA. protein, and
the activities of the representative en-
zymes, N-acetyl-8-D-glucosaminidase, glu-
cose 6-phosphate. and 6-phosphogluconate
dehydrogenase in isolated rat hepatocytes
or RH-35 cells, the methods described are
as simple and reliable as the more conven-
tional assay methods. The combined auto-
mated and fluorometric aspects of the
methods described provide for the rapid and
reproducible handling of increased numbers
of samples derived from relatively small
amounts of tissue or cultured cells.
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Chapter II

Induction of Tyrosine Aminotransferase in RH-35 Cells and in Rat Liver.

Investigation of the Involvement of Lysosomes.

ABSTRACT

Lysosomes have been implicated in the process of translocation of
the estradiol-receptor complex to nuclei of target tissues shortly after
exposure to this hormone (Szego, C.M. (1974), see reference 2). The
glucocorticoid responsive system, induction of tyrosine aminotransferase
(TAT) in RH-35 cells in culture and in adrenalectomized rats, was used to
determine if glucocorticoids elicit a similar nuclear translocation of
lysosomes or lysosomal enzyme activity.

TAT activity of confluent monolayer cultures of RH-35 cells incubat-
ed with 1 uM dexamethasone (optimal dose) increased to a maximum of
8-fold above control after 8 hours of incubation. Hydrocortisone (2 uM)
produced a slightly lower (3-fold) increase in activity in a 5 hour incu-
bation. Isolated nuclei were examined for the lysosomal hydrolase acti-
vities: acid phosphatase, N-acetyl-g-D-glucosaminidase, cathepsin D, and
gB-glucoronidase at various times after addition of 1 uM dexamethasone to
cells. In separate studies, RH-35 cells were stained for acid phsopha-
tase and examined by electron microscopy at various times after addition
of 1 uM dexamethasone. These experiments revealed no consistent change

in the association of lysosomal hydrolases with nuclei of induced cells
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compared with those from control cells. An analogous in vivo experiment

was performed by injecting an inducing dose of hydrocortisone (10 mg/100
g body weight) into adrenalectomized rats. Nuclear acid phosphatase
activities were lower after adrenalectomy and were further decreased or
unchanged at early times after hydrocortisone injection. Comparison of
RH-35 cell and normal isolated hepatocyte nuclear N-acetyl-g-D-glucosa-
mindase activities revealed a 9-fold greater association of activity with
RH-35 cell nuclei despite lower RH-35 cell activity per cellular DNA.

The results presented here do not support the extension of Szego's
hypothesis to include glucocorticoid action. The possibility remains
that such a phenomenon occurred but at a magnitude not detectable by the

present methods.



INTRODUCTION

The current understanding of glucocorticoid hormone action has
recently been thoroughly reviewed (1). One aspect of glucocorticoid
action about which 1ittle is known is the means by which the hormone-re-
ceptor complex migrates through the cytosol to the nucleus. Szego has
proposed a mechanism for the transfer of the estrogen-receptor complex to
the nucleus of extrogen sensitive-target cells (2). Within 1l to 2 minu-
tes after administration in vivo of physiological amounts of 17g-estra-
diol, the acridine orange stained lysosomes of preputial gland and uter-
ine cells were observed, by fluorescence microscopy, to localize in and
about nuclei (3, 4). Control injections of 17a-estradiol were ineffec-
tive in eliciting this response and non-target tissues were unresponsive
to 17g-estradiol (3). Nuclei purified from these tissues by conventional
procedures showed 15-fold increases in the lysosomal: acid phosphatase,
g-glucuronidase, and acid ribonuclease II within 15 min of 178-estradiol
injection (4). Examination of lysosome enriched fractions from preputial
gland cells of ovariectomized rats revealed the presence of estradiol
receptor proteins (5).

The present investigation was designed to examine the possibility
that lysosomes are involved in the translocation of the glucocorticoid-
receptor complex to the nuclei. Induction of TAT in RH-35 cells was the
hormone responsive system chosen because translocation of the hormone-re-
ceptor complex to the nucleus is well documented as an integral part of

the induction of TAT (1).
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MATERIALS AND METHODS

Cell culture conditions. Reuber H-35 hepatoma cells obtained from

Dr. Richard W. Hanson were grown in MEM containing 10% FBS and normal
amounts of non-essential amino acids as previously described (6). During
culture, medium was changed every four days. Eighteen hours prior to
experiments, FBS-containing medium was removed, the cells were rinsed
once with FBS-deficient medium then replenished with 10 m1 FBS-free
medium. Experiments were, as indicated, begun either by changing medium
to one containing the experimental conditions or by addition of a
concentrated stock solution of the experimental compounds to incubation
medium. In initial studies, cells were detached from the surface of the
T-flasks by a 6 min trypsinization at 37°C in an atmosphere of 95% air/5%
CO2 using a 0.25% trypsin in a solution containing (per liter): 1 g
glucose, 8 g NaCl, and 0.4 g KC1. The cell suspension was then decanted
into a graduated conical centrifuge tube and centrifuged 4 min at 3/4
full speed in a table top‘centrifuge (IEC, Model HN), washed once with 6
ml 0.32 M sucrose containing 3 mM MgCl,. The cell pellet was then
brought to 3 m1 with 0.32 M sucrose, 3 mM MgCl» and homogenized and
centrifuged as described previously (6) to obtain 800 x g-10 min and
22,000 x g-15 min supernatants and purified nuclei. In later
experiments, cells were washed twice with 0.32 M sucrose, 3 mM MgCl,
while attached to the flasks and harvested in 0.32 M sucrose, 3 mM

MgCl2 with a rubber policeman in a final volume of 3 ml.

Homogenization and fractionation were then performed as indicated above.

Analysis of enzyme activity, DNA, and protein concentration.

Tyrosine aminotransferase (EC 2.6.1.5) activity was determined

29



30

according to the procedure of Granner and Tomkins (7) in the presence of
2 mM diethyl-dithiocarbamate which is used to inhibit breakdown of the
endproduct, p-hydroxyphenylpyruvate, by p-hydroxyphenylpyruvate oxidase.
Due to a slight drift in the absorbance of p-hydroxyphenylpyruvate
(A331nm) with time, readings were taken at 60 min after stopping
reactions. Assays were begun by the addition of sample to complete
reaction mixtures pre-incubated to 37°C, then stopped by addition of KOH
as indicated (7). The pH optimum for RH-35 cell TAT was determined to be
7.6. One unit (U) of activity is 1 umole p-hydroxyphenyl pyruvate formed
per minute.

Cathepsin D (EC 3.4.23.5) was determined by the [3H]-acetyl hemo-
globin method of Barrett (8) with slight modification. The substrate,
[3H]-acety1 hemoglobin, was prepared according to the procedure of
Barrett (8) and had a specific activity of 0.02 uCi/mg soluble hemo-
globin. The reaction mixture contained 3.6 mg of [3H]-hemoglobin, 0.24
M formate buffer, pH 3.0, 0.1% triton X-100 and sample and water to a
final volume of 210 ul. Assays were started by the addition of sample
(86 ul) to the assay mixture which has been pre-incubated 5 min at 45°C.
Incubations were 90 min at 45°C and were stopped by the addition of 1 ml
3% (w/v) TCA at 4°C. The samples were centrifuged at 1100 x g for 15
min. Aliquots (0.5 m1) of the supernatant were counted in Bray's solu-
tion (9) in a Beckman CPM-100 1iquid scintillation spectrometer. . The pH
optimum for this enzyme in RH-35 cells was determined to be 3.0.
Activity is expressed as TCA soluble tritium cpm per mg DNA in a 90 min.

incubation.
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g-glucuronidase (EC 3.2.1.31) activity was determined at 25°C using
the fluorometric method of Robins et al. (10). The pH optimum of this
enzyme in RH-35 cells was determined to be 3.6.

N-acetyl -g-D-glucosaminidase (EC 3.2.1.30) (hexosaminidase) activity
and protein and DNA concentrations were determined fluorometrically as
previously described (6). For both g-glucuronidase and hexosaminidase
activities, one unit (U) is 1 uymole 4-methylumbelliferone released per
minute under the assay conditions.

Electron microscopy. At various times after addition of dexamethasone to

confluent T-flasks of RH-35 cells, medium was decanted and cells were
fixed with 5 m1 of 2% glutaraldehyde (10% stock glutaraldehyde from
Electron Microscopy Sciences diluted 1/5 with 0.1 M Na cacodylate, pH
7.2, just before use). While cells were being fixed they were scraped
from T-flasks into 10 x 1 cm test tubes and incubated at room temperature
a total of 20 min. Cells suspensions were centrifuged as described above
for cell harvesting and washed once with 0.15 M Na acetate buffer, pH
5.0. Cells were then resuspended in Gomori acid phosphatase stain (11)
and incubated for 40 min at 37°C in the absence and presence of 0.01 M
NaF which inhibits acid phosphatase and therefore served as a control for
acid phosphatase staining. Following this incubation, cells were washed
twice with 0.4 M sodium acetate buffer, pH 5.0 to remove non-specific
staining. Cells were dehydrated by washing consecutively in 25, 50, 75,
and 95% ethanol solutions, 10 min in each and finally for 30 min in 100%
ethanol. Samples were then given to June Mack of the electron microscopy
facility of the Pesticide Research Center, Michigan State University.
Cells were embedded in Epon-Araldite and ultrathin sectioned with a

Sorvall MT-2 ultramicrotome. Sections were stained with saturated uranyl
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acetate and post-stained in a saturated lead citrate solution. Cells
were then examined using a Philips 300 transmission electron microscope.

In vivo studies. Male Holtzman rats 180-200 g were adrenalectomized or

sham operated according to the procedure of Zarrow et al. (12) and given
lab chow and 1% NaCl as a drinking solution, ad 1ibitum. Four days after
adrenalectomy, rats were starved for 19 h then injected with hydrocorti-
sone 21-Na succinate (10 mg/100 body weight) or saline and sacrificed by
decapitation at various times after injection. Livers were rapidly
removed and placed in 0.32 M sucrose 3mM MgClo at 0-4°C. Four grams of
liver were minced with scissors then combined with 23 m1 0.32 M sucrose 3
mM MgClo and homogenized 30s at 65V with a Tekmar homogenizer. The
whole homogenate was filtered through 4-ply cheese-cloth and centrifuged
at 800 x-g for 10 min. The 800 x g supernatant was then centrifuged for
15 min at 22,000 x g to obtain a supernatant containing free lysosomal
enzyme activity. The entire 800 x g pellet was mixed with 20 m1 of 2.4 M
sucrose and 1 mM MgCl2 and centrifuged for 45 min at 30,000 rpm in a
Beckman L-2 ultracentrifuge with a 30K rotor. The purified nuclear pel-
let was carefully resuspended in 1.5 ml1 0.32 M sucrose 3 mM MgCl,. DNA
analysis was performed by the method of Giles and Meyers (13) as describ-
ed previously (6).



RESULTS

Devel opment of the tyrosine aminotransferase induction system.

Reuber H-35 cells grew in MEM containing 10% FBS at a logarithmic rate as
shown in Figure 1. Doubling time for the cells during the logarithmic
phase of growth was 24 hours. Cells were routinely innoculated at a
density of 106 cells per flask and used in experiments 1 week later a
density of 4 x 107 cells per flask. At this stage, cells were in a
confluent monolayer and, as indicated in Figure 1, not rapidly replicat-
ing. The induction of TAT in RH-35 cells incubated in the presence of
dexamethasone is demonstrated in Figures 2 and 3. As shown in Figure 2,
the optimum dose of desamethasone for the induction of TAT was approxi-
mately 1 uM. TAT activity increased rapidly during the first five hours
after addition of dexamethasone (Figure 3) then leveled by 8 hours at an
8-fold elevation above control activity and began to decline slightly
after 10 hours of incubation. During the same time period, the activity
of TAT remained constant in cells incubated in the absence of dexametha-
sone. RH-35 cells were also responsive to hydrocortisone. In experi-
ments not shown here, TAT specific activity increased 3-fold in RH-35
cells incubated 5 hours with 2 uM hydrocortisone 21-succinate as compared
with activities of control cells incubated 5 hours in the absence of
steroid. The time course and extent of induction of TAT by dexamethasone
in RH-35 cells are in general agreement with the findings of others

(21).

Lysosomal enzyme activity of nuclei during induction of TAT. In

order to determine if glucocorticoids stimulated an increase in liver

nuclear lysosomal enzyme activity in a manner similar to that reported by
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Figure 1. Growth Curve for RH-35 Cells. 3.4 x 105 cells were innocu-

lated into tissue culture flasks containing 15 m1 MEM with 10% FBS and

incubated as described in Materials and Methods section. Medium change

}? iadicated by arrows. Each point is the mean ¢ S.D. for three or four
asks.
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Figure 2. Effect of Dexamethasone Concentration on Tyrosine Aminotrans-
ferase Activity. RH-35 cells grown to confluency were incubated in FBS-
deficient medium 19 hours prior to initiation of induction. At O hour, 1
ml of concentrated stock solutions of dexamethasone were added to the
incubation medium resulting in the final concentrations indicated. Cells
were incubated 12 hours with dexamethasone then harvested by trypsiniza-
tion, fractionated, and analyzed as described in Materials and Methods.
Values are means + S.D. for three flasks.
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Figure 3. Time Course of Induction of Tyrosine Aminotransferase in RH-35
Cells by Dexamethasone. Conditions were as described in Figure 2.
Dexamethasone concentration was 1 uyM. Values are means + S.D. for three
flasks.
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Figure 3. Time Course of Induction of Tyrosine
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Szego et al. (2) for estradiol action in rat uterus and preputial glands,
the following experiments were performed. Figure 4A shows the time
course of nuclear hexosaminidase activity in RH-35 cells incubated in the
presence and absence of 2 uM dexamethasone. Nuclear hexosaminidase acti-
vity of control and dexamethasone treated cells did not differ except at
the 3.5 hour time point where control nuclear activity was nearly twice
that of dexamethasone treated cells. Hexosaminidase activities determin-
ed in the absence of 0.2% triton X-100 were 50-70% of the activity in the
presence of triton X-100 and bara1le1ed activities determined with deter-
gent. This constant amount of structural latency is consistent with the
presence of lysosomes in the preparations of nuclei. TAT activity of the
dexamethasone treated cells increased 4 to 5-fold during this time course
(Figure 4B). 1In this experiment the induction was begun by a change of
medium. In order to minimize non-hormone effect of medium change, in the
experiment shown in Figure 5, a small amount of concentrated dexametha-
sone was added to cultures without changing the medium. Also, earlier
time points were examined. Nuclear g-glucuronidase, cathepsin D, and
hexosaminidase activities changed in parallel during the course of incu-
bation of RH-35 cells with 1 uM dexamethasone. This observation is con-
sistent with the presence of a single class of lysosomes in nuclear frac-
tions. Hexosaminidase activity of nuclear fractions, but not that of
g-glucuronidase or cathepsin D, was significantly elevated at 15 min com-
pared with 0 min. However this increase proved to be irreproducible.

In order to determine if the association of lysosomes with nuclei
was a loose one which was perhaps disrupted by homogenization and purifi-

cation of nuclei, RH-35 cells were examined microscopically after the
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Figure 4. Time Course of Tyrosine Aminotransferase and Nuclear Hexosa-
minidase Activity in RH-35 Cells Incubated with Dexamethasone. Confluent
cultures of RH-35 cells were incubated in FBS-deficient EMEM for 19 hours
prior to the start of the experiment. At O time, medium was changed to
FBS-deficient EMEM with (circle) and without (squares) added dexametha-
sone at a concentration of 2 x 10 yM. At the times indicated, cells were
harvested by trypsinization then fractionated and analyzed as described
in Materials and Methods. Purified nuclei (panel A) were assayed for
hexosaminidase activity with (closed symbols) and without (open symbols)
a final concentration of 0.2% triton X-100. TAT activity (panel B) was
determined in 22,000 x g supernatants as described in Materials and
Methods. Values are means * S.D. for three flasks.
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addition of 1 uM dexamethasone. At various times after hormone addi-
tions, cells were fixed, stained for 1ysosomes by the Gomori's lead medi-
um (11), then further prepared and examined under the electron micro-
scope. The results of this experiment are shown in Figure 6A-F. Lyso-
somes are identifiable by the halo of electron opaque lead phosphate
which precipitates around the lysosome as the result of a reaction of
lead in the medium with the phosphate 1iberated from g-glycerophosphate
by the action of acid phosphatase. Golgi and endoplasmic reticulum are
known to stain by this method (11) as is evident in Figure 6. There was
no evidence for a fusion or peri-nuclear localization of lysosomes in the
cells examined. Figure 6E, 10 min after exposure of cells to 1 uM dexa-
methasone, showed a close association of lysosomes with nuclei but this
was not a common observation. .

In order to determine whether changes in nuclear lysosomal enzyme
activities were small in relation to endogenous activity and therefore
difficult to demonstrate, nuclear hexosaminidase and acid phosphatase
activities were determined in normal and RH-35 cells. Results shown in
Table I indicated that RH-35 cells had 3-times more hexosaminidase acti-
vity per mg nuclear DNA than normal hepatocytes. As a percentage of
total cellular hexosaminidase, RH-35 cell nuclei had 9-fold more hexosa-
minidase activity than present in hepatocyte nuclei. Preliminary examin-’
ation of acid phosphatase activities indicates the reverse pattern of
association.

In order to examine the possibility that glucocorticoids in vivo
might therefore stimulate an observable increase in nuclear lysosomal
enzyme activity in a manner similar to estradiol action reported by

Szego, the following experiment was performed. Rats were
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Figure 6. Electron Microscopic Examination of Intracellular Lysosome
Distribution after Treatment of RH-35 Cells with Dexamethasone. Conflu-
ent cultures of RH-35 cells containing FBS-deficient MEM were exposed to
dexamethasone (1 pM). At (A) 0 time, (B) 0.5 min, (C) 2 min, (D) 4 min,
(E) 10 min, and (F) 30 min, medium was decanted and cells were fixed for
20 min with 2% glutaraldehyde then stained 40 min with Gomori acid phos-
phatase stain. Cells were then dehydrated with ethanol, embedded in
Epon-Araldite, thin sectioned and stained with saturated uranyl acetate
then post-stained in saturated lead citrate. Magnifications are 10,000
and 40,000.
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8 0.5 minutes, 10,000X

Figure 6 A and B. Electron Microscopic Examination of
Intracellular Lysosome Distribution after Treatment of RH-35
Cells With Dexamethasone.
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C 2 minutes, 10,000X

D 4 minutes, 10,000X

Figure 6 C and D. Electron Microscopic Examination of
Intracellular Lysosome Distribution after Treatment of RH-35
Cells With Dexamethasone.
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F 30 minutes, 10,000X

Figure 6 E and F. Electron Microscopic Examination of

Intracellular Lysosome Distribution after Treatment of RH-35
Cells With Dexamethasone.
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Table I. Enzyme Activities of Rat Hepatocyte and RH-35 Cell Fractions.l

: Activity
Fraction Enzyme Rat hepatocytes RH-35 cells
WH hexosaminidase 408.6 + 55.8 139.0 + 59.0
acid phosphatase 66.1 + 2.3 9.20 + 4.40
PN hexosaminidase 6.31 + 3.68 19.2 + 14.7
acid phosphatase 4.71 + 0.82 2.99 + 1.08
(PN/WH)100 hexosaminidase 1.39 + 0.72 12.6 + 5.9
acid phosphatase 7.2 ¢+ 1.4 41 + 26

lwhole homogenate (WH) and purified nuclear (PN) fractions were pre-
pared as described under Methods. Hexosaminidase activity is mU 4-MU/mg
DNA. Rat hepatocyte values are from 3 rats with 11 observations and
RH-35 cell values are from 2 different passages of cells with 5 observa-
tions. Acid phosphatase activity is umoles Pi/hr/mg DNA. Rat hepato-
cyte values are from 1 rat with 3 observations and from 1 passage of
RH-35 cells with 3 observations. Rat hepatocyte values are from 4 rats
with 14 observations and RH-35 cell values are from 3 different passage
of cells with 8 ovservations. Values are means + S.D. with 4 x 10
cells per observation.



adrenalectomized and maintained for five days to remove endogenous gluco-
corticoids. Rats were then starved for 18 hours in order to put them in
a physiological state which would require glucocorticoids. Animals then
received 10 mg/100 g body weight hydrocortisone 21-succinate and were
sacrificed at various times after injection. This dose of hydrocortisone
is optimal for the in vivo induction of TAT in adrenalectomized rats
(14). Purified liver nuclei were isolated and analyzed for lysososmal
enzyme activity at various times after injection. The results of two
such experiments are shown in Figure 7A and 7B. In one experiment
(Figure 7A) nuclear cathepsin D and acid phosphatase activities declined
steadily after injection of hydrocortisone to 60 and 40% respectively of
initial activities at 45 min after injection. In a second experiment
(Figure 7B) it was noted that adrenalectomy alone lowered the nuclear
acid phosphatase activity to values 50% of those in unoperated or sham
operated rat liver nuclei. Injection of hydrocortisone into adrenalec-
tomized rats had no effect on nuclear acid phosphatase during the early
period of TAT induction. Injection of unoperated or sham operated rats
with saline decreased nuclear acid phosphatase activity to values 70% of
initial activities at 60 min after injection. Saline injection into
adrenalectomized rats slightly increased nuclear acid phosphatase

activity by 60 min after injection.



52

*quiod 43d Ssjed € 404 °(Q°S F Suedw due sanjep °pajdaluf BUOSEIU0I04pAY “paZLWOJII |

-eudupe ¢pajdaful 3up|es *paziwolddjeuddpe ¢pajoafuiun paziwojdad|euddpe pajdafu} aut|es “pajedado
weys <¢pajoafuiun pajesddo weys ¢pajdoalu} aui|es ‘pajeuaadoun <¢pajoafuiun ‘pajeuadoun 1S oquAs
*sisAleue A3LAL30R BuKzZud |PWOSOSA| J0) SUO}IdRUS JRA|ONU paLjLand uielqo 03 SPOY3IdY pue S|eLualey

UL pP3qLU4dSap S PasSSa204d 2u3M SUBAL| pue uoL3oaful 433je S|PAUIJUL pawL] 3 padLJ}JIRS BUdM S|euwLuy
*aup|es 40 jybLam Apoq 6 QQI/23RULIINS WNLPOS-TZ DUOS|I0204pAY Bw QT Y3im uop3dafur 03 4otud y

81 paA4e3s uayl “sAep G 404 paujejurew ‘pajeaado weys 40 paziwoldajeudupe auaam (b GeT-0ET) SIed aiey
*ubrsop awes 3y} 40 SjuswiJadxd djeseddas OM} 3aJe g pue Yy S|dued °*33eULIINS WNLPOS-T2 DU<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>