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SUMMARY

To study the role of lysosomes in ovarian function, we examined effects of lysosomotropic drugs
on progesterone secretion by suspensions of cells prepared from superovulated immature rat ovaries.
50 uM chloroquine (CQ) produced a 45%, inhibition of progestin secretion by LH-treated cell suspen-
sions. The effect of CQ was dose-dependent with 30% and 60% inhibition of the secretory response
to LH being caused by CQ concentrations of 25 M and 200 uM, respectively. CQ (50 uM) also partially
blocked the steroidogenic response of ovarian cells to dibutyryl cAMP. Incubation of dispersed ovarian
cells in the presence of neutral red (0.345mM), NH,Cl {10 mM) or Triten WR-1339 (0.75%) also
resulted in partial inhibition of progesterone secretion in response to LH. CQ (50 uM) did not alter
incorporation of [4,5-*H]-leucine into protein, [U-!*C]-glucose oxidation, or lactate production by
the ovarian cell suspensions. Furthermore, CQ did not inhibit formation of [**C]-pregnenolone and
[**C]-progesterone by ovarian mitochondria incubated in the presence of 5 mM succinate and [4-1*C]-
cholesterol. Many of the cells exposed to CQ developed large vacuoles during a 1 h incubation. These
membrane-enclosed vacuoles contained amorphous material and membrane whorls. Aithough one must
be cautious in assigning specific loci of action to inhibitors, our observations on the effects of several
lysosomotropic drugs on progesterone secretion by LH-stimulated ovarian cells suggest that lysosomes
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are involved in the process of steroidogenesis.

INTRODUCTION

Lysosomes are associated with events occurring dur-
ing cell demise and it is not surprising that these
organelles are thought to play an important role in
the process of luteolysis, especially in species like the
sheep in which the corpora undergo rapid structural
dissolution {1, 2]. However, it is clear that lysosomes
have importance beyond mediating degenerative
changes and they appear to carry out essential func-
tions in rapidly growing and actively secreting cells
[3]. There is also evidence suggesting that lysosomes
mediate the action of tropic hormones on certain
target tissues [4].

Prompted by these observations, we investigated
the function of lysosomes in steroidogenically active
luteal tissue. Initially, we measured acid hydrolase
levels in ovaries of superovulated immature rats and
observed a progressive rise in hydrolase activities fol-
lowing induction of luteinization [5]. The rise in
enzymic activities correlated with the increasing
blood progesterone titres, suggesting a relationship
between increasing lysosomal activity and steroido-
genesis in the corpus luteum. To explore this relation-
ship, we examined effects of substances which localize
in lysosomes and alter their function on progestin se-
cretion by dispersed ovarian cells exposed to
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LH. The agents tested included chloroquine (CQ),
neutral red and ammonium ion (NH,CI), which are
known to be concentrated in lysosomes, and Triton
WR-1339, a non-ionic detergent, which binds to lipo-
proteins and is taken into lysosomes [6]. All these
substances partially inhibited progestin secretion by
cells stimulated with LH.

MATERIALS AND METHODS

Highly luteinized ovaries were produced in Spra-
gue—Dawley rats, 21-23 days old, by subcutaneous
injections of 50 TU of pregnant mare’s serum (Gestyl,
Organon) followed 56 h later by 25 IU of human
choriogonadotropin (hCG, Ayerst). Animals were
killed by cervical dislocation, and the ovaries were
quickly removed, weighed and placed in cold isotonic
saline.

Dispersed cells were prepared by incubating
minced ovaries in Hank’s salt solution containing 2%
(w/v) bovine serum albumin (BSA) and collagenase
as previously described [7]. Cells were suspended in
Hank’s or Medium-199 {Grand Island Biological Co.}
containing 2% BSA, and 1ml aliquots (10-20ug
DNA) were pipetted into siliconized tubes. Chloro-
quine diphosphate (Sigma), neutral red (Harleco), Tri-
ton WR-1339 (Ruger Chemical Co.} or NH,CI in
Hank’s salt solution adjusted to neutral pH was
added to some tubes while other tubes received vehi-
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cle. Cells were incubated at 37°C for 30min in the
experiments with CQ, neutral red and NH,Cl and
for 1 h in experiments with Triton WR-1339 and then
1 ug ovine LH (NIH-LH-S19), kindly supplied by
NIAM.D.D., a dose which maximally stimulated
progesterone secretion ~4-fold above basal levels, or
500 nmol of dibutyryl cAMP (Sigma) was added. The
cells were incubated for an additional 30min, and
incubations were terminated by centrifugation at 4°C.
In each experiment, every treatment group contained
3-4 tubes and at least 2 separate experiments were
performed with each lysosomotropic agent. Aliquots
of cells were reserved for DNA determinations [8]
and examination under phase contrast optics.

The quantitation of progesterone in incubation
media and cell pellets by radicimmunoassay [9] was
not affected by the presence of CQ, neutral red or
Triton WR-1339. For ultrastructural analysis, cells
were fixed in 39 glutaraldehyde buffered with 0.1 M
cacodylate, pH 7.4, for 1h, embedded in Epon 812
and sections were stained with 4% uranyl acetate and
lead citrate.

The effect of CQ on protein synthesis was examined
by incubating cells in Hanks salt solution or
Medium-199 containing 29 BSA and 5uCi of
{4,5-*H]-leucine and trichloroacetic acid precipitable
radioactivity of cell pellets was determined [10].
[U-'*C]-Glucose oxidation was studied in cells incu-
bated in Krebs-Ringer bicarbonate buffer, pH 74,
containing 2% BSA and 55mM [U-'*C]-glucose
{S.A. 1 mCi/mmol). '*CO, was collected in Hyamine
after injection of perchloric acid into the incubates
[11]. Lactate released into the incubation medium
was determined by an enzymatic method as pre-
viously noted [11].
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Fig. 1. Cell suspensions were incubated in the presence
of various doses of CQ for 30 min and then exposed to
LH (1 ug/ml) for a further 30 min. Control tubes contained
no CQ. Results are expressed as ¥, inhibition of progester-
one secretion relative to the control level of 5.57 ng pro-
gesterone released/ug DNA. Each point represents the
mean value of 4-8 replicates. The S.E.M. for the values
are 3.5, 4.5, 49, 1.9, 3.6 and 2.8 for the | uM through
200 uM CQ concentrations, respectively.
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Mitochondria-rich fractions prepared from homo-
genates of luteinized ovaries {12] were incubated for
2h in the presence of [4-'*C]-cholesterol and 5 mM
succinate as described by Robinson and Stevenson
[13]. Conversion of the labeled cholesterol to
['*C}-pregnenolone and ['*C]-progesterone was
measured in the presence and absence of 50 uM CQ.

RESULTS

CQ inhibited progesterone secretion by ovarian
cells exposed to LH and the effects of the drug were
dose-related (Fig. 1). Since 50 uM CQ is in the range
of doses used successfully to study lysosomal function
in other cells [14], we routinely used this dose in
our studies. Cells required exposure to CQ for at least
10 min prior to stimulation with LH to obtain a con-
sistent suppression of progestin secretion. Cells which
were exposed to CQ for 30 min, washed three times,
and then stimulated by LH for an additional 30 min
in medium without CQ showed a reduction (25-30%)
of progesterone secretion, although it was less than
that found (~ 45%) when CQ was present throughout
the experiment. Progesterone secretion by unstimu-
lated cells was also reduced by CQ (see Table 5) and
the progesterone content of CQ-treated cells was
30-50% lower than that of untreated cells. The effect
of CQ depended on the age of the luteinized tissue;
progesterone secretion from LH-stimulated cells was
reduced 43°%, when ovaries were obtained 3-4 days
after hCG treatment while a 25% suppression was
found with cells from day 7 ovaries (Table 1). CQ
also inhibited the steroidogenic response of ovarian
cells to dibutyryl cAMP (Table 2), suggesting that it
acts at a point beyond the binding of LH to its mem-
brane receptor. The lysosomotropic agents, neutral
red (Table 3), NH,Cl and Triton WR-1339 (Table 4),
also inhibited progesterone secretion by LH-stimu-
lated ovarian cells.

Exposure of ovarian cells to 50 uM CQ for 1 h did
not affect their ability to exclude trypan blue. Incor-
poration of [4,5-3H]-leucine into protein was not in-
fluenced by LH and CQ did not alter this process
in LH-stimulated cells. In experiment A (Table 5), CQ
in the absence of LH appeared to increase [4,5-°H]-
leucine incorporation, but this trend was not observed
in other studies. Lactate production (LH:1.20 + 0.05;
LH + 50uM CQ: 128 4+ 006 nmol lactate for-
med/ug DNA, mean + S.E.M,, 4 replicates) and oxi-
dation of [U-1*CJ-glucose to '*CO,; (LH: 240 + 4;
LH + 50 uM CQ: 250 + 14 pmol glucose oxidized/ug
DNA, mean + S.EM, 4 replicates) by cells was not
altered by CQ.

CQ did not interfere with succinate-supported cho-
lesterol side-chain cleavage by mitochondria from
luteinized ovaries (Table 6). Failure of CQ to block
formation of pregnenolone and progesterone suggests
that the drug does not inhibit either AS-ene-38-hyd-
roxysteroid dehydrogenase-isomerase or cholesterol
side-chain cleaving enzyme complexes.
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Table 1. Effect of chloroquine on progestin secretion by cells prepared from
ovaries 3-4 or 7 days post-hCG treatment

Progesterone secretion

Ovaries removed Ovaries removed
3-4 days 7 days
Treatment Post-hCG (N = 8) Post-hCG (N = 6)
None 100 100
LH 463 + 66* 438 + 71t
LH + 50 uM CQ 264 + 37+ 320 + 38%
. Inhibition of 429 + 1.2| 245+ 3.7

LH-induced progestin
secretion by CQ

* Significantly different from no treatment group. P < 0.001 by paired
t-test.

t Significantly different from LH group, P < 0.001 by paired t-test.

1 Significantly different from no treatment group, P < 0.01 by paired
t-test.

§ Significantly different from LH group, P < 0.025 by paired t-test.

|| Significantly different from mean obtained with cells from day 7 ovaries.
P < 0.001 by Student’s t-test for unpaired samples.

Dispersed cells were prepared from ovaries removed either 3-4 days or
7 days post-hCG treatment and incubations were carried out in the presence
or absence of 50 uM CQ as described in the text. Due to variations in
basal progestin secretion and stimulatory response to LH between experi-
ments, data have been presented as percent progestin secretion relative to
the no treatment group. Values are means + S.E.M. of N experiments.

Table 2. Effect of chloroquine on dibutyryl cAMP stimulated progesterone secretion
by ovarian cells

Progesterone secretion
(ng/ug DNA)

Treatment Experiment A Experiment B
None 1.75 £ 0.22 2.18 + 0.08

500 uM db cAMP 3.08 + 0.15* 397 £ 0.32*
500 uM db cAMP + 50 uM CQ 2.00 + 0.13% 1.97 + 0.07+

* Significantly different from no treatment group, P < 0.005.

t Significantly different from db cAMP group, P < 0.005.

Two separate experiments were performed with dispersed cells from ovaries removed
3 days post-hCG. Cells were incubated for 30 min in the presence and absence of
chloroquine. Incubations were continued for another 30 min after addition of db
cAMP to some tubes. Each value represents mean + S.E.M. of the 4 replicates in
each treatment group. Statistical analyses were carried out using Student’s -test for
unpaired samples.

Table 3. Effect of neutral red on progesterone secretion by ovarian cells

Treatment Progesterone secretion
None 100

Neutral red (100 ug/ml) 92+ 78

LH 407 + 65*

LH + neutral red (100 ug/ml) 226 + 38%

* Significantly different from no treatment group, P < 0.01 by paired t-test.

+ Significantly different from LH group, P < 0.02 by paired t-test.

Dispersed cells from ovaries removed 3-4 days post-hCG were incubated in
the presence or absence of neutral red for 30min and then LH was added to
some tubes and the incubations continued for a further 30 min. Progesterone
released into the incubation fluid was quantitated. Due to variations in the basal
progestin secretion and response of cells to LH, data is presented as percent pro-
gesterone secretion relative to the no treatment group. Values are means + S.E.M.
of 5 experiments.
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Table 4. Effect of NH,Cl and Triton WR-1339 on progesterone
secretion by ovarian cells

Progesterone secretion
{ng/ug DNA)

Treatment Experiment A Experiment B
None 0.30 + 0.01 0.39 + 0.02
NH,CI (10 mM) 0.27 + 0.02 0.37 £ 0.02
LH 111 + 0.02* 091 + 0.05*
§ LH + NH,CI (10 mM) 0.88 + 0.051 0.61 + 0.05%
None 0.82 + 0.03 0.72 + 0.08
Triton WR-1339 0.27 + 0.04* 0.21 + 0.05*
(0.75%; v/v)

LH 3.65 £0.12* 5.29 + 0.20*
LH + Triton WR-1339 1.84 + 0.12% 200+ 01171

(0.75%,: v/v)

* Significantly different from no treatment group, P < 0.001 by
Student’s t-test for unpaired samples.

t Significantly different from LH group, P < 0.001.

1 Significantly different from LH group, P < 0.005.

§ Choline chloride (10 mM) did not significantly alter LH-
induced progesterone secretion.

Dispersed cells from ovaries 34 days post-hCG were incubated
in the presence or absence of either NH,CI (30 min) or Triton
WR-1339 (1h). In experiments to study the effects of Triton
WR-1339 the cells were washed 3 times with Hank’s salt solution
before addition of LH or vehicle. In all experiments, incubations
were continued for 30 min after addition of tropic hormone.
Values presented are means + S.E.M. of the 4 replicates in each
treatment group.

Table 5. Effect of chloroquine on incorporation of [*H]-leucine into protein by ovarian cells

3H in protein Progesterone secretion
(c.p.m./ug DNA) (ng/ug DNA)
Treatment Experiment A Experiment B Experiment A Experiment B
None 5830 + 450 144 + 24 0.43 + 0.04 0.58 + 0.08
50 uM CQ 6675 + 207* 96 + 39 0.28 + 0.04* 0.32 + 0.02*
LH 5657 + 654 113 + 4.7 1.86 + 0.11 1.81 + 0.07
LH + 50uM CQ 5488 + 334 105 + 3.1 0.89 + 0.05t 1.05 + 0.07+

* Significantly different from no treatment group, P < 0.05.

t Significantly different from LH group, P < 0.001.

Dispersed cells from ovaries 3-4 days post-hCG were incubated in Hank’s salt solution (Experiment A) containing
2%, BSA and 5 uCi [4,5-*H]-leucine (S.A. 60 Ci/mmol) or in Medium 199 containing 2°; BSA and 5 uCi [*H]-leucine
(S.A. 5.7 uCi/mmol). Trichloroacetic acid precipitable radioactivity was measured in cell pellets and progesterone was
assayed in incubation media as described in text. In each experiment, treatment groups contained 4 replicates and
values presented are means + SEM.

Table 6. Effect of chloroquine on cholesterol side-chain cleavage by ovarian
mitochondria

c.p.m. In steroid/mg protein/2 h

Treatment [*4C]-pregnenolone [*4C]-progesterone
Control 6473 + 267 1966 + 76
50 uM CQ 6221 + 257 1963 + 162

Mitochondria, prepared from ovarian homogenates by differential centrifugation,
were incubated for 2 h as described by Robinson and Stevenson [13]. Flasks con-
tained 5 mM succinate and 150,000 ¢.p.m. [4-!*C]J-cholesterol (S.A. 55 mCi/mmol)
with a final incubation vol. of 1 ml. Extracts were analyzed for steroid radioactivity
by thin-layer chromatography. Recovery of total radioactivity from reaction mix-
tures was 80% =+ 3.3. Each value represents mean + S.E.M. for 3 replicates per
treatment group.
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Ovarian cells exposed to 50 uM CQ for 1h devel-
oped large cytoplasmic vacuoles (Figs 2 and 3) which
were seen infrequently in untreated cells (Fig. 4).
These membrane-enclosed vacuoles contained amor-
phous material, membrane whorls and occasionally,
lipid droplets. Lipid droplets were often found in
close association with CQ-induced vacuoles.

DISCUSSION

An increase in ovarian lysosomal hydrolase activi-
ties, which accompanied the rise in progesterone se-
cretion following induction of luteinization, first sug-
gested to us that there is a relationship between lyso-
some function and steroidogenesis [5]. Qur observa-
tions that lysosomotropic substances reduced pro-
gesterone production by ovarian cells adds support
to the concept that lysosomes play a role in steroido-

genesis. However, one must be cautious in assigning
aspecific locus of action to pharmacologic agents.
Indeed, each of the drugs studied in the present work
could act at several sites to inhibit steroid secretion.
Yet, several experiments indicated that the effect of
at least one of the lysosomotropic drugs (CQ) on
steroid production was not related to actions on
organelles other than lysosomes. CQ did not alter
glucose oxidation or lactate production by luteal cells,
CQ also did not directly influence the conversion of
cholesterol to steroids by ovarian mitochondria-rich
subcellular fractions.

Inhibition of protein synthesis can block the steroi-
dogenic response of gonadal tissues to LH [15]. It
was important to evaluate the effect of CQ on this
process because CQ in high concentrations inhibits
synthesis of macromolecules through its interaction
with DNA and inhibition of DNA-dependent DNA
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Fig. 3. Higher magnification of luteal cell exposed to CQ shows vacuoles containing amorphous material
and membrane whorls. Note the close association between lipid droplets and vacuoles. Mitochondrial
structure is well preserved and typical for steroid secreting cells. x 29.700.

and RNA polymerases [16]. Since 50 uM CQ did not
alter incorporation of [4,5-*H]-leucine into proteins,
this dose apparently did not affect either amino acid
uptake or protein synthesis in LH-stimulated ovarian
cells.

The abundant cytoplasmic vacuoles which we
observed in CQ-treated ovarian cells are similar to
those which develop in other cell types exposed to
the drug [14, 17, 18]. These structures are clearly
members of the lysosomal-vacuolar system since they
have been shown to contain acid phosphatase activity
[14]. Preliminary studies on the subcellular localiza-
tion of CQ taken into ovarian cells revealed that the
majority of the drug was associated with particulate
fractions which contained lysosomal enzyme activi-

ties. These findings are similar to those of Wibo and
Poole [18] who studied CQ-treated fibroblasts.

The mechanism by which CQ interferes with lyso-
somal function is not completely understood. CQ
may modify the permeability of lysosome membranes
[19], as well as have direct effects on specific hydro-
lases [18]. CQ action may also be related to changes
in intralysosomal pH which occurs when the base is
protonated within lysosomes [6]. Other weak bases
including neutral red and ammonia may affect lysoso-
mal function by similar mechanisms.

The lysosomal functions which are required for
steroidogenesis in ovarian cells remain to be eluci-
dated. We postulate that a portion of luteal cell cho-
lesterol must by processed by lysosomes before it can
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Fig. 4. A section of a control cell x 19,800,

enter the steroidogenic pool. Lysosomal cholesteryl
esterase is involved in the metabolism of lipoproteins
taken into cells by endocytosis [20]. Faust et al. [21]
recently reported that adrenal cells form a substantial
amount of steroid hormone in vitro from lipoprotein-
bound cholesterol which has been taken into the cells
and processed by lysosomes.

Since depletion of cholesteryl esters is known to
be associated with increased steroidogenesis in LH-
stimulated corpora lutea [22], lysosomes could also
be involved in the metabolism of these stored sterol
esters. Lysosomotropic drugs, by interfering with
lysosomal function, might reduce the availability of
cholesterol for progesterone formation.

The finding that CQ and other lysosomotropic
agents only partially inhibited progesterone secretion
from LH-stimulated cells may be attributed to the

presence of free cholesterol which is immediately used
for steroidogenesis. There is an increase in ovarian
lipids, including cholesterol, following the induction
of luteinization [23] and a larger pool of readily avail-
able cholesterol may explain why older luteal cells
were less sensitive to the effects of CQ.

In summary, it appears that the role of lysosomes
in the corpus luteum can no longer be restricted to
the process of luteolysis; these organelles also appear
to be important for the steroidogenic function of this
tissue.
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