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Distribution of the Microtubule-Dependent Motors Cytoplasmic Dynein

and Kinesin in Rat Testis1

ERIC S. HALL, JTJLIA EVELETH, CHENGYU JIANG, DARLENE M. REDENBACH, and KIM BOEKELHEIDE2

Department of Pathology and Laboratory Medicine, Brown University, Providence, Rhode Island 02912

ABSTRACT

To examine the possible role of microtubule-based transport in testicular function, we used immunofluorescent techniques

to study the presence and localization of the microtubule mechanoenzymes cytoplasmic dynein (a slow-growing end-directed

motor) and kinesin (a fast-growing end-directed motor) within rat testis. Cytoplasmic dynein immunofluorescence was observed

in Sertoli cells during all stages of spermatogenesis, with a peak in apical cytoplasm during stages lX-XIV. Cytoplasmic dynein

immunofluorescence was also localized within Sertoli cells to steps 9-14 (stages IX-XIV) germ cell-associated ectoplasmic spe-

cializations. In germ cells, cytoplasmic dynein immunofluorescence was observed in manchettes of steps 1S-17 (stages I-IV)

spermatids, and small, hollow circular structures were seen in the cytoplasm of step 17 and step 18 spermatids during stages V

and VI. Kinesin immunofluorescence was observed in manchettes of steps 10-18 spermatids (stages X-VI). The stage-dependent

apical Sertoli cell cytoplasmic dynein immunofluorescence, in conjunction with the previously reported orientation of Sertoli

cell microtubules (slow-growing ends toward the lumen) and peak secretion of androgen-binding protein and transferrin, is

consistent with the hypothesis that cytoplasmic dynein is involved in Sertoli cell protein transport and secretion. Further, the

localization of cytoplasmic dynein and kinesin to manchettes is consistent with current hypotheses concerning manchette func-

tion.

INTRODUCTION

Mammalian Sertoli cells provide the nutritional, hor-

monal, and structural environment necessary for sperma-

togenesis. Specialized tight junctions between adjacent Ser-

toli cells form the blood-testis barrier, which isolates germ

cells in the adluminal compartment from the interstitial fluid

[1, 2]. Sertoli cells provide nutrients and hormones by se-

creting seminiferous tubule fluid (STF) [3]. STF contains a

number of Sertoli cell-secreted proteins including andro-

gen-binding protein [4, 5], transferrin [6], ceruloplasmin [7],

acidic glycoprotein [7], and inhibin [8,91. The secretion of

many of these proteins varies during different stages of

spermatogenesis. The rat seminiferous epithelium has four-

teen morphologically distinct stages culminating in the re-

lease of mature sperm at the end of stage VIII [10]. Sertoli

cell secretion of androgen-binding protein peaks during

stages IX-XII [11], and transferrin is secreted at highest lev-

els during stages VIII-XII [11].

Protein transport and secretion is a complex process in-

volving endoplasmic reticulum, Golgi apparatus, transport

and secretory vesicles, cell membrane components, and the

cytoskeleton. Microtubules are involved in protein secre-

tion by a number of cell types [12-141, and may act as tracks

for vesicle and organelle transport [15-18]. Microtubules

are composed of tubulin subunits, which preferentially po-

lymerize to one end of microtubules, giving them fast-

growing [+] and slow-growing [-I ends [19]. The majority

(greater than 93%) of microtubules in Sertoli cells are on-
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ented with their [+] ends towards the cell nucleus and their

[-1 ends towards the lumen of the seminiferous tubule [20].

Thus, the bulk transport of STF constituents must be to-

wards the [-] ends of the microtubules. In contrast to Ser-

toli cells, axons have microtubules oriented with [-] ends

towards the nucleus [21, 22]. Microtubule-dependent trans-

port in Sertoli cells probably involves molecules that can

bind to and move along microtubules. Cytoplasmic dynein

and kinesin are two families of microtubule-based motors

that bind tightly to microtubules in the absence of AlP and

possess ATPase activity. In addition, when these proteins

are adsorbed to glass coverslips in the presence of AlP,

they can transport microtubules along the surface of the

coverslip [23-25].

Kinesin was first isolated from squid axoplasm [24, 25]

and has since been isolated from Drosophila [26], sea ur-

chin eggs [27], bovine adrenal tissue [28], chick fibroblasts

[29], HeLa cells [30], and rat liver [31]. It is composed of

two heavy and two light chains of 124 and 64 kDa, respec-

tively, with a total length of around 80 nm [24, 25, 27]. Ki-

nesin is a unidirectional motor moving towards the +] end

of microtubules [32]. Kinesin may be involved in fast axonal

transport in axons [33,34], mitotic spindle movement in sea

urchins [27,35], and the formation of tubulovesicular net-

works [29,36].

Cytoplasmic dynemn was first isolated from sea urchins

[37] and has since been isolated from Caenorbabditis ele-

gans [38]; Reticulomyxa [39]; Dictyostelium [40]; Parame-

cium [41]; squid axons [42]; HeLa cells [43]; and rat liver,

testes, and brain [31, 44, 45]. Cytoplasmic dynein moves

unidirectionally towards the [-1 end of microtubules [23]

and has been implicated in organelle transport [39,46-48]

and mitotic spindle rearrangements [49, 50]. Additionally,
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Regulation of Pulsatile Gonadotropin Secretion by Estrogen, Inhibin, and Follistatin

(Activin-Binding Protein) in Ovariectomized Rats1

LOUIS V. DEPAOLO,2 MOTOYUKI SHIMONAKA, and NICHOLAS LING

Department of Molecular Endocrinology The Whittier Institute for Diabetes and Endocrinology

La Jolla, Ca4fornia 92037

ABSTRACT

The following study was conducted to examine the effects of estrogen and polypeptides, given either alone or in combination,

on pulsatile gonadotropin secretion. One week after ovariectomy, rats received s.c. injections of oil or various doses (0.5, 5, 20

pg) of estradiol benzoate (EB) followed I day later by iv. administration of 60 �tg purified porcine follistatin, 10 jag recombinant

inhibin, or the appropriate vehicle. Four hours after injection of the nonsteroids, blood was collected at 10-miss intervals for 2

h, and the effects on pulsatile hormone release were assessed. Administration of EB alone dose-dependently suppressed mean

and trough (lowest point between two pulses) FSH levels and all parameters of pulsatile LH release. Both follistatin and inhibin

at the doses employed suppressed mean FSH levels to an equivalent extent (40%). Follistatin, but not inhibin, suppressed FSH

pulse amplitude, while neither polypeptide alone influenced FSI pulse frequency or any parameter of pulsatile LH release. The

effects of follistatin and EB on mean FSH levels were additive at all EB doses, whereas the effects of inhibin and EB were additive

only at the middle EB dose. Follistatin in combination with the lowest EB dose significantly suppressed mean LH levels. These

studies are the first to demonstrate that combined treatment with estrogen and the nonsteroids follistatin and inhibin is more

efficacious in suppressing FSH release than treatment with either agent alone, thereby indicating that both steroids and non-

steroids are probably important in the physiological regulation of FSH secretion in rats. The additive effects of these compounds

on FSH secretion could form the basis for exploring novel contraceptive interventions.

INTRODUCTiON

One component of a humoral communication link be-

tween the gonad and anterior pituitary gland is the secre-

tions emanating from the gonads that act either directly on

the pituitary gland or indirectly via modulation of signal

input from the brain to regulate the output of gonadotro-

pins. Without exception across mammalian species, the most

important feedback modulators of LH secretion are the sex

steroids [11. On the other hand, the relative importance of

steroids and nonsteroids in regulating FSH secretion ap-

pears to vary among species and between sexes within a

given species. With regard to the female rat, it would seem

that the principal negative feedback signals regulating FSH

secretion are the nonsteroidal polypeptide hormones, in-

hibin in particular [2, 3].

Despite the apparent importance of steroids in regulat-

ing LH and of nonsteroids in regulating FSH in the female

rat, there is ample evidence clearly demonstrating that both

steroids and nonsteroids are probably involved in the reg-

ulation of both gonadotropins. For example, it has been

shown that restoration of FSH levels to levels measured prior

to ovariectomy requires replacement with both estrogen and

nonsteroidal materials (provided by steroid-stripped por-

cine follicular fluid) [4, 5]. Likewise, inhibin may exert a role
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in abating W secretion between the mornings of diestrus-

2 and proestrus since it is necessary to inject steroid-free

follicular fluid into acutely castrated diestrous-2 rats pre-

viously given estrogen at the time of ovariectomy in order

to completely prevent the LH hypersecretion that follows

castration [6]. More recently, it was shown that circulating

LH levels increase after passive immunization of diestrous-

1 rats with an antiserum directed against a fragment of the

inhibin-a chain, suggesting a role for endogenous inhibin

in controlling LH release [7).

As indicated above, studies to examine the effects of

steroids and nonsteroids using animal models were con-

ducted prior to the isolation and characterization of the FSH-

suppressing polypeptides inhibin and follistatin (activin-

binding protein) [8]. Recently, these proteins have become

available in sufficient quantities to permit evaluation of their

biological actions in vivo [9-14]. Based on our initial dose-

response data comparing the effects of recombinant human

(rh) inhibin-A and purified porcine follistatin on FSH se-

cretion in ovariectomized (OVX) rats [12], the study re-

ported here was performed to investigate the effects of

combined treatment with estrogen and rh-inhibin-A or fol-

listatin on pulsatile LH and FSH release in OVX rats.

Animalc

MATERIALS AND METHODS

Female, Sprague-Dawley rats were purchased at 7 wk of

age from Charles River Laboratories (Portage, Ml). Rats were

exposed to 14 h of light (lights-on 0500 h) and tempera-

tures were maintained between 23 and 25#{176}C.Food and tap
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water were supplied ad libitum. Ovariectomy was per-

formed on ether-anesthetized rats 1-2 days after arrival.

Handling and experimental manipulation of animals were

conducted in strict accord with the NIH Guide for the Care

and Use of Laboratory Animals.

Experimental Paradigm

The experimental paradigm used in this study was based

on an earlier study in which the effects of rh-inhibin-A and

purified porcine follistatin on FSH and LH secretion in 1 -wk

OVX rats were determined [12]. The preparations of

rh-inhibin-A (kindly supplied by Dr. Ralph Schwall, Genen-

tech, Inc., South San Francisco, CA) and follistatin used were

identical in potency to the preparations used in our earlier

study [121.

The experimental paradigm of this study involved the

use of sixteen groups of OVX rats with 5-10 rats per group.

The large number of rats was necessary because different

vehicles were used to control for the effects of follistatin

(0.9% saline) and inhibin (0.1% trifluoroacetic acid [TFA]

adjusted to pH 7.2-7.4) on secretion of LH and FSH. TFA

was utilized as a vehicle control since the rh-inhibin was

purified by HPLC using TFA as the elution buffer. On the

basis of in vivo dose-response relationships between the

polypeptides and suppression of FSH levels reported pre-

viously [121, it was determined that iv. injection of 10 p.g

inhibin and 60 p.g follistatin would suppress serum FSH

levels to a similar extent.

Six days after ovariectomy, rats were anesthetized with

ether and outfitted with indwelling atrial cannulae. Imme-

diately after this surgical procedure, rats received s.c. in-

jections of either 200 p.l sesame oil or 05, 5, or 20 p.g of

estradiol benzoate (EB, Sigma Chemical Co., St. Louis, MO).

At 1000 h on the next morning, rats receiving either oil or

various doses of EB were subdivided and given i.v. injec-

tions of one of the following: 250 �i.l 09% saline, 250 p.1

0.1% TFA, 10 p.g inhibin, or 60 p.g follistatin. Predicated on

our previous data showing maximal suppression of serum

FSH levels between 4 and 6 h after injection of polypep-

tides [121, blood samples (0.4 ml) were obtained at 10-mm

intervals from 1400-1600 h in order to assess the effects

of EB and the polypeptides on pulsatile LH and FSH re-

lease. Five hundred microliters of a blood replacement

mixture consisting of OVX rat red blood cells suspended

in 0.9% saline containing 10 U/mI heparin and 0.1% BSA

was injected into the rats after each blood collection. Blood

samples were spun at low speed, and the serum was stored

frozen for subsequent determination of LH and FSH levels

by RIA.

RIM

Serum LH and FSH concentrations were determined in

duplicate using rat hormones and antisera supplied by the

National Hormone and Pituitary Program, NIDDK (Univer-

sity of Maryland School of Medicine, Baltimore, MD). Levels

of each gonadotropin were expressed in terms of the RP-

2 standard.

Statistical Anal sis

Intervals of increased serum hormone concentrations

were identified by comparing the coefficient of variation

(CV) of a suspected pulse derived from hormone levels

comprising both the ascending and descending portions of

the suspected pulse with the appropriate assay CV as de-

scribed previously [15]. This method has been shown to

reveal differences among groups in the various parameters

of pulsatile hormone release that are similar to differences

obtained using the cluster algorithm [161. With this method,

hormone secretion was considered pulsatile if the CV of

the suspected pulse was greater than two times (LH) or 1.5

times (FSH) the respective assay CV. On the basis of the

data obtained from each animal, mean hormone and trough

(lowest point between two pulses) levels, pulse amplitude,

and number of pulses per 2 h were calculated for each

group.

Statistical comparisons among treatment groups were

made by means of a two-factorial analysis of variance and

post-hoc analysis (Student-Newman-Keuls multiple-compar-

ison test). The factors analyzed were EB dose and treatment

(saline or follistatin; vehicle or inhibin). Accordingly, po-

tential interactive effects of estrogen and the nonsteroids

could be uncovered with this analysis. A value of p < 0.05

was considered significant.

RESULTS

Shown in Figure 1 are representative profiles of pulsatile

FSH (top) and LH (bottom) release in oil-treated OVX rats

given saline 4 h earlier. Parameters of pulsatile LH release

in oil-treated rats given the TEA vehicle were similar to those

in the saline-treated rats (data not shown). However, mean

(p < 0.01) and trough (p < 0.05) FSH levels as well as

FSH pulse amplitude (p < 0.01) were significantly lower

in TFA (vehicle)-treated rats compared to saline-treated an-

imals (Student’s t-test).

EB and Follistatin (Figs. 2 and 3)

As shown in Figure 2, EB dose-dependently lowered mean

FSH levels. Administration of follistatin to oil-treated rats

caused a 40.9% suppression of FSH levels comparable to

the 37.0% suppression of FSH levels observed after admin-

istration of 20 p.g EB. Combined treatment with various EB

doses and follistatin suppressed mean FSH levels below those

achieved when either material was given alone. The effects

of EB and/or follistatin on trough FSH levels mirrored the

effects seen on 2-h mean FSH levels. There was no statis-

tical interaction between EB and follistatin at any EB dose

(F = 0.9.1;p> 0.05).
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FIG. 1. Profile of pulsatile FSH (top) and LH (bottom) release in a rep-

resentative OVX rat treated with oil and saline. Average values for serum

gonadotropin levels, pulse amplitudes, and trough levels over the 2-h sam-

pling period are given in the upper right hand corner of each profile. The

black triangles denote pulses.
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FSH levels to an extent similar to that seen after injection

of 60 p.g follistatin (inhibin: 39.8%; follistatin: 40.9%). How-

ever, in contrast to the data with estrogen and follistatin,

statistical analysis of the data revealed significant interactive

effects of estrogen and inhibin (F = 3.95;p < 0.01). Thus,

while the combination of follistatin and 0.5 p.g EB reduced

FSH levels below levels attained in rats receiving follistatin

only (Fig. 2), 5 p.g EB was required in combination with

inhibin to cause a further significant reduction in FSH lev-

els below that achieved with mnhibin alone. Surprisingly,

neither EB nor inhibin, alone or in combination, affected

the frequency or amplitude of FSH pulses. Nor did mnhibin

modify the effects of any EB dose on pulsatile LH release

(Fig. 5).

As a visual means of assessing the presence or absence

of interactions between EB and follistatin or inhibin on 2-h

mean FSH levels, decrements in serum FSH levels in re-

=‘ 30

E -

C

I
U)
U-

The frequency of FSH pulses was unaffected by either

EB or follistatin treatment. Significant suppression of FSH

pulses was observed only in rats receiving follistatin com-

bined with 0.5 or 20 p.g EB. On the other hand, adminis-

tration of 5 p.g EB suppressed FSH pulse amplitude relative

to oil-treated rats. Likewise, follistatin significantly lowered

the amplitude of FSH pulses in oil-treated rats, the extent

of which was not further reduced by prior EB treatment.

As anticipated, EB was more efficacious in suppressing

all parameters of pulsatile LH release, with complete inhi-

bition of ovariectomy-mnduced W hypersecretion (mean LH

levels) occurring in response to 5 p.g EB (Fig. 3). Pulse

amplitude was more sensitive to suppression by EB than

was pulse frequency. Consistent with our previous inves-

tigation [121, follistatmn failed to influence any parameter of

episodic LH release. Interestingly, whereas 0.5 p.g EB and

follistatin did not alter mean LH levels when either was given

alone, LH levels were slightly but significantly reduced when

follistatin was given to OVX rats previously primed with the

lowest EB dose. Otherwise, follistatin did not modify the

dose-dependent actions of EB on pulsatile LH release.

EB and Inbibin (Figs. 4 and 5)

In general, the effects of various doses of EB on pulsatile

FSH (Fig. 4) and LH (Fig. 5) release were similar to the

results shown in Figures 2 and 3. Relative to mean FSH

levels measured in their respective control groups, admin-

istration of 10 p.g inhibin to oil-treated rats suppressed mean

‘a.-
0/S .5/S 5/S 20/S 0/F .5/F 5/F 20/F

GROUPS

FIG. 2. Effects of estrogen and/or follistatin (F) on parameters of pul-

satile FSH release. Six days after ovariectomy, rats received s.c. injections

of oil (0) or various doses of EB (0.5, 5, 20 �g). On the next morning, rats

received iv. injections of saline (S) or 60 �i.g follistatin. Bars and vertical

lines represent mean ± SEM for each group. Bars with same letters indi-

cate no significant difference, Bars without letters indicate n values less

than 3.
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steroids on pulsatile LH and FSH release. Although it ap-

pears in the female rat that LH secretion is primarily mod-

ulated by steroids, whereas nonsteroids preferentially

regulate FSH secretion, it is likely that control of gonado-

tropmn biosynthesis and release involves signal inputs from

these two classes of compounds. Our finding that estrogen

and polypeptide factors are seemingly more important with

regard to FSH than to LH regulation in the female rat is in

accord with data published by Trent Williams and Lipner

[17] showing the effects of estrogen, progesterone, and fol-

licular fluid-derived nonsteroids on gonadotropin secretion

in acutely OVx rats. Similar conclusions were reached in

both studies despite the fact that physiological estrogen re-

placement paradigms were used in the previous study [17],

whereas estradiol levels attained in our current study were

supraphysiological with the possible exception of the levels

attained with the lowest EB dose (0.5 p.g), which may have
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sponse to EB, nonsteroids, or a combination of the two are

plotted in Figure 6. The actual (ACT) suppression by com-

bined treatment with EB and either follistatin (top) or in-

hibin (bottom) is compared to the decrement in FSH levels

predicted (PRED) from the sum of decrements measured

following treatment with either EB or the polypeptides alone.

For follistatin, the suppressive effects of follistatin and EB

on serum FSH levels were essentially additive at all doses

of EB. In contrast, the actual decrements in FSH levels in

response to combined treatment with inhibin and either

0.5 p.g or 20 p.g EB were less than predicted from the sum

of decrements after each treatment alone. Additivity was ob-

served only with the middle EB dose. The failure to ob-

serve additivity between inhibmn and EB at all EB doses was

consistent with an interactive effect between these two

compounds (see above).

DISCUSSION

The major aim of this study was to examine the effects

of singular or combined treatment with steroids and non-

0/V .5/V 5/V 20/V 0/I .5/I 5/I 20/I

0/V .5/V 5/V 20/V 0/I

GROUPS

.5/I 5/I 20/I
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a

a

b

.5/F ‘ 5/F 20/F

FIG. 3. Effects of estrogen and/or follistatin (F) on parameters of pul-

satile LH release. See legend to Figure 2 for further details.

MEAN LEVELS

FIG. 4. Effects of estrogen and/or inhibin (I) on parameters of pulsa-

tile FSH release. Six days after ovariectomy, rats received s.c. injections of

oil (0) or various doses of EB (0.5, 5. 20 �tg). On the next morning, rats

received i.v. iniections of TFA vehicle (V) or 10 p.g inhibin. Bars and vertical

lines represent mean ± SEM for each group. Bars with same letters indi-

cate no significant difference.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

rtic
le

/4
6
/5

/8
1
7
/2

7
6
3
2
2
0
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



MEAN LEVELS

C

=

-I

.C 6
CM 5

4-
UI
U) 3

2

a. 1

� 0

C

I

-I

‘I

PULSE FREQUENCY
a

-r

0/V .5/V 5/V 20/V 0/I .5/I 5/I 20/I

I,

a
20/I

a
E

C

=
-J

0/V .5/V 5/V 20/V 0/I .5/I 5/I

4

3 a

21

TROUGH LEVELS

a

-I-

ESTROGEN/FOLLISTATIN

.5/I 5/I 20/I �
0
E
0

0FIG. 5. Effects of estrogen and/or inhibin (I) on parameters of pulsa-

tile LH release. See legend to Figure 4 for further details.

.5E8 5EB 2oEa FS ACT PRED, ACT PRED, ACT PRED,

.5E8+FS 5Ea+FS 20E8#{247}FS

ESTROGEN/INHIBIN

I

.5E8 5EB 2OEB INH ACT PRED, ACT PRED,

.5EB+INH 5EB+ INN 2OEB+INH

FIG. 6. Decrements in mean serum FSH levels as a consequence of

estrogen (EB) treatment alone or in combination with follistatin (FS) or in-

hibin (INH). The actual (ACT) suppression by combined treatment with EB

and either FS (top) or INH (bottom) is compared to the decrement in FSH

levels predicted (PRED) from the sum of decrements measured following

treatment with either EB or the respective polypeptide alone.
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approached peak estradiol levels attained on proestrus

[18, 19]. However, the present study attempted to delineate

potential differences in the effects of inhibin or follistatin

in tandem with estrogen, differences that could not be dis-

cerned in prior studies because of the combined presence

of inhibin and follistatin in follicular fluid.

Several aspects of this study deserve comment. One as-

pect pertains to the additive effects of follistatin and EB on

mean FSH levels at all EB doses. Additive effects generally

reflect differing modes of action when agents are used in

combination at concentrations deemed maximally effective

for each agent. Although a submaximally effective dose of

follistatin (and inhibin) was used, it is likely that the ad-

ditive suppressive effects of EB and follistatmn on mean FSH

levels reflect different sites of action, with the inhibitory

effects of follistatin exerted on the pituitary gland and the

suppressive effects of EB manifested within the central ner-

vous system to alter LHRH release [20, 211. The latter ob-

servation stems from the well-known, time-dependent bi-

phasic actions of estrogen to initially inhibit and then enhance

pituitary gonadotropmn responses to LHRH [22, 23]. On the

other hand, additive effects of EB and inhibmn were ob-

served only with the middle EB dose. The apparent addi-

tivity between inhibin and at least one dose of EB is dif-

ferent from results obtained in vitro, where co-incubation

of pituitary cells with estradiol and inhibmn did not suppress

FSH release below release seen from primary cultures co-

incubated with inhibmn only [241. This latter observation is

consonant with differing sites of action of estrogen and in-

hibin in suppressing FSH release in OVX rats. However, the

explanations as to why EB and inhibmn were not additive at

the other EB doses and why this was different from the

additive effects of EB and follistatin observed at all EB doses

are only speculative at this point. One possibility may per-

tain to the seemingly different modes of action by which

inhibin and follistatin inhibit FSH biosynthesis and secre-

tion. While the actions of inhibin on FSH secretion are

probably mediated through interaction with a bona fide

membrane-bound receptor [251, the FSH-suppressing ac-

tions of follistatmn undoubtedly involve its ability to neu-

tralize the autocrine actions of activin [26]. Thus, it may be
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that estrogen is more effective at antagonizing the receptor-

mediated actions of inhibin than the activin-binding prop-

erties of follistatin. Alternatively, inhibin may be more po-

tent than follistatin in decreasing U-IRH binding sites or post-

receptor mechanisms that are critical for the ability of es-

trogen to enhance pituitary responsiveness to LHRH [27-

29]. This mechanism of action, however, appears unlikely

since such effects of inhibin on LHRH receptors or post-

receptor events would have to influence FSH release se-

lectively.

Another aspect of this investigation is the failure of either

follistatmn or mnhibin to alter pulsatile FSH release, although

FSH pulse frequency was significantly suppressed by follis-

tatin in combination with either 0.5 or 20 p.g EB. This find-

ing is in direct opposition to previous reports showing pro-

nounced inhibition of FSH pulse frequency by steroid-free

follicular fluid [30,31] or inhibin [13]. Interestingly, the lat-

ter study by Rivier and colleagues [13] used the same ani-

mal model (1-wk OVX rat) with an even lower dose (5.0-

7.5 p.g/rat) of the same rh-inhibin preparation used in the

present study. The discrepancy between our study and the

study of Rivier et al. [13] could relate to the method of de-

tecting FSH pulses (CV vs. Detect program). Thus, although

FSH pulse frequency in control OVX animals was similar

in both studies, the “noise” level in our CV method (i.e.,

CV for RIA) at lower FSH concentrations may have been

less than the “noise” level used in the Detect program.

Consequently, a pulse would be identified with less vari-

able FSH levels using the CV method. It should be men-

tioned, however, that the frequency of FSH pulses in female

rats does not change following either ovariectomy [13] or

administration of inhibin antibodies [7], thereby calling into

question the physiological relevance of suppressed FSH pulse

frequency by exogenously administered nonsteroids re-

ported in prior studies [13,30,31].

Similar to the suppression of FSH pulse frequency, a

suppression of FSH pulse amplitude by nonsteroids was re-

ported in previous studies [13, 30,31]. In the present study,

FSH pulse amplitude was suppressed by follistatin, but not

by mnhibin. Since the doses of follistatmn and inhibin used

in the present study suppressed mean FSH levels to a sim-

ilar extent, it is conceivable that our failure to detect a

suppression of FSH pulse amplitude with inhibin may be

attributed to significantly lower pulse amplitudes measured

in vehicle-treated rats compared to rats given saline. In-

deed, whereas mean FSH levels were 20% lower in vehicle-

treated vs. saline-treated rats, mean amplitudes were 40%

lower. Why various parameters of pulsatile FSH but not LH

release were affected by the TEA vehicle is not clear at this

time, but could relate to the control of pulsatile LH and

FSH release by different neuroendocrine mechanisms [15].

Lastly, it has recently become apparent that inhibmn (and

perhaps follistatmn) participates in the control of LH secre-

tion during the rat estrous cycle [6,7]. These studies were

spurned by the initial observations of Lumpkin et al. [30]

showing that injection of 20 p.g EB and follicular fluid sup-

presses pulsatile W release in long-term OVX rats to a greater

extent than EB alone. Our data in acutely OVX rats dem-

onstrate that follistatmn in combination with 0.5 p.g EB sig-

nificantly suppressed mean LH levels below levels ob-

served with EB alone. On the contrary, no such effect was

observed with inhibin and the lowest EB dose, although

there was a tendency for mean LH levels to be lower with

combined mnhibin/EB treatment. Thus, while our results

essentially support the premise that steroids and nonster-

oids could interact significantly to regulate LH release in a

physiological setting, this aspect of LH regulation probably

is of minor importance in the overall scheme of LH regu-

lation.

In summary, our results are the first to demonstrate the

effects of combined treatment with estrogen and the non-

steroids inhibin and follistatin on pulsatile gonadotropmn

secretion. Both classes of compounds are likely to be an

integral part of FSH regulation. The data may also form the

basis for future studies aimed at contraceptive development

using a combination of steroids and polypeptides.
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Prostaglandin Synthesis Regulation in Human Amnion Tissue: Involvement of Protein

Kinase C and Dependence on Ribonucleic Acid and Protein Synthesis1

TAMAS ZAKAR and DAVID M. OLSON2

with the technical assistance of Elizabeth A. MacLeod and Sharon Brown

Departments of Paediatrics and Physiology, MRC Group in Fetal and Neonatal Health and Development,

The University of Western Ontario, The Lawson Research Institute, St. Joseph’s Health Centre

London, Ontario, Canada N6A 4V2

ABSTRACT

The role of protein kinase C (P1(C) in the control of prostaglandin production by the human amnion was studied. Amnion

membranes delivered spontaneously at term were minced and treated with phorbol esters, protein kinase inhibitors, cyclohex-

imide, and actinomycin D; prostaglandin E, (PGE,) output then was determined. Untreated tissue produced 3.97 ± 1.13 ng

PGE2/pg DNA/14 h (mean ± SEM, n = 19). Phorbol dibutyrate and 12-O-tetradecanoylphorbol-13-acetate (TPA) stimulated

PGE, output up to 20-fold in a concentration-dependent manner with potencies corresponding to their efficacy as PKC activators.

Four-�-phorbol and 4-methoxy-TPA, which do not stimulate PKC, did not affect PGE, output. Stimulation by TPA was blocked

by staurosponine (ICw = 57 nM) and H7; however, these PKC inhibitors did not decrease basal prostaglandin production. Cy-

cloheximide inhibited basal and TPA-promoted PGE, production and amino acid incorporation. Actinomycin D abolished TPA

stimulation without decreasing unstimulated prostaglandin synthesis. These results show that amnion PGE, production after labor

is not maintained by PKC action, but PKC activation in this tissue causes a protein synthesis-dependent and RNA synthesis-

dependent increase of PGE, output. However, basal PGE, production is dependent upon protein synthesis which, presumably,

utilizes pre-existing mRNAs.

INTRODUC11ON

Prostaglandins are believed to play a central role in the

initiation and/or maintenance of labor in women. A prob-

able major tissue source of prostaglandins in tl-ie pregnant

human uterus is the amnion, which produces increased

amounts of prostaglandin E2 (PGE2), in vitro, with the onset

of labor [1-3]. This increased prostaglandin synthesis is as-

sociated with the mobilization of arachidonic acid from am-

nion phospholipids [4], the elevation of prostaglandin H

synthase (cyclooxygenase, PGHS) activity in homogenates

and subcellular preparations of amnion tissue [5,61, and an

increase in the rate of recovery of PGHS in chorioamnion

and decidua after aspirin pretreatment [71. These data in-

dicate that both arachidonic acid release and metabolism

are stimulated in the amnion at the time of parturition.

However, there is insufficient information about the con-

trol mechanisms involved in this regulation.

To study these control mechanisms, in vitro model sys-

tems reflecting the in vivo characteristics of the tissue are

needed. The hormonal regulation of amnion prostaglandin

synthesis has been studied in many experiments using con-

fluent amnion cell cultures as an in vitro model of amnion

tissue (see Olson et al. [8] for review). Amnion epithelial
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cells cultured in medium supplemented with 10% fetal bo-

vine serum spontaneously lose their basal as well as arach-

idonate-stimulated PGE2 output within 3-7 days of plating

[9, 101. The diminution of prostaglandin production is ac-

companied by a reduction of phospholipase C [9] and PGHS

activities (1 Smieja, unpublished results), indicating that both

arachidonic acid mobilization and metabolism diminish

during the culture period. Treatment of these cultures with

a number of agonists, such as glucocorticoids, epidermal

growth factor (EGF), or interleukin 1, increases prostaglan-

din production, in many cases by stimulating the synthesis

of PGHS [8]. Hence, confluent cultured amnion cells appear

to be an appropriate model for the study of agonists and

their mechanisms of action in relation to PGHS synthesis.

In studies using this model, several hormones, growth fac-

tors, and cytokines have been proposed to participate in

the in vivo regulation of amnion prostaglandin production.

In contrast, amnion cells cultured for less than 3 days

have high levels of phospholipase C and PGHS; they also

respond differently than do confluent cells to certain ago-

nists. In a recent study by Gibb and Lavoie [10], it was found

that glucocorticoids and EGF have no stimulatory effect on

the PGE2 production of amnion cells cultured for less than

3 days. In fact, glucocorticoids actually inhibited PGE2 out-

put in a concentration-dependent fashion. Because of the

changing enzyme levels and altered responses to EGF and

glucocorticoids, the appropriateness of confluent amnion

cell cultures for study of the physiological regulation of am-

nion prostaglandin production has been questioned [9, 10].

Activators of protein kinase C (P1(C) have also been found

to stimulate PGE2 production in confluent cultures of am-
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nion cells [11-13]. Principally, these are phorbol esters, es-

pecially 1 2-O-tetradecanoylphorbol-13-acetate (TPA). Their

action has been shown to be dependent on synthesis of

both RNA and protein [11], and sensitive to inhibitors of

PKC [13]. Since amnion cells in culture may alter their re-

sponses to agonists, it was necessary to characterize the ef-

fect of PKC activators on the prostaglandin production of

amnion not exposed to culture conditions. Furthermore,

since freshly dispersed cells often produce enhanced

amounts of prostanoids due, presumably, to the trauma of

isolation, and also since responses may be altered because

of the use of enzymes to isolate cells, the development of

another model for the study of agonist action on amnion

PGE2 production had considerable merit. To this end, we

have used minced amnion tissue obtained immediately fol-

lowing vaginal delivery and characterized the response of

this tissue in terms of PGE2 production to activators and

inhibitors of PKC. Our hypothesis was that PGE2 production

by fresh amnion tissue is increased by the activation of PKC.

A second hypothesis was that basal (unstimulated) prosta-

glandin production by fresh amnion tissue is dependent

upon sustained activation of PKC.

MATERIALS AND METHODS

Materials

[5,6,8, 11, 12, 14, 15-N-3HIPGE2 (sp. act., 140 Ci/mmol)

and L-[4,5-3H]lysine monohydrochloride (sp. act., 84 Ci/

mmol) were obtained from Amersham Corp. (Oakville, ON,

Canada). Arachidonic acid and PGE2 were from Nu-Chek

Preparations (Elysian, MN) and Cayman Chemical (Ann Ar-

bor, MI), respectively. Staurosporine was purchased from

Calbiochem Corp. (San Diego, CA); H7 (1-[5-isoquinoline-

sulfonyl]-2-methylpiperazine) was the product of Seikagaku

Kogyo Co. (Tokyo, Japan). Calf thymus DNA, bis-benzimi-

dazole (Hoechst 33258), phorbol derivatives, and kits for

the colorimetric determination of lactate dehydrogenase

activity were supplied by Sigma Chemical Co. (St. Louis,

MO). All other chemicals were of analytical (A.C.S.) purity.

Methods

Tissues. Placentas with attached fetal membranes were

obtained from twelve patients following spontaneous vag-

inal delivery at term. All pregnancies were singleton fetuses

and all outcomes were normal. None of the patients re-

ceived drugs during the course of labor other than anal-

gesics. The ethics committee at the University of Western

Ontario and St. Joseph’s Hospital does not require review

or approval of a study when placentas with attached fetal

membranes from uncomplicated pregnancies are obtained

in this manner. These placentas are considered waste prod-

ucts.

Preparation and incubation of amnion tissue mince.

Reflected amnion membranes were isolated aseptically wahin

30 mm following spontaneous delivery at term after un-

complicated pregnancies. The tissue was placed in pseu-

doamniotic fluid (P5AF [14]: 113 mM NaCI, 4 mM KCI, 2 mM

CaC12, 0.7 mM MgC12, 0.6 mM NaH2PO47H2O, 20 mM N-[2-

hydroxyethyl]piperazine-N’[2-ethanesulfonic acid], 6.2 mM

urea, 2 mM glucose, 0.1 mg/mI BSA [Fraction V, essentially

fatty acid-free, Sigma #A-6003], 40 mg/L gentamycin sulfate

[Schering Canada, Ltd., Pointe Claire, PQ, Canada], pH 7.0)

and cleaned of major blood clots. A portion of the mem-

brane corresponding to a surface area of approximately 150

cm2 was isolated and cut into 1-4-mm2 pieces using scal-

pels. The mince was suspended in 40 ml P5AF, and washed

three times by suspending in 40 ml PsAF and centrifuging

at 200 X g for 10 mm at room temperature. The washed

tissue was then incubated in fresh medium at 37#{176}Cfor 90

mm, centrifuged, and resuspended again; the suspension

was distributed into 13 X 100-mm glass culture tubes. The

tightly capped tubes were incubated at 37#{176}Cfor another 90

mm followed by centrifugation at 1 500 X g for 10 mm.

The supernatant was then discarded, and 1.5 ml fresh PsAF

containing agonists was added to each tube. The entire

preparation took about 5 h. Incubations with agonists lasted

for 14-17 h at 37#{176}Cin a shaking water bath. No arachidonic

acid was added to the incubation medium in any of the

experiments. Following agonist treatment, the tissues were

isolated by centrifugation, and the supernatants were saved

for PGE2 determination. The tissue pellets were stored at

- 20#{176}Cbefore the extraction of DNA.

Determination of PGE2. PGE2 was measured directly

from the incubation medium using a PGE2 RIA described

previously [15].

Extraction and determination of DNA These proce-

dures were based on the DNA extraction and determination

methods described by Downs and Wilfinger [16]. Tissue

pellets were suspended in 1.5 ml of ice-cold 1 N NH4OH

+ 10 mM EDTA and homogenized with a Polytron homog-

enizer (Brinkmann Instruments, Rexdale, ON, Canada) for

25 sec. The tubes containing the homogenate were capped

tightly, and incubated at 37#{176}Cfor 20 mm. A 500-1.il aliquot

was transferred from each homogenate into 1.7-mi micro-

centrifuge tubes (Costar, Cambridge, MA), and the open tubes

were incubated at room temperature over 5 N H2S04 in an

airtight container overnight. The tubes were then vortexed

and centrifuged for 3 mm. Aliquots (up to 50 p.l) of the

supernatants were used to determine DNA content with the

bis-benzimidazole-fluorescence enhancement assay [16]. Calf

thymus DNA was used as standard.

Amino acid incorporation. Amnion tissue was incu-

bated with [3H]lysine (0.45 p.Ci in 1.5 ml) at 37#{176}Cfor 14 h.

The incubation was stopped by the addition of 0.5 ml of 1

mM unlabeled lysine, and the tissue was washed three times

with 1.5 ml of medium at 0#{176}C.The washed tissue was ho-

mogenized in 1 N NH4OH + 10 mM EDTA, and incubated

at 37#{176}Cfor 20 mm as described in the DNA-extraction pro-

cedure. An aliquot of the homogenate was used to measure
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FIG. 1. The effect of TPA on the PGE2 output of amnion. Minced am-

nion tissue was incubated with increasing concentrations of 12-O-tetrade-

canoylphorbol-13-acetate (TPA) for 14 h, and PGE, output was determined.

Points are the means of four parallel incubations. Many error bars (± SEMI

are smaller than the symbols. This experiment was performed with one

amnion.

0 � io8 io� ,o-6 [11-13].
Because activators of PKC increase fresh amnion tissue

prostaglandmn synthesis, the possibility exists that the basal

production of POE2 is due to sustained activation of this

enzyme. We tested this possibility by comparing the effects

of PKC inhibitors on basal and TPA-stimulated PGE2 output.

Figure 3 shows the effect of staurosporine, an extremely

potent inhibitor of the Ca2�-dependent and phospholipid-

dependent protein kinase [20], on basal and TPA-stimulated

prostaglandmn synthesis. Staurosponine blocked the TPA-

stimulated PGE2 synthesis (IC50: 57 nM in the experiment

displayed) in a concentration-dependent manner, but it did

not significantly affect the unstimulated POE2 output. The

effect of another PKC inhibitor, H7 [21], is presented in Fig-

ure 4. Like staurospormne, H7 abolished TPA-evoked PGE2

synthesis. However, unlike staurospormne, H7 increased basal

(TPA-unstimulated) prostaglandmn output, although this ap-

parent stimulation did not reach statistical significance.

Staurospormne [22] and other inhibitors of PKC blocked TPA-

stimulated POE2 output in cultured amnion cells [13]. The

reduction of phorbol ester-stimulated prostaglandmn pro-

duction by staurospormne and H7 demonstrates that these

*

30

20

___ no agonist

1 O8M agonist

___1 07M agonist

N

z I
*

10

WA PDB 4MeO-TPA 4fl-Ph

FIG. 2. The effect of phorbol derivatives on amnion PGE2 synthesis.

Minced amnion tissue was treated with 10a M or iO� M IRA, phorbol-

12,13-dibutyrate (PDB). 4-0-methyl-IRA (4MeOIPA), or 4-�-phorbol (4�-Ph)

for 17 h; PGE2 output was measured by RIA. Each bar is the mean of four

parallel incubations ± SEM. ‘Significantly (p < 0.05) different from no ag-

onist; #significantly (p < 0.05) different from the response in the presence

of iO� M of the same agonist. This experiment was performed with one

amnion.
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DNA, while another portion was acidified with cold tn-

chloroacetic acid (TCA; final concentration after neutraliz-

ing the NH4OH in the homogenate: 5%). The precipitate

was incubated at 0#{176}Cfor 30 mm, centrifuged, and washed

twice with 1.5 ml of ice-cold 5% TCA. The washed precip-

itate was dissolved in 0.5 N NaOH, and the radioactivity of

an aliquot was determined by liquid scintillation counting

using ACS II (Amersham Corp.) as scintillation solution. Un-

incorporated radioactivity, determined in control mncuba-

tions, was less than 1% of the total activity of the precipi-

tates.

Presentation of data and statistical analysis. PGE2 val-

ues were individually normalized to the DNA content of the

corresponding tissue sample. The data obtained were sub-

jected to analysis of variance, and where a significant F value

was obtained, treatment means were separated using the

Newman-Keuls post hoc test; p < 0.05 was considered sig-

nificant. Each figure displays one representative experi-

ment. The number of times each experiment was per-

formed is given in each figure legend.

RESULTS

Figure 1 shows the effect of TPA, a potent activator of

PKC [17], on the PGE2 output of the amnion. Phorbol ester

was added to the tissue in increasing concentrations for 14

h, a time period sufficient to attain maximal stimulation of

prostaglandin synthesis in amnion cells [13]. In the absence

of TPA, basal (unstimulated) PGE2 output was 3.30 ± 0.26

ng/�ig DNA/14 h (mean ± SEM, n = 4). PGE2 production

was stimulated progressively to 20-fold by i0�-i0� M TPA.

These results confirm earlier work by us [11] and others

[12, 13, 18] in cultured cells. The experiment presented in

Figure 2 compared the PGE2 production of amnion treated

with several phorbol derivatives with varying abilities to ac-

tivate PKC. In addition to TPA, phorbol dibutyrate also stim-

ulated PGE2 output, and the relative efficacy of the two

phorbol esters corresponded to their relative ability to ac-

tivate PKC [17]. Four-methoxy-TPA and 4-�3-phorbol, which

have few or no tumor-promoting [19] or PKC-activating

properties [17], did not enhance POE2 production signifi-

cantly. Thus, the response of amnion tissue to phorbol de-

rivatives paralleled the effect of these compounds on PKC

activity, indicating the involvement of this protein kinase in

their action. Similar results were reported in cultured cells D
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