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ABSTRACT

The selective and irreversible destruction of the seminiferous epithelial elements including
the Sertoli cells, by CdCl; provided & convenient method for testing whether the Leydig cells
were responsible for elaboration of testicular estrogen, Extensive transplantation experiments
were carried out in which pieces of uterus from ovariectomized rats were grafted under the skin of
normal and CdCl, treated rats. Attempts were made to stimulate the Leydig cells of such rats
by chorionic gonadotrophin. There were clear indications of estrogenic response of the uterine
transplants; the adrenal cortex did not play any réle in such response. It was also possible to
extract estrogen from the testis at different time intervals after CdCl, administration. The
pattern of fluctuating estrogen level had a close similarity with the pituitary LH content follow-
ing CdCl, administration. It is concluded that Leydig cells and not the Sertoli cells are res:
ponsible for the elaboration of estrogen in rat testis.

The cell type responsible for elaboration of estrogen in the testis has not
been identified with any degree of certainty; Sertoli cells as well as Leydig -
cells have been suggested as possible sites of estrogen production. The view
that Sertoli cells elaborate estrogen (Witschi and Mengert 1942 ; Huggins
and Moulder 1945; Berthrong et al. 1949; Telium 1949; Lynch and Scott
1950; Hotchkiss 1953) is based on the occurrence of feminizing Sertoli cell
tumours in dogs and men (Zuckerman and McKeown 1938; Ostergaard 1946;
Lewis and Stockard 1950). On the other hand, male pseudohermaphrodites
showing little or no Scrtoli cell differentiation but normal Leydig cells continue
to secrete estrogen (Goldberg and Maxwell 1948; Nelson 1951). Similarly
eunuchoidal individuals with completely sclerosed tubules or germ cell apla-
sia secrete estrogen (Maddock and Nelson 1952; Leach et al. 1956). The
administration of human chorionic gonadotrophin to eunuchoids or normal
men increases the urinary level of estrogen side by side with the stimulation
of Leydig cells. On the basis of these evidences Maddock and Nelson (1952)
consider Leydig cells as the site of production of estrogen. Indeed, histo-
chemical studies have suggested the presence of estrone in these cells (Ashbel
et al. 1951).

The selective and irreversible destruction of seminiferous epithelial
elements of the rat testis (including the Sertoli cells) by CdCl, (see Kar et al.
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1959; Kar and Das 1960) have been utilized in the present study for an
objective appraisal of the view that Leydig cells elaborate estrogen.

PLAN OF INVESTIGATION

I.—Adult rats injected with CdCl, were used after 80 days to ensure that
the testis contained only Leydig cells and fibroblasts. Pieces of uterus from
ovariectomized rats were transplanted under the skin. Normal rats received
similar transplants. Normal and CdCl, treated rats bearing uterine trans-
plants were injected with estrogen; ovariectomized animals were also treated
with the hormone. This procedure was adopted for testing the sensitivity of
the uterus to estrogen under normal conditions and under conditions of homo-
transplantation. If the Leydig cells of rats treated with CdACly produced estrogen
then the uterine transplants were expected to show the characteristic response.

II.—Adult rats treated with CdCl; and bearing uterine grafts were injected
with chorionic gonadotrophin. The purpose of this experiment was to increase
estrogen production by the Leydig cells (see Maddock and Nelson 1952) which
would ensure better histological resolution of estrogenic response of the trams-
planted uterus. Normal rats with similar uterus grafts were injected with
gonadotrophic hormone for the sake of comparison.

IIT.—In order to eliminate the possibility of contribution of adreno-
cortical estrogens in any positive response, normal and CdCl, treated rats
were fivst castrated and then used for transplantation of uterus. If under
this condition the uterine grafts showed estrogenic response it was to be
concluded that the estrogen came from the adrenal cortex.

IV.—Attempts were made to extract estrogen from the testis of normal
and CdCl; treated rats. It was considered that this approach would provide
a direct proof for production of estrogen by the Leydig cells. In order to test
the soundness of this procedure a kinetic study of estrogen concentration of the
testis was done beginning immediately with the administration of CdCl,.

V.—Any complications due to dietary estrogen were avoided by main-
taining the donar ovariectomized rats and the host males bearing the uterine
transplants, on the same diet. The persistent diestrus condition of the ovari-
ectomized rats and the typical involuted nature of the uterus eliminated any
possible effect of dietary estrogens on the uterine grafts.

MATERIAL AND METHOD

Animals.—Colony bred male (120-130 g) and female (80-95 g) albino rats of
the Institute were used in this investigation. The animals were maintained
under uniform laboratory conditions throughout the period of study.

Cadmium chloride.—The male rats were injected with CdCl, (1 mg/100 g)
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body weight, single subcutaneous injection) and used after 80 days for trans-
plantation of uterus. Castrated, normal and CdCl, treated rats received
uterine transplants 14 days after the operation.

Chorionic gonadotrophin.—Normal and CdCl, treated rats were injected
with chorionic gonadotrophin (PrEGNYL, Organon Ltd., England) by the intra-
muscular route at the rate of 30 i.u. daily/rat for 30 days. The animals were
sacrificed on the day following the final treatment for the removal of uterine
grafts. Appropriate controls (normal and CdCl, treated, see Table 1) bearing
similar transplants were killed along with the groups injected with chorionic
gonadotrophin. Transplantation in all the groups was done on the day of
first administration of chorionic gonadotrophin.

Estrogen.—Normal and CdCl, treated rats with uterine transplants received
estradiol dipropionate (2 mg daily/rat, intramuscular injection) for 7 days.
Similar animals with transplants were injected with the solvent alone. The
estrogen treated and control animals were sacrificed on the day following the
final treatment. Transplantation was done on the day on which estrogen (or
solvent) treatment started.

A group of ovariectomized rats was injected intramuscularly with estra-
diol dipropionate (30 days after ovariectomy) in a dosage of 0-1 pg daily/rat
for 7 days. A second group of ovariectomized rats received the solvent alone
in a similar manner. The animals were sacrificed on the day subsequent to
the final treatment. The uterus was dissected out, weighed to the nearest
0'1 mg and then fixed in Bouin’s fluid for histological examination. Serial
paraffin sections of the uterus were stained with Ehrlich’s hematoxylin fol-
lowed by eosin.

Transplantation.—The uterine horns of donar rats were dissected out 30
days after ovariectomy. Kach horn was divided into 5 equal pieces and trans-
planted under the skin lateral to the mid-ventral line. The transplants were
made in a linear fashion and the distance between two pieces was about a cm.
Each host rat received 10 uterine transplants. The latter were removed at
the end of an experiment, weighed to the nearest 0'1 mg and then processed-
as above for histological examination,

Estimation of testicular estrogen.—Several methods had to be combined for
direct estimation of estrogen from the testis. Extraction of ‘free’, ‘conjointed’
and ‘protein-bound’ estrogens was done by the procedure of Diczfalusy (1953).
- The three ether phases containing the individual estrogens were combined
and purified according to the methods of Brown (1955) and Roy (1958). The
final benzene phase was taken up in measured quantity of sterile olive oil
for bio-assay after evaporation to dryness in an atmosphere of N, and accurate
weighing. The procedure of Maddock and Nelson (1952) was followed for
bio-assay of extracted estrogen. Xor estimation of estrogen at a particular
time interval 40 testis had to be pooled.
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REesvrrs

I. Effect of chorionic gonadotrophin on uterine transplants
tn normal and CACly treated rats

It will be seen from Table 1 that the transplants recovered from host
rats, either treated or not treated with gonadotrophin, were a mixture of
macroscopically normal and abnormal (cystic or hemorrhagic) uterus. The
mean preimplantation weight of each piece of uterus was 2°5 mg (range 2'0-
35 mg). After recovery the macroscopically normal transplants showing
gigns of stimulation weighed on an average 23'1 mg (range 20-24'5 mg). The
cystic transplants weighed between 66 and 300 mg. On the other hand, the
mean weight of grafts not showing signs of stimulation but otherwise normal
was 3'4 mg (range 30—4-6 mg). These figures were obtained from different
experiments carried out to determine the nature of changes in the uterine
pieces under conditions of transplantation.

The number of transplants showing estrogenic response was small (Table
1). Thus, in normal and CdCl, treated rats only 10 per cent and 7'5 per cent
respectively of the total transplants showed estrogenic response. These
figures were considerably higher in animals injected with chorionic gonado-
trophin (normal—20 per cent; CdCl,—I18 per cent).

Histological features of the transplants showing estrogenic response were
more or less similar in animals (normal and CdCl,) treated or not treated
with gonadotrophic hormone. There were hyperemia, edema and stromal
growth. However, the endometrial glands showed little or no development.
Moderate growth of the muscularis was a feature. The endometrial epithelium
consisted of tall cylindrical cells characteristic of estrogenic response (Figs.
1-5). The cavum was considerably enlarged and tortuous owing to the
folding of the endometrium. In contrast, the uterine transplants showing
negative response but otherwise normal, presented features not unlike those
of the uterus of an ovariectomized rat (see Figs. 10 and 11). Except mild
edema there was no stromal or muscular growth. The endometrial epithelium
was of the low cuboidal type and the cavum was inconspicuous; there was no
folding of the endometrium either. The cystic transplants also did not show
any growth of the muscularis or stroma. The endometrial epithelium was
low cuboidal and degenerated cells were frequently seen. 'The circular
cavum was large and filled with fluid; the uterine wall was considerably thin
(Figs. 6 and 7). The stroma and in some cases the caval fluid were
invaded by large number of leucocytes. The entire tissue was markedly
edematous.

The testis of normal controls showed vigorous spermatogenetic activity.
The seminiferous epithelium displayed successive stages of transformation of
the spermatogenia into mature spermatozoa. The interstitium contained
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active Leydig cells and fibroblast-like elements. The vascularity of the
organ was normal (Fig. 8). The testis of CdCl, treated rats contained
degenerated seminiferous epithelium in the form of a debris; the character-
istic histological features of the tubules were beyond recognition (Fig. 9). How-
ever, the interstitium contained many Leydig cells and fibroblasts parti-
cularly under a thickened tunica albuginea. The Leydig cells were few in the
more inner regions of the organ. Gonadotrophin administration did not
evoke any evident histological change in the testis of normal or CdCl, treated
rats.

IT. Effect of estrogen on uterine transplants in normal and
CdCl, treated rats

The transplants recovered from animals injected with estrogen (or the
solvent) were macroscopically normal; there were no cystic or hemorrhagic
transplants (Table 1). It may be recalled that the uterine pieces were re-
moved from the host animals 7 days after transplantation. In normal and
('dCl, treated rats 10 and 20 per cent respectively of the transplants showed
estrogenic response. The corresponding figures for estrogen treated normal
and CdCl, groups were 65 and 75 per cent respectively.

TasLr 1

Uterine transplants and their recovery from different host rats

Number of transplants recovered
Number of pieces
Host rats tra.nsplanlt?;ed i .
Normal i Cystic and/or
! hemorrhagic
|
Normal (4*) : 40 1241 ) 5
CdCl; (4) 40 8(3) | 2
Normal--gonadotrophin (4) 40 17(8) ! 6
CdCl, - gonadotrophin (10) 100 41(18) | 9
Castrated +-normal (3) } 30 18(0) 0
Castrated 4-CdCl, (3) 30 19(0) f 0
Normal (2) 20 8(2) ] 0
Normal 4-estrogen (2) i 20 | 15(13) ‘ 0
0dCl, (2) g 20 [ 16(4) ! 0
0dCl, 4-estrogen (2) i 20 (. 18(15) i 0

! f

* The number of animals.
1+ The number of transplants showing estrogenic response.

The histological features of the transplants showing estrogenic response
were more or less similar to those described previously (Figs. 1-5). However,
the growth of the muscularis and the foldings of the endometrium were more
conspicuous than before. In two transplants endometrial cysts were en-
countered. The transplants not showing estrogenic response but otherwise
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normal presented typical infantile features (see Figs. 10 and 11). No note-
worthy histological changes were observed in the testis of normal and CdCl,
treated rats after estrogen administration.

III. Changes in uterine transplants in castrated (normal and CdACl,
treated) rats

None of the transplants showed estrogenic response. There were no cystic
transplants either, even though they were recovered after 15 days. The
histological features of the transplants were similar to those of the uterus of
ovariectomized rats (see Figs. 10 and 11).

IV. Sensitivity of the uterus of ovarieclomized rats lo exogenous estrogen

The uterus of ovariectomized rats responded avidly to administered
estrogen as shown by 470 per cent increase in weight over the controls (Table
2). Histological examination showed typical infantile features of the uterus
in control animals (Figs. 10 and 11). In estrogen treated animals there were

considerable hypertrophy and hyperemia of the uterus. There were also
" edema and growth of the serosa, muscularis and the endometrial stroma.
The epithelium consisted of tall cylindrical cells (Fig. 12). The cavum was
characteristically tortuous due to comspicuous foldings of the endometrium,.

TABLE 2

Effect of estrogen on the uterus of ovariectomized rats

Treatment Uterine weight (mg), mean range
Ovariectomized (6*) ‘ 22-45
‘ (22-0~-22-8)
Ovariectomized +estrogen (6*) | 128-22

(123-5-131-9)

* The number of animals.

V. Estrogen conceniration of the testis at different time intervals after
administration of CdCl,

Estrogen concentration of the testis increased from an initial low level
(0 hour) to a higher value during the first 48 hours after administration of
CdCl,. This high level was maintained till the 9th day after which a still
further rise was registered (16 days); the peak concentration was noticed on
the 30th day (Table 3). A sharp drop in estrogen level was seen on the 90th
day after CdCl, injection,
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TABLE 3

Estrogen concentration of the rat testis at different time intervals after
administration of CdClg

Time after CdCl,; administration Testicular estrogen*
(days) (pg/egmm testis)
0 0-0030
2 0-0090
9 0-0090
16 0-0200
30 0-0920
90 0-0163

0-0 3

0:0 2 4

0.0t 4

ESTROGEN CONCENTRATION(UZ/GM-OF TEST!IS)

¥ 4 Y T Y Y

o] 10 20 30 40 50 60 70 80 %0
DAYS AFTER Cdcl, ADMINISTRATION

Frea. A—Graph showing concentration of estrogen in the rat testis at different time
intervals after CdCl, administration.

DiscussioN

The typical estrogenic response of the uterine transplants in CdCl, treated
animals (with only Leydig cells and fibroblasts in the interstitium) is indeed an
interesting evidence in support of the contention that the Leydig cells are
responsible for elaboration of testicular estrogen (Maddock and Nelson 1952).
The possibility that the interstitial fibroblast type cells produce estrogen can
be discounted because no endocrine functions have been assigned to these
elements, at least in adult animals (see Charney et al. 1952; Sniffen 1952).
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To what extent chorionic gonadotrophin stimulated the production of
estrogen by the Leydig cells should be examined in detail. Maddock and
Nelson (1952) observed that administration of this hormone to normal men or
eunuchoids with completely sclerosed tubules increased the urinary level of
estrogen. Presumably, the Leydig cells were excited by the gonadotrophic
hormone to elaborate and release excessive amounts of estrogen. From the
present series of transplantation experiments it is, however, difficult to gauge
the degree of enhancement of estrogenic activity of the Leydig cells because no
noteworthy morphological changes could be detected in them at the termination
of the gonadotrophin course. The sign of persistent estrogenic stimulation
(cystic changes) are of course seen in some transplants but others from hosts not
injected with gonadotrophin also show similar response. That the duration of
transplaniation plays an important role in evoking symptoms of hyperestro-
genism is shown by the fact that whenever this period is reduced (cf. experiment
II—7 days) the incidence of cystic changes in the transplants is commen-
surately lowered. It may be that repeated gonadotrophin injection at a high
rate for such long period (30 i.u. daily/30 days) increased the estrogen output
from the testis only temporarily but at later stages, this effect was obscured
by immunologic disturbances (the formation of antigonadotrophin anti-
hormones). It can be conjectured further that due to antihormone formation
any evanescent stimulatory changes that might have occurred in the Leydig
cells totally disappeared but their (Leydig cells) morphological siatus quo
was maintained. In the light of these arguments, therefore, it seems
unlikely that the absence of any morphological changes in the Leydig cells
after gonadotrophin administration signifies their failure to elaborate estrogen
at an enhanced rate. It may be recalled that the percentage of grafts showing
estrogenic response was higher in animals injected with gonadotrophin.

The actual extraction of estrogen from the testis of CdCl, treated rats is
perhaps the most direct evidence in favour of production of this hormone by
the Leydig cells. However, the kineties of estrogen concentration of the
testis after administration of CdCl, merits a comment. Thus, the rise in
estrogen level at two days seems surprising because there is marked degenerative
change in the interstitial stroma including the cellular elements (Leydig and
fibroblast-like cells). However, a few normal Leydig cells and others in the
early stage of destruction are also seen at two days (Kar and Das 1960). It is
possible that these cells are somehow stimulated to elaborate increased amounts
of estrogen and pituitary LH is perhaps the specific excitant involved. It is
significant that following CdCl, administration (1.mg./100 g. body weight,
single injection) the LH concentration of the pituitary rises steadily from two
days till 30 days but drops at 90 days (Kar et al. 1960). The fluctuating
estrogen level of the testis shows more or less a similar pattern; there is a

rise till 30 days followed by a fall at 90 days. It is pertinent that Maddock
6
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and Nelson (1952) were able to enhance testicular estrogen production consi-
derably by chorionic gonadotrophin (containing mostly LH; see Hays and
Steelman 1955).

Any possible adrenocortical involvement in estrogenic stimulation of
the transplants is eliminated by the fact that when grafted in castrated rats
(normal and CdCl, treated) the uterus fails to show positive response. This
indicates that the estrogen necessary for stimulation of uterine transplants
came exclusively from the testis. The uncertainty about actual secretion of
estrogen by the adrenal cortex in normal individuals is also important in
this connection (Short 1960). Moreover, complications due to any dietary
estrogen seem unlikely because of the reasons mentioned earlier. The evi-
dence presented in this paper, therefore, indicates that all positive response
obtained in transplantation experiment was due to testicular estrogen
elaborated specifically by the Leydig cells.
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ExpLANATION OF FIGURES
(All figures are photomicrographs of tissue section)

Portion of a uterine transplant from a normal male rat X80. Note overall growth
of the organ and estrogenic response of the epithelium as shown by tall columnar
cells,

Portion of a uterine graft from a CdCl, treated rat X80. Note estrogenic response
as in Fig. 1.

Portion of a uterine graft from a normal rat injected with gonadotrophin X 80,
Note estrogenic response.

A uterine transplant from a CdCl, treated rat subsequently injected with gonado-
trophin X40. Note hypertrophy of the organ,

Magnified view of a portion of Fig. 4 to show the columnar nature of the epithelium
typical of estrogenic response X 350.

Portion of a cystic uterine transplant X40. Note degenerated condition of the
epithelium. *

Magnified view of a portion of Fig. 6 X350. Note degenerated condition of the
epithelium.

Testis of a normal rat to show a tubule and interstitial cells X 120.

Testis of a CdCly treated rat to show a tubule and interstitial cells % 320. Note
degenerated condition of the tubule and Leydig cells (marked by arrow).

The uterus of an ovariectomized rat X 40. Note involuted condition. Compare
with Fig. 4.

Magnified view of a portion of Fig. 10. Note low cuboidal nature of the epithelium.
Compare with Fig. 5.

The uterus of an ovariectomized rat treated with estrogen X40. Note estrogenic
response. Compare with Fig. 10.



