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SUMMARY

A nuclear androgen exchange assay was previously developed in this laboratory for use in the rat
testis. Further studies have shown that the dependence of exchange upon hormonal pretreatment was
concentration dependent in the range of 2-60 ug/ml under in vitro conditions. The order of specificity
was testosterone » progesterone, estradiol » cortisol, no hormone. Hormone-dependent exchange acti-
vity was found to persist in the testes of 0-70 day hypophysectomized adult (100-170 day old) and
0-24 day hypophysectomized immature (35-59 day old) animals. The exchange activity per mg DNA
was greater in freshly isolated Sertoli cell preparations from long term hypophysectomized rat testes
than in comparable total testes. Exchange activity was also observed in subfractions of germ cell
preparations, achieved by use of an elutriator rotor. The highest concentration of activity was asso-
ciated with the most mature cell types. These data demonstrate that androgen exchange activity exists
in both Sertoli cell and germ cell fractions and suggest that the mechanism of action of androgens

in the testis may involve interaction with more than one cell type.

INTRODUCTION

The rat testis has been shown to contain two types
of androphilic proteins, The first to be described,
termed androgen binding protein or ABP, is formed
by Sertoli cells in the seminiferous tubules and is se-
creted into the epididymis; its concentration is
affected by FSH and androgens[1-6].

The second androphilic macromolecule was
detected following in vivo injection of [3H]-testoster-
one into immature hypophysectomized rats and had
the properties of an intracellular receptor—a slow dis-
sociation rate constant, heat instability, and a 6-8S
sedimentation coefficient [7]. Cytoplasmic and nuc-
lear androgen receptors have also been detected in
adult hypophysectomized rats[8,9]. In addition,
macromolecular species which bind testosterone have
been reported to exist in nonflagellate germ cells, and
testosterone uptake has been observed in epididymal
sperm [10].

Study of testicular androgen receptors is made diffi-
cult by the high endogenous concentration of testos-
terone. Therefore, an attempt was made to adapt the
nuclear exchange assay of Anderson et al.[11] for
use in the testis. This method relies in principle on
the interaction of unlabeled hormone, endogenous or
exogenous, with a specific cytoplasmic receptor. The
steroid-receptor complex migrates to the nucleus and

* Portions of this work were presented at the Second
Annual NIH Workshop on the Testis, Chapel Hill, North
Caralmy Annl > 4 1075,

binds to an acceptor site. The nuclei are then isolated
and labeled hormone is exchanged for unlabeled hor-
mone under conditions where the nuclear-bound
receptor complex is stable.

Testicular androgen exchange activity was shown
to be androgen-sensitive, to persist for up to 21 days
after hypophysectomy in the adult animal, and to be
present in both minced, washed tubules and in the
corresponding germ cell fractions [12].* The present
study explores in further detail certain variables of
the exchange assay procedure itself and the cellular
location of the exchange activity within the semini-
ferous tubules.

MATERIALS AND METHODS

Experimental animals and chemicals. Hypophysecto-
mized rats (Sprague-Dawley) were obtained from
Hormone Assay Laboratories. Intact animals (90-160
days of age) were either of the Sprague-Dawley or
Long-Evans strains. [12,2z->H]-testosterone (New
England Nuclear, 40-50 Ci/mmol) was 98%, pure. Un-
labeled steroids were obtained from Steraloids and
were used without further purification.

Pretreatment with steroid in vitro. Perfused, decap-
sulated testes (gently teased or minced, depending
upon the cell types studied) were incubated for 1h
at 33° in 0-:01 M Tris—Cl{pH 74), 0-85% saline (Tris~
saline), 0-1% glucose, 2-4%; dimethylsulfoxide in the
absence or presence of 100-200 ug/ml testosterone as
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indicated. Subsequently. the tissue was washed repeat-
edly with cold Tris-saline and homogenized.

Nuclear exchange assay. The tissuc was homo-
genized in 0-32 M sucrose, 3 mM MgCl,. 0-01 M Tris-
Cl pH 74 (Buffer A). The homogenate was filtered
through cotton gauze, centrifuged (15 min, 800 g), and
washed threc times by resuspension and centrifuga-
tion. The resulting crude nuclear pellet was suspended
by gentle homogenization in Buffer A. Aliquots
(0rSml. containing 15-40 ug DNA) were pipetted into
tubes containing 0-1 ml *H-testosterone (22nM final
concentration) or into tubes containing [*H]-testos-
terone plus unlabeled testosterone (11 M) for assess-
ment of non-specific binding and incubated for 45 min
at 25°C. The reaction mixtures were diluted with cold
3mM MgCl,, 0-01 M Tris—Cl pH 74, the tubes cen-
trifuged (10min, 800¢), and the resulting pellets
washed three times. Radioactivity was extracted with
2 x 1-5ml ether—chloroform (4:1 v/v), evaporated to
dryness, and counted in ScintiPrep 1/toluene (Fisher).
Data points represent specific binding, defined as the
difference between total and non-specific counts
determined in triplicate or quadruplicate, unless
otherwise indicated. The nuclear suspension con-
tained predominantly intact nuclei with little clump-
ing, cytoplasmic membrane fragments, and cellular
debris. The DNA content/tube [13] varied by less
than 12%, Under the assay conditions, the nuclear
exchange activity was a linear function of the concen-
tration of DNA added [12].

Germ cell fractionation. For studies involving mixed
germ cell fractions, the seminiferous tubules of the
perfused, decapsulated testes were gently teased apart
and washed copiously on a 125 stainless steel
grid with a forceful stream of Tris—saline to remove
most of the interstitial cells [14]. The tubules were
then finely minced and the freed germ cells washed
through the grid with buffer. The germ cell fractions
contained primarily spermatocytes and spermatids. a
number of spermatogonia and occasional interstitial
and Sertoli cells.

For studies involving further fractionation of the
germ cells, the gently teased tissue was treated with
0-25% trypsin for 20min at 33" after preincubation
with testosterone. The tubules were then washed as
described above. This procedure assured virtually
complete removal of the interstitial cells[14]. The
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tubules were minced and washed thoroughly with
Dulbecco’s phosphate-buffered saline (PBS) plus 01,
glucose. The intratubular cells were then treated with
trypsin (0-1%7) and deoxyribonuclease (20 yg/ml) for
10min at 31". Following the addition of fetal calf
serum to inhibit the action of trypsin. the cells were
centrifuged. resuspended in PBS containing 2 ug/ml
purified deoxyribonuclease (Worthington). 0-02°, soy-
bean trypsin inhibitor, and 5 mM 2-napthol-6.8-disul-
fonic acid (NDA) and were passed through a 25 um
nylon screen.

Cell separation was performed by velocity sedi-
mentation i an clutriator rotor (Beckman Instru-
ments) as described by Grabske ef «f.[15] with the
following modifications. To minimize clumping,
SmM NDA was added to the buffer (0-5%, bovine
serum albumin in PBS). The cell suspension. contain-
ing 10° cells in 100 ml. was pumped into the chamber
through the peristaltic pump, eliminating the need for
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Fig. 1. The effect of preincubation of germ cell fractions
with varying concentrations of testosterone on the nuclear
exchange activity. Germ cell fractions from adult Long
Evans rats (75-110 days of age) were prepared [ 14], resus-
pended in the incubation medium, and dispensed into vials
containing testosterone dissolved in dimethylsulfoxide
(3-4%, final concentration). After preincubation (1 h. 33").
the cells were washed with Tris—saline prior to homogeni-
zation and subsequent nuclear cxchange assay. Data repre-
sent a composite from four experiments. Net exchange is
the difference between total exchange at any point and
exchange in a comparable germ cell fraction preincubated
in dimethylsulfoxide alone. Testosterone concentrations
are plotted on a log scale.

TABLE 1

EXPERIMENTAL CONDITIONS FOR VELOCITY SEDIMENTATION SEPARATION
OF RAT TESTICULAR CELLS BY CENTRIFUGAL ELUTRIATION

. Volume Flow Rate | Rotor Speed Cell Type
Fraction | Collected (ml) (ml/min) (rpm) Most Enriched
1 180 38 2600 -
2 100 38 1300 Pachytene Spermatocytes
3 240 9.9 3540 Spermatozoa
4 150 24 3540 Late Spermatids
s 150 31 2260 Round Spermatids
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TABLE 2

EFFECT OF PRETREATMENT WITH STEROID ON

NUCLEAR EXCHANGE ACTIVITY

A germ cell fraction was prepared from the testes of a 74 day old rat as described in
Methods. Aliquots of cells were incubated with 19 ug/ml of the steroid indicated in 4%
dimethylsulfoxide for 1 h at 33°. The cells were then washed and processed as described

for the nuclear exchange assay.

Exchange Activity
Steroid Fmoles/mg DNA % of Testosterone
Testosterone 969 100%
Testosterone (190 pg/ml) 70S 73
Progesterone 570 59
Estradiol - 178 464 48
Cortisol 36 4
None 6 1

the inconvenient mixing chamber. The conditions
used for obtaining cell fractions are outlined in Table
1. The smaller cells were passed through the chamber
in Fraction 1, leaving the larger cells in the chamber.
These were washed out of the chamber in Fraction
2. Fraction 1 was then reintroduced into the chamber
and separated by elutriation into three more fractions.
The resulting cell suspensions were used to prepare
nuclear pellets which were subjected to the exchange
procedure.

Sertoli cell preparation. Sertoli cells were isolated
subsequent to preincubation of the perfused, decapsu-
lated testes [6,16]. The minced tissue was digested
with (-25% collagenase (Difco) in Hank’s balanced
salt solution for 1 h and rinsed extensively on a 75 yum
stainless steel grid with Tris—saline. The resulting Ser-
toli cell preparations were then processed for the
exchange assay. In some cases, aliquots of the final
nuclear suspensions were pelleted, fixed with Bouin’s
solution, embedded in paraffin, sectioned, and stained
with PAS-hematoxylin. Examination of the sections
revealed that the preparations contained roughly 60%;
Sertoli cell nuclei. Approximately 80% of the nuclei
were free of surrounding cytoplasm.

RESULTS

Effect of pretreatment with steroids. Previous studies
had indicated that the testicular exchange was in-
creased by pretreatment with testosterone, in vivo or
in vitro [12]. The concentration dependence of the in
vitro preincubation step is shown in Fig. 1. The
exchange activity was increased by prior treatment
with 2-60 ug/ml testosterone. Optimal exchange was
observed at about 57 ug/ml.

In Table 2 are expressed the relative ability of a
number of steroids to promote the increase in
exchange activity. While testosterone was by far the
most effective, pretreatment with both progesterone
and estradiol increased the exchange activity substan-
tially over incubation in buffer alone.

Target organ specificity of exchange. The exchange
activity was compared in a variety of rat tissues. As
shown in Fig. 2, epididymal sperm showed the highest
exchange activity/mg DNA, while activity was vir-
tually absent in spleen. Other experiments have
shown that exchange in the testicular germ cells was
increased by preincubation with testosterone (Table
2) but that exchange in the prostate from an intact
adult animal was similar following preincubation in
the absence or presence of testosterone (data not
shown).

Effect of hypophysectomy on exchange activity. Tes-
ticular androgen exchange activity had been shown
to persist for at least 21 days after hypophysectomy
in mature animals [ 12]. This suggested cellular locali-
zation in Sertoli cells or early germ cells. Additional
experiments revealed measurable exchange activity in
testes of rats hypophysectomized for more than 21
days, using both immature and mature animals (Table
3).

To further ascertain whether the exchange activity
was associated with the Sertoli cells themselves, the
activities in freshly isolated Sertoli cell prep-
arations [6, 16] were compared with those in corre-
sponding whole testes from long-term hypophysecto-
mized rats. As can be seen in Table 3, the exchange
activities/mg DNA in the Sertoli cell preparations
were equal to or greater than those in comparable
whole testes. In all cases activity was increased by
pretreatment with testosterone.

Exchange activity in fractionated germ cells. Pre-
vious work had suggested that a significant amount
of nuclear exchange activity in the testis was asso-
ciated with the germ cell fraction [12]. Therefore, ger-
minal elements were separated into enriched fractions
in a Beckman elutriator rotor [15]. The results of one
such experiment are summarized in Table 4. The
exchange sites were reasonably stable throughout the
separation procedure subsequent to preincubation
with the unlabeled hormone (4 h) as judged by the
recovery of exchange sites in the eluted fractions (82
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TABLE 3

EXCHANGE ACTIVITY IN INTACT TESTES AND SERTOLI
CELL FRACTIONS AT INTERVALS FOLLOWING HYPOPHYSECTOMY

Adult ammals were 100 days of age at hypophysectomy; immature animals were 35 days
old at surgery. Preincubations were carried out in vitro as described in Methods. Data
represent specific binding with individual points measured in triplicate or quadruplicate.
Muitiple values represent determinations on separate preparations. ND = no detectable
difference between total and nonspecific exchange.

Days after Fmoles Exchange / mg DNA
Hypophysectomy Pretreatment Intact Testis I Sertoli cells
Mature 0 -T 99,88 -

+T 200 -

6 ‘ +T 680 -

7 ‘ +T 130,310 -

8 +T 400 -

19 -T 27 i -

+T 260,190,180 -

20 +T 150 -

32 -T - 48

+T - 230

42 -T 17 44
+T i 28,30 91,97

70 -T 170 240

+T 707 1160

Immature 0 +T 99 -

20 +T 78,62 -

28 ~-T 26 -

+T 70 -

70 -T ND -

+T ND -

TABLE 4

NUCLEAR EXCHANGE IN ENRICHED GERM CELL FRACTIONS

Testes from eight 100 day old Sprague-Dawley rats were perfused, decapsulated, gently spread, and incubated with
testosterone in 20 ml of buffer as described in Methods except that 50 mg trypin (Difco) was added during the final
20 min. The tubules were then washed, minced finely, and the liberated germ cells washed thoroughly with Dulbecco's
phosphate-buffered saline plus 0.1% glucose (14). The germ cells were then treated with trypsin and deoxyribonuclease
and spun through the elutriator rotor (Beckman) as described by Grabske et al, (15). The resulting fractions were
used to prepare nuclear pellets which were subjected to the exchange procedure employing DNA concentrations previously
shown to be in the linear range of the assay (12). Cell and nuclei counts were determined using a hemocytometer
and phase contrast microscopy. Nuclei were also counted after staining with methylene blue. Total exchange values
were corrected for the recovery of nuclei. Counts may include cytoplasmic fragments detached from late spermatids,
contributing to the low DNA recoveries in the late spermatid fraction. The DNA content of the sample saved for
assay prior to loading onto the rotor may be low due to residual deoxyribonuclease activity. Note that the total number
of sites in this sample was essentially the same as in the initial fraction.

Fmoles Exch:
Nuclei/Cells | g DNA/ Troles TxcHange per
Fraction % Recovery 10° Nuclei Mg DNA 10° Nuclei Total Fraction
Initial germ cell 52 8.1 380 3.0 3300
fraction
Cells loaded on 47 3.7 920 33 3900
elutriator
Pachytene 75 9.6 250 24 140
spermatocytes
Round spermatids 47 4.0 210 0.8 480
Late spermatids 37 16 980 1.5 690 [(82%
Sperm. sperm heads 31 33 2800 93 1900
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CELLULAR COMPOSITION OF FRACTIONS OF RAT TESTICULAR CELLS
SEPARATED BY CENTRIFUGAL ELUTRIATION

Numbers represent the percent of each cell type based on differential counts of 500-750 cells on PAS-hematoxylin stained smears.
{m) refers to a predominance of multinucleate cells which probably arise as a result of coalescence of cells through cytoplasmic
bridges during cell suspension preparation. (*) Residual bodies (cytoplasmic fragments containing ribonuclear protein aggregates) detached
from late state spermatids are found in the nuclear fraction as isolated and are included in the cell counts (27).

Elutriator Fraction
Pachytene Round Late Cells
Cell Type Spermatocytes Spermatids Spermatid Sp tozoa Loaded
Spermatogonia and primary 2(m) 1 <1 0 <1
spermatocytes (to zygotene)
Spermatocytes (pachytenes, some in 34 <1 0 0 3
meiotic division, some secondary
spermatocytes)
Early spermatids (Steps 1-11) 39(m) 51 1 0 29
Elongating spermatids (Steps 12-15, 10(m) 34 21 0 18
with cytoplasm but no flagelia)
Sperm heads (Nuclei of Step 12-19 2 4 15 32 12
Spermatids)
Spermatozoa (Spermatids with <1 <1 12 68 25
flagella, Steps 16-19, some 12-15)
Residual bodies* 2 7 38 <1 9
Sertoli cells 10 0 0 0 2
Leydig cells 0 <1 0 0 <t
Unknowns, macrophages, fibroblasts, <1 2 3 0 2
and degenerating cells

of the activity in the initial suspension); cell recovery
from the rotor was quantitative. The fractions
obtained were enriched in (a) pachytene spermato-
cytes; (b) round spermatids and early elongating sper-
matids; (c) late spermatids and residual bodies; and
(d) intact spermatozoa and sperm heads, according
to the criteria of Meistrich et al. [17]. Cytological exa-
minations of the fractions were performed and the
results are presented in Table 5. As can be seen in
Table 4, the majority of the exchangeable sites
expressed as per cent of the total was found to be
located in the most mature cell types. Specific binding
approached 70%, of total binding in these fractions
(data not shown). Expressed per nucleus or per DNA,
the concentration of exchangeable sites exhibited
striking cell specificity and represented an enrichment
compared to the total cell suspension. The results
were consistent in two separate experiments, indicat-
ing that the exchange sites were located either in the
nuclei of the spermatozoa or were associated with
contaminating structures such as sperm tails or resi-
dual bodies. Exchange activity in a nuclear pellet pre-
pared after sonication (1 min. microprobe, Heat Sys-
tems Ultrasonics) of a total germ cell fraction and
containing only sperm heads (nuclei of spermatids in
Steps 12-19) was increased relative to the total fraction
(286 vs 1-21 pmol/mg DNA. respectively).

DISCUSSION

Androgen nuclear exchange activity in the testis has
been further characterized in this paper. The

androgen dependence of the pretreatment in vitro was
marked and was related to the concentration of the
steroid added to the medium (Fig. 1). The range of
effective concentrations (2-60 ug/ml) was above the
concentration estimated to be present in testis fluid
(32ng/ml. [18]). The hormone concentration in the
microenvironment of the seminiferous tubule may be
somewhat higher [19]. Even taking this into account,
it appears that if the exchange is to be physiologically
meaningful, there must be a mechanism operating in
the environment of the tubule which lowers the effec-
tive concentration requirement relative to the situ-
ation with washed germ cells. Exchange could also
be increased by treatment with I mg of testosterone
administered in vive 1 h prior to sacrifice [12], a dose
which restores testicular fluid levels of testoster-
one [18] and qualitatively maintains spermatogene-
sis [20].

The hormone dependence of the pretreatment reac-
tion was not entirely specific for testosterone (Table
2). Progesterone and estradiol were at least partially
effective in this regard. In contrast, in the exchange
reaction itself, testosterone and progesterone com-
peted about equally while estradiol was ineffec-
tive [12]. Evidence from the literature points to a
possible interaction of progestogens with components
of the androgen-responsive systems in a number of
tissues. Progesterone and synthetic progestogens such
as cyproterone acetate (which is also a potent anti-
androgen) are reasonably potent inhibitors of androgen
uptake by prostate [21,22]. More recently, Mows-
zowicz et al.[23] have postulated that certain proges-
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Fig. 2. Testosterone nuclear exchange activity in several
organs. Solid bars represent data from an experiment using
an {11 day old rat; striped bars represent data from a
73 day old rat. Whole tissues were minced and preincu-
bated as described clsewhere in 3-4%, dimethylsulfoxide
(~T) or solvent plus 170 ug/ml testosterone (+7T) at a
tissue medium ratio of approximately § prior to processing
for the exchange assay, Epididymal sperm were obtained
by washing minced cpididimydes on a 125 ym stainless
steel grid.

togens (but not progesterone itself) exert “synandro-
genic” effects by interacting with kidney androgen
receptors at sites other than the androgen binding
site. Galena et al{10] found more uptake of pro-
gesterone than of androgens in testicular germ cell
fractions and also observed competition for [*H]-pro-
gesterone uptake by testosterone.

The following evidence is consistent with the
hypothesis that some nuclear exchange activity is
located in the Sertoli cells of the seminiferous tubules.
[A]. Measurable binding/mg DNA remains in testes
and seminiferous tubules from adult rats hypophysec-
tomized for 6-70 days (Table 3). The binding is 2-10
fold greater in tissue preincubated with testosterone
than in tissue incubated without hormone (Table 3).
The exchange specificity does not change with
duration of hypophysectomy (data not shown). [B].
Measurable binding occurs/mg DNA in testes from
immature rats hypophysectomized for 20-28 days
(Table 3). [C]. Specific binding is still present in
tubules freed of interstitial cells by extensive washing
and minced to remove the bulk of the germinal
cells [12]. [D]. Finally, Sertoli cells isolated from rat
testes show specific exchange per testis and per mg
DNA equal to or greater than that in corresponding
whole testes from long term hypophysectomized rats
(Table 3).

Nuclear exchange activity appears also to be pres-
ent in the germ cells. Substantial exchange activity
with the same specificity as observed for whole testis
was found in germ cells isolated from intact adult
rat testes [12]. This activity was present in highest
concentration in the more mature cell types (Table
4) and was enriched in the head region of the elon-
gated spermatids as shown by the persistence of
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exchange after sonication which disrupts cells. fla-
gella, and less stable nuclei. Since the androgen
dependent processes in germ cell maturation include
the meiotic division [24]. onc might e¢xpect to find
receptors in the spermatocytes. The contamination of
the pachytenc fraction with spermatids was suffi-
ciently high {Table 5) as to preclude any statements
about the existence of nuclear exchange in the sper-
matocytes themsclves. The role of the exchange acti-
vity in spermatid maturation remains to be investi-
gated. The presence of a high level of exchange acti-
vity in epididymal spermatozoa (Fig. 2) is consistent
with the finding in the testis and suggests a possible
direct interaction of androgen with spermatozoa
themselves.

At this point, it is not possible to equate nuclear
exchange activity in the testis with the presence of
nuclear-bound receptor. The fact that preincubation
with exogenous steroid results in significantly greater
exchange levels under conditions where the uptake
of 0-4M KCI extractable labeled androgen is in-
creased (Sanborn, unpublished observations) is cer-
tainly consistent with this interpretation. The present
attempts also cannot be considered as quantitative
estimates of exchange activity since experimental
aspects such as the stability of receptors during prein-
cubation and the saturability of the exchange pheno-
menon are still being evaluated. The data do. how-
ever. give useful information, on a relative scale,
about the ability of testes components to exchange
nuclear bound androgen.

The data reported here are also consistent with the
findings of several workers concerning androgen
receptors studied by direct labeling methods. Hansson
et al{7] reported that the intracellular androgen
receptors were of tubular origin and persisted for up
to 24 days following hypophysectomy in immature
rats. Mulder et al.[8.97 found testicular nuclear
uptake into 0-4M KClI extractable material 3-20 days
after hypophysectomy in adult animals. These data
are consistent with the hypothesis that the receptors
are located in the Sertoli cells or young germ cells.
Galena et al. [10], on the other hand. reported macro-
molecules which bound androgens in non-flageliate
germ cells from intact adult rats. They also found
androgen uptake by epididymal sperm. a finding sup-
ported by the data in this paper but not by those
of others [25.26].

In the light of all of this evidence, it is highly prob-
able that androgen receptors exist in both Sertoli cells
and in components of the germ cell fraction. The
study of the location and control of androgen respon-
siveness, i.e. androgen receptor concentration, will be
of great importance in understanding hormonal in-
fluences in the testis.
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