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ABSTRACT: Little is known about how human spermatogenesis is
regulated, so it is not surprising that there have been few break-
throughs in the treatment of male infertility resulting from abnormal-
ities of spermatogenesis. Testosterone is the predominant intrates-
ticular steroid in both the rat and man. Previous studies have shown
that the testosterone concentration within the rat testis that is re-
quired for the quantitative maintenance of spermatogenesis is far
higher than the total testosterone concentration in rat blood, indi-
cating that much of the testosterone within the testis might be bio-
logically inactive. In contrast to the rat, little is known about the an-
drogen requirements for human spermatogenesis, in part because,
until recently, a minimally invasive method suitable for obtaining in-
tratesticular fluids from the human testis has not been available.
Percutaneous aspiration now makes it feasible to do so. A major
objective of the present study was to assay the bioactive androgen
concentration within the testes of normal, fertile men. Percutaneous
aspiration was used to obtain intratesticular fluid from such men, and
we adapted a highly sensitive recombinant protein mammalian cell-

based bioassay to measure androgen bioactivity. Total intratesticular
testosterone concentration, which we define as immunoreactive tes-
tosterone as measured by radioimmunoassay, was well in excess
of that in serum (1236 *= 86 nM vs 11.7 = 0.7 nM). The concentra-
tion of bioactive androgens within the normal human testis was
found to be about two thirds that of the total testosterone concen-
tration. Interestingly, the concentration of the major, known binding
proteins for testosterone within the testis, serum hormone-binding
globulin (SHBG)/ABP (52.4 += 9.7 nM), was insufficient to account
for the difference between total testosterone and bioactive andro-
gens. This indicates that, in addition to its binding to SHBG/ABP,
androgens may also be bound by unknown molecules, and that this
contributes to reducing androgen bioactivity. These observations
could have relevance for understanding the relationship between
spermatogenesis and intratesticular androgens in normal men and
in men diagnosed with infertility.
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pproximately 20% of couples have difficulty con-

ceiving, with a male factor the sole or contributory
cause in more than 50% of these couples (Thonneau et
al, 1991). Among the many known causes of male infer-
tility, at least some conditions, including varicocele and
idiopathic infertility, are potentially correctable with ther-
apy (Jarow, 1997). Although there have been significant
advances in the understanding and treatment of female
infertility, unfortunately there has been little progress in
the development of treatment modalities for male infer-
tility. Rather, assisted reproductive technologies are used
to allow subfertile men, and even men who previously
were labeled as ““ sterile,”” to initiate conception without
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any attempt to improve their underlying medical condi-
tions and thus their fertility status (Palermo et al, 1996).

Testosterone is the predominant intratesticular steroid
in the testes of both the rat (Turner et a, 1984) and man
(Morse et a, 1973; Huhtaniemi et al, 1987; Jarow et a,
2001; McLachlan et al, 2002). The concentration of the
biologically active metabolite of testosterone, 5-dihydro-
testosterone (DHT), is 5% that of testosterone in the rat
testis (Turner et al, 1984) and 2% that of testosterone in
the human testis (McLachlan et a, 2002). Prior studiesin
the rat have shown that the normal total intratesticular
testosterone concentration, 50—70 ng/mL, is significantly
higher than the 20 ng/mL concentration shown experi-
mentally to be required for the quantitative maintenance
of spermatogenesis (Zirkin et al, 1989) or for its quanti-
tative restoration in rats that had been rendered azoosper-
mic by testosterone administration or active immunization
against GNRH (Awoniyi et a, 1989). The requisite thresh-
old of 20 ng/mL, athough less than 50% of the testos-
terone concentration that is normally present within the
rat testis, nonetheless is 10-fold higher than the total tes-
tosterone concentration in normal rat serum (2 ng/mL).
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In part, the explanation for the need for relatively high
concentrations of testosterone in the rat testis may be that
at least some of the testosterone is bound to proteins in
the seminiferous tubular fluid and therefore that only a
fraction of the total testosterone is bioactive (Roberts and
Zirkin, 1993).

Until recently, a magjor problem in conducting compa-
rable studies on the hormonal regulation of human sper-
matogenesis has been the lack of minimally invasive
methods suitable for repeatedly obtaining intratesticular
fluids from the human testis. We recently reported the
development of such a method, percutaneous aspiration
of the human testis (Jarow et al, 2001). Using this meth-
od, we found that, asin the rat, the mean total testosterone
concentration within the human testis, about 600 ng/mL,
iswell in excess of the average testosterone concentration
in serum (5 ng/mL). We originaly reported that DHT
concentration in the human testis was below the limit of
detection by routine radioimmunoassay (RIA) procedures
(Jarow et al, 2001). Subsequently, using more sensitive
liguid chromatography tandem mass spectrometry (LC/
MS/MS), we found that the concentration of DHT in hu-
man testicular fluid is about 2% that of testosterone (un-
published data). Our results are consistent with previous
findings by McLachlan and associates (McLachlan et al,
2002), who were able to measure hoth testosterone and
DHT by RIA, since they had larger volume samples ob-
tained by testicular biopsy.

The serum hormone-binding globulin (SHBG)/ABP
that is present in intratesticular fluid is thought to bind
androgens and thereby to reduce androgen bioactivity.
However, there is virtually no information on the per-
centage of free and/or biologically active androgens with-
in the testis. Herein we report on the adaptation of a re-
cently described recombinant protein mammalian cell
bioassay (Raivio et al, 2001) that is sensitive enough to
be used for the measurement of bioactive androgen con-
centrations in the small volumes of testicular fluids col-
lected by percutaneous aspiration from normal, fertile
men.

Materials and Methods

Patient Population

Percutaneous testicular aspiration (Jarow et al, 2001) was used
to obtain intratesticular fluid from 22 healthy, fertile, adult men
undergoing vasectomy. Testicular aspirates were transferred to
the laboratory on ice and centrifuged at 300 X g at 4°C, and the
supernatants were stored at —80°C until assayed. Peripheral
blood serum samples were simultaneously obtained from these
men, and the serum was stored at —80°C. All men donated 3
separate semen samples before their vasectomy. Informed con-
sent was obtained from al subjects. The Joint Committee on
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Clinical Investigation of Johns Hopkins University approved this
study.

Immunoassays

Immunoreactive testosterone concentrations were measured in
testicular fluid aspirates and in blood serum by RIA in duplicate
samples, as previously described in detail (Khan et al, 1982;
Chen et a, 1994). The sensitivity of the RIA for testosterone
was 10 pg/tube, with interassay and intra-assay coefficients of
variation of 11.2% and 9.6%, respectively. SHBG and testicular
fluid SHBG/ABP were measured using a commercially available
kit (Diagnostic Systems Laboratories Inc, Webster, Tex). The
RIA used to measure SHBG does not distinguish between ABP
and SHBG. According to the manufacturer, the sensitivity of the
SHBG/ABP assay is 3 nmol/L; inter- and intra-assay coefficients
of variation (CVs) were less than 12% and 5%, respectively. All
samples were assayed simultaneously and run in duplicate.

Mammalian Cell Recombinant Protein Interaction
Bioassay for Androgens

We adapted the mammalian cell recombinant protein interaction
bioassay of Ravio and co-workers (Raivio et al, 2001) to mea-
sure bioactive androgen concentrations in serum and testicular
fluid. Magjor advantages of this assay are its specificity and the
fact that it can be used to assay bioactive androgen concentra-
tions in small-volume samples. The bioactivity assays were con-
ducted using COS-7 monkey kidney cells grown in Dalbecco’'s
Modified Eagle Medium (DMEM) culture media. The media
contained 10% fetal bovine serum (FBS) on day 1 to alow
growth and attachment of cells following plating; on day 2, the
cells were washed with serum-free media and subsequently
maintained in serum-free DMEM media throughout DNA trans-
fection in the presence of lipofectamine (see below). Following
transfection, the serum-free media was replaced with media con-
taining 5% dextran-coated charcoal-stripped FBS. On day 3,
fresh media containing 5% stripped FBS was added to each well.
The final volume of the culture media was 250 pL/well, inclu-
sive of the sample volume. Samples, including testicular fluid
and serum, were added to the wells. Testosterone used for the
standard curve was 0, 0.5, 1.0, 2.0, 4.0, 6.0, and 8.0 nM. The
standard curve was consistently linear, with an R2 = 0.99 in a
typical run.

To perform the assay, the COS-7 cells were transfected with
plasmids to express recombinant proteins of the N-terminus of
the androgen receptor (AR) fused to the VP16 activation domain,
the C-terminal ligand binding domain of AR fused to the Gal4
DNA-binding domain, the AR coactivator ARIP3, and a firefly
luciferase reporter under the regulation of 5 Gal4 binding sites
(pG5-LUC). In brief, the specific binding of androgen alters the
conformation of the AR ligand-binding domain fusion protein to
promote its interaction with the AR N-terminal domain fusion
protein. The binding of this activated complex of recombinant
proteins, one of which contains the GAL4 DNA-binding domain,
to one or more of the GAL4 binding sites of the luciferase re-
porter gene, activates expression of the firefly luciferase enzyme.
The sensitivity of the assay for androgen-mediated receptor tran-
sactivation is further enhanced by the coexpression of the an-
drogen receptor coactivator, ARIP3, which interacts with and
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stabilizes the AR N- and C-terminal protein interaction, thus
amplifying the expression of the firefly luciferase enzyme. A
constitutively active Renilla luciferase plasmid is used to control
for transfection efficiency. Firefly and Renilla luciferase enzyme
activities were measured with the Dual Luciferase kit (Promega,
Madison, Wisc) according to the manufacturer’s instructions, us-
ing a Turner 20/20 luminometer. The results are quantified based
on the ratio of firefly:Renilla luciferase activities for known and
test samples. The values from samples containing known con-
centrations of added testosterone (see above) were used to plot
a standard curve of relative luciferase activity to testosterone
concentration. Utilizing the standard curve, the biologically ac-
tive androgen in each test sample was determined based upon
its relative luciferase activity. Bioactive androgen concentrations
were quantified in serum (30 pL) and intratesticular fluid (1 pL).
The sensitivity of this assay is equivaent to 0.069 = 0.03 nmol/
L of testosterone; inter- and intrarassay CV's are 23% and 6%,
respectively. All samples were assayed simultaneously and run
in quadruplicate.

Semen Analysis

Semen samples were obtained by masturbation into a sterile con-
tainer after a defined period of abstinence of 2 to 3 days. The
gjaculate volume was measured and the sperm concentration was
determined using a Microcell counting chamber (Conception
Technologies Inc, La Jolla, Calif). The coefficient of variation
of this assay was 9% (Overstreet et al, 1999). Proficiency testing
was conducted quarterly by the laboratory through the American
Association of Bioanalysts. The average total sperm count was
calculated for each volunteer from 3 separate semen samples
obtained over a 1-week period.

Statistical Analysis

One-way analysis of variance (ANOVA) was used to detect dif-
ferences among groups. For comparisons between 2 group
means, the Student’s t test was used. Means were considered to
differ at P values less than .05. Pearson’s correlation was used
to analyze the degree to which variables are related.

Results

The mammalian cell recombinant protein assay was used
in this study to quantify androgen bioactivity in human
serum and intratesticular fluid. In initial studies, the pos-
sibility that interfering substances might affect the results
obtained with this assay was assessed by quantifying bio-
active androgens in serial dilutions of human serum and
human testicular fluid samples. This approach also tests
whether dilution alters the free vs bound equilibrium. As-
says were run in quadruplicate, with 4 different volumes
tested. The results are shown in the Table. ANOVA re-
vedled no significant differences (P > .05) in androgen
bioactivity with the different volumes of human serum or
human testicular fluid.

The specificity of the assay was evaluated by measur-

345

The effect of sample volume on the measurement of androgen
bioactivity (mean = SEM) in human serum and testicular fluid
specimens

Volume (uL) Androgen Bioactivity (nM)

Human serum

10 9.26 = 0.08

20 8.37 = 0.83

30 7.46 = 0.12

40 9.47 = 0.53
Human testicular fluid

1.0 1234 + 19

15 1105 + 48

2.0 856 = 142

25 968 = 161

ing androgen hioactivity after adding various steroids to
fetal calf serum stripped of endogenous steroids by ab-
sorption to dextran-coated charcoal. For this analysis, 0.5
nM testosterone, 6 nM testosterone, 0.5 nM dihydrotes-
tosterone, 6 NnM estradiol, 6 nM progesterone, or 6 NM
testosterone plus the anti-androgen hydroxyflutamide
(600 nM) were tested (Figure 1). An approximate 10-fold
increase in androgen bioactivity was seen with the addi-
tion of 6 NM testosterone as compared to 0.5 nM testos-
terone, and androgen bioactivity was completely sup-
pressed by the presence of hydroxyflutamide. DHT had
approximately 10-fold higher bioactivity than testoster-
one, as would be expected (Raivio et al, 2002). Neither
estradiol nor progesterone demonstrated androgenic activ-
ity. In addition, testosterone-free human serum (Diagnos-
tic Systems Laboratories, Webster, Tex) did not demon-
strate detectable androgenic activity in this assay.

The mean total (immunoreactive) serum testosterone
concentration for the 22 patients entered into this study,
measured by RIA, was 11.7 = 0.7 nM, and the androgen
bioactivity in the serum of these same subjects, measured
by the androgen bioactivity assay, was 8.1 = 0.5 nM. This
represented a significant (P < .01), 30% decrease from
the total concentration (Figure 2). The total testosterone
and bioactive androgen concentrations in intratesticular
fluid were, in both cases, approximately 100-fold higher
than the respective values in serum; the concentration of
total (immunoreactive) testosterone was 1226 = 86 nM,
and that of bioactive androgen was 835 = 74 nM (Figure
2). The 30% decrease in intratesticul ar bioactive androgen
from immunoreactive intratesticular testosterone was sig-
nificant (P < .01). As depicted in Figure 3, total testos-
terone and hioactive androgen concentrations in the serum
of individual men were highly correlated (r = 0.624; P
= .0019). In contrast, total testosterone and bioactive an-
drogen concentrations in the intratesticular fluid did not
correlate (r = 0.037; P = .87).

We wished to determine whether serum levels of total
testosterone and/or bioactive androgen concentrations
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Figure 1.
charcoal-stripped fetal calf serum.

were predictive of intratesticular concentrations. Total tes-
tosterone concentration in the serum was not correlated
with testosterone concentration in intratesticular fluid (P
= .38), but it was weakly correlated with intratesticular
bioactive androgens (r = 0.46; P = .03). The concentra-
tion of bioactive androgens in the serum was not corre-
lated either with total testosterone (P = .64) or with bio-
active androgen concentration (P = .35) in intratesticular
fluid.

SHBG in the serum, and SHBG/ABP within the testes,
are considered to be the major androgen-binding mole-
cules in the human (Joseph, 1994). We hypothesized,
therefore, that the difference between total testosterone
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Specificity of androgen bioactivity assay. Testosterone, estradiol, progesterone, or testosterone plus hydroxyflutamide were added to

and bioactive androgen levels in the serum and within the
testes might result from the binding of androgens by
SHBG/ABP. Surprisingly, the mean concentration of
SHBG in testicular fluid was relatively low, 52.4 = 9.7
nM. Moreover, although the difference between total tes-
tosterone concentration and bioactive androgen activity in
the serum is relatively small compared to the difference
between these parameters in intratesticular fluid, the con-
centration of SHBG in the serum, 46.1 = 6.4 nM, was
not significantly different from that in the testis.

The average sperm count of the men entered into this
study was 156.4 = 16.5 X 10° per mL, with a range of
36—294 X 106 per mL. Although each of the men was
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Figure 2. Comparison of the mean (+=SEM) total concentration of testosterone, as measured by radioimmunoassay (RIA), and androgen bioactivity
(Bio), as measured by the bioactivity assay, in serum and intratesticular fluid.
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Figure 3. Correlation between total testosterone and androgen bioactivity in serum and intratesticular fluid.

fertile, the range of sperm counts was broad. We wished
to determine whether the intratesticular androgen concen-
tration of these men was predictive of their sperm counts.
No correlation was found between sperm count and in-
tratesticular total testosterone concentration (P = .5) or
bioactive androgen concentration (P = .25) in individual
men.

Discussion

The androgen bioactivity assay used in our study is a
functional assay that measures the total bioactivity of an-
drogens within a fluid sample. The data presented herein
show that the concentration of bioactive androgens within
the normal human testis is roughly two thirds that of total
(immunoreactive) testosterone. Although there was a
good correlation between total and bioactive androgens
within serum, this was not the case in testicular fluid. In
fact, the bioactivity of androgens within human testicular
fluid could not be predicted either by measuring immu-
noreactive or bioactive testosterone in the serum.

We hypothesized that the difference between total tes-
tosterone and bioactive androgens within the testis would
be accounted for by ABP/SHBG, the primary extracel-
lular androgen-binding proteins within the testis. How-
ever, the concentration of SHBG/ABP within the testes,
approximately 52 nM, was found to be far too low to
account for the roughly 400-nM difference between total
testosterone and bioactive androgen concentrations mea-
sured in human testicular fluid. Equally surprisingly, there
was no difference between the concentration of SHBG in
serum and SHBG/ABP within the testes. We have no ex-
planation for the differences in total testosterone and bio-
active androgen concentration in testicular fluid, except
to suggest that testosterone might be made unavailable by
binding to other, as yet unknown, molecules in addition
to its binding to SHBG/ABP.

Studies of the rat have shown that intratesticular tes-

tosterone concentration can decline by over 50% without
a significant effect on sperm count (Santulli et al, 1990).
If the relationship between intratesticular testosterone
concentration and sperm production in man is similar to
that of the rat, a wide range of intratesticular testosterone
concentrations in normal, fertile men would be anticipat-
ed. Therefore, one would hypothesize that intratesticular
testosterone concentration would not predict sperm num-
bers. Indeed, we found this to be the case; no correlation
was seen between sperm counts and either testosterone or
bioactive androgen activity within the testis of the men
entered into this study, all of whom were fertile. As in-
tratesticular androgenic bioactivity falls below athreshold
value, a direct relationship would be anticipated between
sperm number and bioactive androgen concentration. This
prediction is being tested at present.

There are subsets of subfertile men who might benefit
from therapies designed to increase intratesticular testos-
terone concentration. Unfortunately, it is difficult to iden-
tify such men. For example, the results discussed above
indicate that standard RIA of serum androgens would not
reliably identify men whose intratesticular testosterone
levels were low. Thisis aso true in other circumstances.
For example, in men who receive testosterone-based con-
traceptive regimens, peripheral testosterone concentra-
tions are maintained at normal levels, while intratesticular
testosterone concentrations are low, presumably because
local production by Leydig cells is reduced following
suppression of LH secretion (Jarow and Lipshultz, 1990).
There is an obvious advantage in measuring testosterone
within testicular fluids, particularly by the use of an assay
that measures hiologically active androgens. The disad-
vantage of such an approach is that the procedure is in-
vasive. Nonetheless, knowledge of the quantitative rela-
tionship between intratesticular bioactive androgen con-
centration and sperm production might make it possible
to assess the prognosis for effective androgen replacement
therapy in at least some subfertile men.
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