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ABSTRACT

The mammalian testis is innervated by extrinsic catechol-
aminergic nerves and responds to catecholamines with steroid
secretion. Although the primate testis has also been shown to
be innervated, potential differences in the density of this inner-
vation between immature and sexually developed individuals
have not been described. A recent study demonstrated that the
primate ovary contains a network of neuron-like cells and that
some of these cells are catecholaminergic. It is thus possible that
the male gonad is also endowed with a similar intragonadal
source of catecholamines. The present study addresses these two
issues. Catecholaminergic nerves were identified as such by
their content of immunoreactive tyrosine hydroxylase (TH; the
rate-limiting step in catecholamine biosynthesis), and in some
cases by glyoxylic acid histochemistry. Fibers containing TH
were abundant in testes from juvenile animals (1-2 yr of post-
natal life), but the density of this innervation was not maintained
in adult animals, whose testis showed only a few TH-positive
fibers scattered in the interstitial tissue. Testicular norepineph-
rine (NE) concentration was much lower in adult than in juve-
nile animals, suggesting that the marked increase in testicular
weight that occurs with the attainment of sexual maturity is not
accompanied by corresponding changes in NE content. At the
ultrastructural level, testicular nerve fibers contained pleio-
morphic, dense-core and clear vesicles, suggesting the presence
of catecholamines and other neurotransmitters. In addition to
this extrinsic catecholaminergic innervation, prepubertal testes,
but not adult gonads, contained an intrinsic population of
TH-immunopositive neuron-like elements, identified as cells by
confocal scanning laser microscopy. To determine whether the
prepubertal monkey testis indeed expresses the TH gene, testic-
ular RNA was subjected to reverse transcriptase polymerase
chain reaction to amplify the 5’ end of TH mRNA, which en-
codes the regulatory domain of the enzyme. The cDNA that was
obtained predicts an amino acid sequence similar, but not iden-
tical, to that encoded by the alternatively spliced type 1 TH
mRNA form present in the adrenal gland. These results indicate
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1) that the primate testis receives a dual catecholaminergic in-
put, one provided by the extrinsic innervation and the other by
neuron-like cells located within the gonad itself, and 2) that the
influence exerted by both sources on testicular function may be
more prominent during the prepubertal period than in adult-
hood. The presence in the testis of a TH mRNA variant encoding
amino acid substitutions in its 5’ end suggests that regulation of
testicular TH enzyme activity may include a gonad-specific
component.

INTRODUCTION

Longitudinal studies in peripubertal human males have
shown that serum testosterone levels rise sharply during the
early phases of puberty, a time during which the concen-
tration of serum LH is also rapidly increasing [1]. Serum
testosterone levels, however, begin to increase in juvenile
individuals even before the changes in LH become apparent
[1], suggesting that changes in testicular responsiveness to
LH may contribute to the pubertal change in testosterone
output. Studies in rodents have provided experimental ev-
idence for this concept [2]. That these changes in target
organ responsiveness may contribute to both the initial and
the LH-dependent increase in peripubertal serum testoster-
one levels is suggested by the fact that, during the phase
of rapid increase in serum LH levels at puberty, serum tes-
tosterone levels increase more than 10-fold despite a mere
3-fold increase in circulating LH levels [1].

Several gonadal factors may facilitate the testicular re-
sponse to LH, including, for example, the recently de-
scribed metalloproteinase-1/procathepsin L complex pro-
duced by Sertoli cells [3], and neurotransmitters arriving at
the testis via the extrinsic innervation [4]. It is well estab-
lished that the bulk of testicular innervation is sympathetic
[4, 5], and that the main neurotransmitter associated with
the postganglionic sympathetic fibers innervating the testis
is norepinephrine (NE). Although the testes of all mam-
malian species thus far examined are innervated [4-7], the
density of this innervation appears to be greater in the hu-
man testis [8, 9].

There exists a large body of evidence showing that cat-
echolamines are able to influence Sertoli cell and especially
Leydig cell function via specific adrenergic receptors [10-
24]. The distinctiveness of these actions has led to the con-
cept that catecholamines may act as a backup mechanism
for steroid production by Leydig cells during stress [25]
and may act to potentiate the effect of gonadotropins during
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phases of development when circulating gonadotropins are
low [19, 21, 22]. There is also evidence suggesting that cat-
echolamines may be able to influence testicular and Leydig
cell development and differentiation [23, 26-28],

It is generally accepted that the only source of catecho-
lamines found in mammalian testis is its extrinsic inner-
vation. This, however, may not be the case, as it has re-
cently been found that the primate ovary contains an in-
trinsic network of neuron-like, tyrosine hydroxylase (TH;
the rate-limiting enzyme in catecholamine biosynthesis)-
immunoreactive cells, endowed with low-affinity nerve
growth factor (NGF) receptors [29]. Since these cells have
not been found in rodents, their presence in rhesus monkeys
suggests that the primate gonad in particular may be sub-
jected to the influence of an intragonadal neuronal regula-
tory system.

The present study provides morphological evidence for
the concept that the catecholaminergic input to the primate
testis is greater before puberty than during adulthood, ow-
ing to a higher density of the extrinsic innervation and to
the presence of an intrinsic source of catecholamines pro-
vided by a population of TH-immunoreactive neuron-like
cells located in the interstitial tissue of the gland. Evidence
is also provided that the developing primate testis express-
es the TH gene, but that the encoded mRNA, though sim-
ilar, is not identical to that produced in the adrenal gland.
A partial report of these studies has appeared previously
[30].

MATERIALS AND METHODS
Tissue Collection

The testes used in this study were obtained from the
Tissue Distribution Program at the Oregon Regional Pri-
mate Research Center (ORPRC). Testes from a total of 15
rhesus monkeys (Macaca mulatta) ranging from 1 to 25 yr
of postnatal age were examined. Upon collection of the
testes, they were divided into smaller pieces that were used
for various procedures. Thus, for measurement of NE, a
total of 6 fragments from the testes of six monkeys were
used; for polymerase chain reaction (PCR) cloning, we used
pieces from two animals. Fragments from three monkeys
were used for electron microscopy; from four animals, for
glyoxylic acid histochemistry; and from eight animals, for
immunohistochemistry. The ages of the monkeys used are
listed below. In addition, the adrenals from two adult mon-
keys were collected. Upon dissection from surrounding tis-
sue, the organs were rapidly frozen on dry ice for RNA
extraction or were immersed in fixative for immunohisto-
chemistry or electron microscopy examination (see below).

Measurement of NE

Testicular fragments (40-230 mg) from six monkeys of
different ages (prepubertal: 1 yr, 1 yr and 8 mo, and 2 yr
and 1 mo of age; adult: 11, 13, and 16 yr of age) were
homogenized in 0.7-1 ml of 0.2 M perchloric acid (PCA)
and centrifuged at 15 000 X g for 10 min; the supernatants
were frozen until NE measurement. Norepinephrine content
was determined by either the radioenzymatic method of
Saller and Zigmond [31], as previously reported [32], or by
HPLC using a Waters 717 Plus automated HPLC system
with a Waters 460 electrochemical detector [33]. The mo-
bile phase (Waters Chromatography, Milford, MA) was re-
circulated through the analytical column (Waters Resolve
C18; 5-pm silica, 15 cm in length) at a rate of 1 ml/min.

The sensitivity of this unit for catecholamine determination
was routinely maintained at 1-2 pg/ul

Immunohistochemistry

The cellular distribution of TH in the testes was deter-
mined by two immunohistochemical methods (avidin-bio-
tin-peroxidase [ABC] and fluorescence), using a well-char-
acterized polyclonal antibody (rabbit anti-TH; Eugene
Tech, Ridgefield Park, NJ) at a 1:500-1:1000 dilution. For
both methods, freshly collected testes from five prepubertal
(4 mo, 11 mo, 1 yr, 1 yr and 7 mo, and 1 yr and 11 mo of
age) and three adult monkeys (13, 16, and 25 yr of age)
were cut into small fragments and immersion-fixed in Zam-
boni’s fixative for 18-20 h at 4°C, rinsed for 24 h in PBS
(pH 7.4), and transferred to PBS containing 20% sucrose.
The next day, the tissues were embedded in O.C.T. com-
pound (Miles Inc., Elkhart, IN) and frozen on dry ice before
cryostat sectioning. Ten 12-pm-thick sections were incu-
bated overnight at 4°C with the TH antibody.

Immunohistochemistry using the ABC method was per-
formed as described previously [34, 35]. For the fluorescent
method, the reaction was developed with a fluorescein is-
othiocyanate (FITC)-labeled affinity-purified goat anti-rab-
bit gamma globulin (1:200; Jackson Immunoresearch Lab-
oratories, West Grove, PA) as previously described {29, 36].
In most cases, the cell nuclei were counterstained with pro-
pidium iodide (Sigma Chemical Co., St. Louis, MO) at 2
jg/ml PBS for 2 min as previously reported [29]. Sections
incubated without the primary antibody and with normal
rabbit serum substituting for the primary antibody served
as controls. The immunohistochemical reaction was viewed
under fluorescence illumination with a Zeiss Axiovert (Carl
Zeiss, Thornwood, NY) microscope equipped with appro-
priate filters for FITC and rhodamine fluorescence [36].
Specificity of the reaction was verified by incubating sec-
tions in the absence of the TH antibody and by examination
of adrenal gland sections. Cells of the adrenal medulla were
strongly immunoreactive, whereas the endocrine cells of
the cortex were immunonegative.

Confocal Laser Scanning Microscopy

Double-labeled sections, combining the nuclear DNA
dye propidium iodide and the immunohistochemical stain
for TH, were also analyzed with a confocal scanning laser
microscope (Bio-Rad MRC 500 [Richmond, CA] system
coupled to a Zeiss Axiovert 100 inverted microscope). The
emissions of FITC and propidium iodide were detected
with A1/A2 two-channel filter sets, which were optimized
for fluorescein and Texas Red fluorescence, respectively
(for details see [29, 37]). Gray-scale images were collected
separately and fused. They were rescaled to normalize con-
trast and then merged via Adobe Photoshop 2.5 (Adobe
Systems, Inc., Mountain View, CA) to produce CMYK
mode images, which were printed with a Tektronix Phaser
II SDX (Tektronix Inc., Beaverton, OR).

Glyoxylic Acid Histochemistry for Catecholamines (NE)

For identification of catecholamine-containing elements,
cryostat sections (10-12 pm) of freshly frozen unfixed tes-
ticular fragments were utilized. The testes used were ob-
tained from three prepubertal (1 yr and 9 mo, 1 yr and 11
mo, 2 yr and 1 mo of age) and one adult (13 yr old) mon-
key. Immediately after sectioning, the tissues were treated
for 1-3 sec with glyoxylic acid (Sigma) dissolved at 1
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g/100 ml in 0.2 M potassium phosphate buffer (pH 7.4)
containing sucrose (6.8 g/100 ml). Sections were dried un-
der a stream of cool air, covered with mineral oil, and
placed onto metal blocks in an oven at 100°C for 2-3 min,
as described by de la Torre [38]. Catecholamine histoflu-
orescence was then examined with a Zeiss Axiovert micro-
scope equipped with appropriate filters. Specificity of the
reaction was assessed by examination of sections of adre-
nals containing both positive (medulla) and negative (cor-
tex) cells.

Transmission Electron Microscopy (TEM)

The testes from two prepubertal monkeys (1 yr and 9
mo, and 2 yr and 1 mo of age) and one adult monkey (11
yr and 2 mo of age) were examined by TEM. Small frag-
ments of testes were fixed in 5% glutaraldehyde in 0.05 M
cacodylic acid, pH 7.4. They were postfixed in a mixture
of OsO, containing potassium ferrocyanide (1:1.5% final
concentration [39]) and embedded in araldite plastic. Thin
sections were cut, stained with uranyl acetate and lead ci-
trate, and examined with a Hitachi HS00H (Tokyo, Japan)
transmission electron microscope.

Reverse Transcriptase Polymerase Chain Reaction
(RT-PCR) Cloning

Total testicular RNA from two prepubertal monkeys (1
yr, and 1 yr and 7 mo of age) was prepared by the acid
phenol extraction method [40] as previously described [41,
42]. Aliquots of 200-500 ng of total testicular or adrenal
RNA were subjected to reverse transcription utilizing an
18-mer polydeoxythymidine primer containing Xho I and
Eco Rl restriction sites and Superscript II reverse transcrip-
tase (Gibco BRL, Grand Island, NY). The procedure em-
ployed has been described in detail elsewhere [43].

The gene-specific oligodeoxynucleotide primers used to
amplify testicular TH were a 5'-sense primer (5'-TCTGA-
GCTGGACGCCAAGCAG-3') complementary to a se-
quence conserved in humans and monkeys [44, 45], which
spans nt 74-94 in exon 1 of TH mRNA, and a 3'-antisense
primer (5'-TGGAGGCTGTGGCCTTTGAGGAG-3') com-
plementary to another conserved region in exon 3 of TH
mRNA (nt 222-244). Another 5'-sense primer was used to
amplify a fragment of adrenal TH mRNA,; this primer was
similar to that used for amplification of testicular TH, ex-
cept for an additional 5 nucleotides (CCGTG) added to the
5’ terminus. Synthesis of the second DNA strand following
reverse transcription was performed using one cycle of de-
naturing (94°C, 2 min), annealing (55°C, 3 min), and ex-
tension (72°C, 10 min). The subsequent amplification re-
action consisted of 35 cycles of denaturing (94°C, 1 min),
annealing (55°C, 2 min), and extension (72°C, 3 min), fol-
lowed by a final extension at 72°C for 7 min. The PCR
products were loaded on 2% agarose gels and visualized
by staining with ethidium bromide. Identity of the amplified
TH cDNAs was initially assessed by Southern blot analysis
after the PCR products were transferred to nylon mem-
branes. The hybridizing probe used for this procedure was
a 28-mer 32P-5'-labeled oligodeoxynucleotide complemen-
tary to nt 133-161 in exon 3 of the human TH sequence
[44]. To confirm the identity of the TH cDNAs, they were
subcloned into the pGEM-T vector (Promega, Madison,
WI) and sequenced by the dideoxynucleotide termination
method of Sanger et al. [46] using Sequenase T7 polymer-
ase and a kit (Sequenase version 2.0) purchased from U.S.
Biochemicals (Cleveland, OH). Most cDNAs were also se-

quenced in an ABI model 373A automatic DNA sequencer
(Perkin Elmer, Foster City, CA) using a fluorescein dye
terminator reaction (Prism Ready Reaction Dye terminator
Cycle Sequencing kit) and Amplitaq DNA polymerase.

To determine whether TH mRNA is represented in a
rhesus monkey testicular cDNA library (constructed by S.
Nagalla and A. Mayerhofer, ORPRC), aliquots of the li-
brary were also subjected to PCR amplification using the
same primers that amplified a fragment of TH mRNA from
total testicular RNA. The library (Uni-ZAP XR vector;
Stratagene, La Jolla, CA), constructed from 5 pg of testic-
ular polyadenylated RNA (derived from one immature and
one adult testis), contains approximately 600 000 indepen-
dent recombinants per milliliter. Positive clones were iden-
tified by Southern blot analysis, subcloned, and sequenced
as described above.

RESULTS

Catecholaminergic Nerves Are More Abundant in the
Testes of Prepubertal than Adult Monkeys

Catecholaminergic nerves, identified by their content of
immunoreactive TH, were readily detected in the prepub-
ertal gonad (Fig. 1A). The fibers not only had a perivascular
localization, but were also found associated with clusters
of interstitial cells (box in Fig. 1A; for morphological iden-
tification see Fig. 1B). A similar density and distribution of
the fibers was observed when catecholamine-containing fi-
bers were identified by glyoxylic acid histochemistry (Fig.
1C). No appreciable differences in the density of this in-
nervation were observed when the testes of four juvenile
animals ranging from 1 to 2 yr of age were compared.

In contrast, adult monkey testes (13, 16, and 25 yr of
age) appeared to contain only a few catecholaminergic
nerve fibers, identified by either glyoxylic acid histochem-
istry (not shown) or by their TH immunoreactivity (Fig.
1D). Most of these nerves had a perivascular localization,
usually near arterioles in the interstitial space. Only rarely
were these nerves seen associated with Leydig cells.

At the ultrastructural level (Fig. 2A), the nerve fibers
innervating the testis were unmyelinated and contained
pleiomorphic, dense-core (arrow inside box) and clear ves-
icles (arrowhead inside box), suggesting that they contain
catecholamines as well as other neurotransmitters.

Immature Primate Testis Contains TH-Immunoreactive
Neuron-Like Cells in Addition to Its Extrinsic Innervation

The testes from prepubertal animals, but not those from
adult monkeys, were found to contain elongated/stellate-
shaped elements positive for TH immunoreactivity (Fig.
2B) and catecholamine-specific glyoxylic acid histochem-
istry (not shown). These elements had a neuronal appear-
ance identical to that of a network of neuron-like cells re-
cently described in the monkey ovary [29]. As in the case
of the ovary, these immunopositive elements were posi-
tively identified as cell bodies by confocal scanning laser
microscopy analysis (Fig. 3, A and B). Through counter-
staining of the tissue sections with propidium iodide, which
binds to double-stranded DNA, the nucleus of these cells
was unambiguously visualized; thus the TH-immunoreac-
tive structures were identified as cells. It is noteworthy that
the majority of the TH-positive neuron-like cells detected
in the testis had a bipolar configuration. The cells were
found scattered throughout the interstitial compartment of
the gland.
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FIG. 1. TH-immunoreactive nerve fibers are more abundant in prepubertal than in adult testes. A) In the prepubertal gonad, the fibers transverse the
interstitial space (arrows) between the seminiferous tubules (T) and appear to approach clusters of interstitial cells (box). The section shown is from an
11-mo-old monkey. Bar = 18 wm. B) Hematoxylin/eosin-stained section of the testis shown in A. Note a cluster of Leydig cells/Leydig cell precursors
in the interstitial space (arrow). Bar = 30 pm. C) A similar profile is observed when catecholaminergic fibers are identified by glyoxylic acid-induced
fluorescence. The section depicted is from the testis of an animal 2 yr and 1 mo of age. Bar = 20 um. D) In the adult testis, TH-immunoreactive fibers
were sparse (arrows) and were confined to the immediate neighborhood of blood vessels, such as arterioles (A). The section shown is from the testis
of a 13-yr-old animal. Bar = 12 pm. Note the nonspecific fluorescence of inclusion bodies in the basal portion of the seminiferous epithelium in the
adult testis (yellow color in the original preparation). The microphotographs depicted are representative of immunohistochemical reactions performed
on testes from five prepubertal and three adult monkeys (TH) and on testes from three prepubertal monkeys and one adult (glyoxylic acid). For additional
details about ages of the animals used, see Tissue Collection and Immunohistochemistry sections.

Testicular NE Concentration Is Lower in Adult Than in
Prepubertal Monkeys

The testicular concentration of NE was highest in the
prepubertal gonad (NE in ng/g wet testis weight: 1 yr, 945,
1 yr and 8 mo, 488; 2 yr and 1 mo, 586) than in adult testes
(11 yr/nonbreeding season, 112; 13 yr/breeding season,
202; 16 yr/breeding season, 67). Combined results for pre-
pubertal and adult animals are presented in Figure 4.

TH Gene Is Expressed in the Monkey Testis

To determine whether the monkey testis has some of the
basic molecular components required for catecholamine
biosynthesis, experiments were performed to isolate testic-

ular mRNA forms that may encode TH, the rate-limiting
enzyme in catecholamine biosynthesis. Since 5’ heteroge-
neity of the human TH mRNA gives rise to at least four
alternatively spliced mRNA forms [34, 44, 45], we selected
oligodeoxynucleotide primers complementary to conserved
sequences in exon | and 3 of the human sequence to am-
plify potential testicular TH-encoding mRNA forms by
RT-PCR. Two identical cDNA clones were isolated and
found to have a nucleotide sequence highly homologous
(85%) to the TH mRNA type | isoform expressed in Ma-
caca fuscata [34] (Fig. 5). The testicular sequence was also
very similar (85% similarity) to that of a TH cDNA isolated
with the same primers from the adrenal gland of Macaca
mulatta (Fig. 5). Most of the nucleotide substitutions in the
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FIG. 2. A) Ultrastructural aspect of a
cross section through a bundle of unmy-
elinated nerve fibers in the testis of a rhe-
sus monkey 2 yr and 1 mo of age. The
nerve fibers contain pleiomorphic, dense-
core (arrow inside box) and clear (arrow-
head inside box) vesicles. Bar = 0.3 pm.
A similar profile was seen in fibers found
in the testes of two other monkeys (one
juvenile and one adult). B) Immunohisto-
chemical detection (using ABC immuno-
histochemistry and diaminobenzidine as
chromogen) of TH-immunoreactive neu-
ron-like cells bearing processes in the ju-
venile monkey testis (1 yr and 7 mo of
age). The unstained area in the middle of
the soma (arrow) corresponds to the nu-
cleus of the cell. Bar = 10 um.

testicular TH ¢cDNA sequence were conservative, as only
8 of 56 of the encoded amino acids were different from
those of rhesus monkey or Macaca fuscata adrenal TH
(Fig. 5). That the cDNA fragments isolated from testicular
total RNA do indeed correspond to a TH mRNA sequence
expressed in the testis was indicated by the PCR isolation
of exactly the same sequence (two independent clones)
from a rhesus monkey testicular cDNA library.

DISCUSSION

The results of this study indicate that the testis of the
prepubertal rhesus monkey receives a dual catecholamin-
ergic input: one provided by the extrinsic sympathetic in-
nervation and the other by neuron-like cells located in the
interstitial compartment of the gland. Both sources appear
to be much more abundant during the prepubertal period
than in adulthood. The existence of this particular devel-

opmental profile, however, requires quantitative verifica-
tion, as the dramatic increase in testicular size that accom-
panies the acquisition of reproductive competence may
have prevented us from detecting nerve fibers and neurons
in the limited number of sections analyzed.

The prominence of these two regulatory components in
the prepubertal testis suggests that the catecholaminergic
control of testicular function may be maximally operative
during prepubertal development of the primate gonad. Stud-
ies in human subjects have revealed that at the end of child-
hood, serum testosterone levels begin to increase in the face
of still unchanged LH levels [1] and that the subsequent
increase in LH secretion is accompanied by a much more
pronounced increment in testosterone production [1]. Our
results in juvenile monkeys, and previous findings dem-
onstrating the ability of catecholamines to potentiate the
stimulatory effect of gonadotropins on testicular androgen
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FIG. 3. Identification by confocal micros-
copy of TH-immunopositive cell bodies
bearing processes in the monkey testis. A)
TH-immunoreactive bipolar cell in the tes-
tis of an 11-mo-old monkey. Note the
(green) cytoplasmic staining (representing
TH immunoreactivity) in both the soma
and processes of the cell. The nucleus (ar-
row) is clearly identifiable. A TH-positive
nerve fiber (arrow-asterisk) present in the
plane of section is also shown; T: seminif-
erous tubule. Bar = 4 pm. B) The plane of
this section through a TH-positive cell in
the testis of the same animal is nearly per-
pendicular to the one shown in A, Note
also a TH-positive nerve fiber traveling in
and out of the plane of focus (arrow-aster-
isk); T: seminiferous tubule; bar = 5 um.

1000
o @
'§, 800 p <0.025
N
@ 600 l
g ]
400 -
g
E 200—: 3)
o: T I |
prepubertal adult

FIG. 4. Testicular concentrations of NE are much higher in prepubertal
than in adult rhesus monkeys. Each bar represents the mean = SEM of
the three animals. Individual values for each of these animals are provided
in the text.

release in rodents [19, 21, 22], raise the possibility that an
enhanced catecholaminergic input to androgen-producing
cells may play a role in amplifying the steroidogenic re-
sponse of the developing gonad to gonadotropins at the
initiation of puberty.

Most target cells of the peripheral nervous system are
indirectly innervated [47]; that is, rather than reaching the
target cell via direct contact or synaptic specializations,
neurotransmitters and neuromodulators are released from
axonal varicosities (boutons en passant) and diffuse towards
the target cells, where they bind to specific receptor mol-
ecules. Normally, these varicosities are located more than
150 nm away from the target cell. Ultrastructural evidence
[48] indicates that this basic mechanism also operates in
the testis, where Leydig cells appear to be a major target
cell for catecholamine action. The production of steroids,
the LH receptor content, and possibly the development of
Leydig cells are affected by catecholamines [19, 20, 26]. In
addition to being indirectly innervated, it has been recently
shown [48] that Leydig cells in the human testis receive
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Asn

FIG. 5. Nucleotide and amino acid sequences of a cDNA encoding the 5’ end of a testicular form of TH mRNA type 1, isolated by RT-PCR from
immature monkey testes. Four independent clones having the same sequence were isolated: two from total RNA and two from a testicular cDNA [ibrary.
The sequence is compared with that of TH mRNA type 1 isolated from the adrenal gland of Macaca mulatta. Nucleotides or amino acids in the testicular
sequence that are identical to those in the adrenal sequence are shown as dashes. Letters in bold denote nucleotide or amino acid substitutions in the
testicular sequence relative to the adrenal sequence. A 3-nt addition that results in an extra amino acid (Ala) in the testicular sequence is shown by a
dotted line. Boxed regions correspond to the deoxyoligonucleotide sequences used for PCR amplification. The sequence of adrenal TH mRNA is
identical to that reported for Macaca fuscata [34] with the exception of two conservative nucleotide substitutions (denoted by asterisks on the adrenal
sequence: G instead of A, and A instead of G). The consensus phosphorylation sequence surrounding Ser-40 is indicated by a heavy overline.

direct, selective innervation by noradrenergic nerve termi-
nals/varicosities, which were found to be only 20 nm apart
from the cell membrane. This direct innervation is consis-
tent with previous findings made in other species [8, 9, 49]
(see reviews by Setchell et al. [5] and Nistal et al. [50)).

While much is known about the distribution and ultra-
structural characteristics of the autonomic innervation of
the testis, less attention has been given to the possibility
that the degree and pattern of the innervation may be de-
velopmentally regulated. One study [50] reported an ap-
parent increase of numbers of axonal varicosities adjacent
to myoid cells (which may be another target cell for cate-
cholamines in the testis [51]) in the testes of infants and
hypogonadal men as compared to adult, normal men. It has
also been reported that testicular catecholamine concentra-
tions may be higher in prepubertal than in adult rats [52]
and that immature golden hamster testes have higher intra-
testicular NE concentrations than adult testes [20, 21). In
harmony with these results, Prince {48] recently described
a marked increase in the density of the innervation to the
human testis between the neonatal and the prepubertal
stage.

In the present study, TH-immunopositive or glyoxylic
acid-reactive fibers were always more readily detectable in
prepubertal than adult gonads. Although the apparent
*“loss” of testicular innervation at adulthood may be more
related to the large increase in seminiferous tubule size that
occurs at puberty in the face of an unchanging density of
innervation, the net outcome would still be the same, i.e.,
a decreased catecholaminergic influence on testicular func-
tion. The lower concentration of NE observed in adult com-
pared to prepubertal testes also suggests a decrease in total
NE input to the gland. While testicular weight increases
20- to 40-fold between the juvenile period and adulthood,
NE concentration decreased 6-fold, indicating that the
availability of NE within the gland does not keep up with
the massive changes in testicular mass that occur with the
advent of sexual maturation. Importantly, there was also an
age-related qualitative difference in the distribution pattern
of testicular nerves. In immature testes, nerve fibers were
always seen associated with interstitial cells. In contrast,
nerve fibers in the adult testes were almost always seen in
the proximity of blood vessels. Thus, catecholaminergic fi-

bers may more likely influence Leydig cell function in pre-
pubertal animals than in adults. It is possible that after the
pubertal activation of testicular function is ended and a new
steady-state level is attained, the influence of catechola-
mines on steroidogenesis decreases but their involvement
in modulating testicular blood flow remains [4, 5]. The ul-
trastructural detection of clear vesicles in nerve fibers of
the immature testis indicates that testicular nerves also con-
tain neurotransmitters other than catecholamines. The pre-
cise nature of these neurotransmitters and the potential sig-
nificance of their contribution to testicular homeostasis re-
main to be elucidated.

An intriguing observation, made during the course of
studying the developmental profile of the testicular inner-
vation, was the detection of elongated, mainly bipolar neu-
ron-like elements exhibiting immunoreactivity for TH. That
these elements indeed correspond to cell bodies was proven
by confocal scanning laser microscopy. A double-labeling
technique, which combines staining with the nuclear dye
propidium iodide and TH immunohistochemistry, allowed
us to unambiguously identify a population of TH-positive
cells. These neuron-like cells also appear to contain cate-
cholamines, as judged by their content of glyoxylic acid-
derived catecholamine histofluorescence. Interestingly, they
were detected only in the immature, prepubertal testes.
They may, however, also be present, albeit in lower num-
bers, in adult testes. The present experiments did not permit
us to clearly establish a morphological distinction between
nerve fibers derived from the extrinsic innervation and pro-
cesses extended by intrinsic neuron-like cells. Presumably,
most of the nerve fibers seen in the interstitium represent
axonal fibers from extrinsic neurons projecting to the testis,
whereas the neuron-like cells are single cells with attenu-
ated cytoplasmic processes. Further experiments are re-
quired to determine the relative contribution of the extrinsic
nerves and the TH-positive neurons to the overall testicular
innervation. Our results do not confirm earlier reports
showing TH-immunoreactive material in Leydig cells [53,
54]. The reasons for this discrepancy are not apparent, but
they may be related to the different antibodies used. In our
study, we found TH-like material in a subset of interstitial
cells, but these cells were also positive in controls incu-
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bated without the TH antiserum or with rabbit serum and
did not have a neuronal appearance.

We recently described the presence of a group of TH-ex-
pressing neuron-like cells in the rhesus monkey ovary [29].
These cells appear to be more numerous in the ovary and,
in contrast to those in the testis, remain detectable through-
out adulthood. The density of the ovarian catecholaminer-
gic innervation also increases postnatally and reaches a
maximum peripubertally [55], but in contrast to what oc-
curs in the testis, it does not decrease in adulthood. The
reasons for these fundamental differences are unclear, but
it is possible that catecholaminergic regulatory influences
are important for growth and differentiation processes that
take place recurrently in the adult ovary but that may occur
only during prepubertal development of the testis and pre-
dominantly affect Leydig cell function. Inferential support
for this concept comes from observations that catechola-
mines may act as “‘trophic” factors on testicular celis [56]
and that they are able to promote Leydig cell hyperplasia
[26]. Clearly, the precise reasons for these developmental
sex differences in the catecholaminergic input to the pri-
mate gonad remain to be elucidated.

The mechanisms underlying the inability of the dual cat-
echolaminergic innervation to the primate testis to keep up
with the massive increase in testicular mass that occurs dur-
ing sexual maturation are, likewise, unknown. Since the
testis is a source of neurotrophins such as nerve growth
factor {57, 58] and neurotrophin-4 [59], it is possible that
the testicular catecholaminergic system fails to grow at pu-
berty along with the somatic and germinal components of
the testis because of a reduction in neurotrophin support.

While the presence of both catecholamine fluorescence
and TH-immunoreactive material in testicular neuron-like
cells indicates that they are indeed able to synthesize cat-
echolamines, it is still possible that the detection of TH-im-
munoreactive material is confounded by the presence of
another immunologically related protein. Phenylalanine hy-
droxylase and TH are mixed-function oxydases evolved
from a common ancestor gene that share extensive nucleic
acid and amino acid homology throughout their central and
carboxy terminal regions [60]. This homology, however, is
lost at the amino terminus, which encodes the regulatory
domain of the enzymes. Cloning of the amino terminus-
encoding, 5’ region of TH mRNA by RT-PCR unambigu-
ously demonstrated that the monkey testis does express the
TH gene. The authenticity of the sequence was verified by
the isolation of four identical cDNAs from either total tes-
ticular RNA or a testis cDNA library.

Both humans and monkey TH mRNA exhibit 5" hetero-
geneity [34, 61], which in humans has been shown to result
in the expression of four different mRNAs [61, 62]. While
all four types share the first exon, type 2 has a 12-bp in-
sertion at the end of exon 1; type 3 lacks this insertion, but
has an alternatively spliced 81-bp insertion encoded by
exon 2 between exons 1 and 3. Type 4 contains both the
12- and the 81-bp insertions. All four variants result from
alternative splicing of a single primary transcript [62].
While types 1 and 2 are the predominant forms expressed
in brain, the adrenal gland also contains the other two types
[61], albeit at lower levels. Most nonhuman primates, in-
cluding the rhesus monkey, on the other hand, produce only
the TH mRNA forms 1 and 2 [45]. Our results indicate that
the monkey testis may express only a variant of type | TH
mRNA; the type 2 isoform may be absent or at levels too
low for detection. Unexpectedly, the sequence of the type
1 testicular form differed in 8 amino acids from that iso-

lated from the adrenal gland [63]. This is in contrast to the
absolute amino acid sequence homology found between ad-
renal TH mRNA type 1 from Macaca mulatta (Fig. 4) and
that of Macaca fuscata [34].

Since in both humans and monkeys the 5’ heterogeneity
of TH mRNA results from alternative splicing of a single
gene [61, 62], it is difficult to explain the substitutions of
the testicular sequence as due to expression of a second
gene. The isolated nature of the substitutions makes it
equally unlikely that the 5’ heterogeneity of testicular TH
mRNA is due to additional alternative splicing events. It is
conceivable, however, that the substitutions are attributable
to RNA editing [64], a process by which the sequence of
the mRNA transcript is posttranscriptionally modified by
either insertion or deletion of nucleotides [65]. Further stud-
ies are necessary to resolve this issue.

It does not appear that the amino acid substitutions ob-
served in the 5’ end of testicular TH mRNA would com-
promise the short-term regulation of the enzyme’s activity.
It is known that this short-term regulation is mediated by
direct phosphorylation [66] of four sites (Ser-8, Ser-19, Ser-
40, and Ser-153) in the N-terminal region of the enzyme
[67]. Of these phosphorylation sites, Ser-40 is contained
within the sequence encoded by the isolated DNA frag-
ment. The amino acids surrounding this sequence (Arg-
Arg-Gln-Ser-Leu) correspond to the consensus sequence
(Arg-Arg-X-Ser-Y), known to be a substrate for cAMP-
dependent kinase, protein kinase C, and calmodulin-depen-
dent kinase [67]. Thus, at least theoretically, testicular TH
is endowed with the same regulatory motifs as brain or
adrenal TH.

In summary, the present results indicate that, like the
ovary, the primate testis contains extrinsic catecholamin-
ergic nerves and intrinsic nerve-like cells. Both potentially
regulatory components, however, are more prevalent—and
thus may operate most predominantly—during prepubertal
development of the gonad, as few nerves and no neuron-
like cells are detected in adulthood. This is in contrast to
the situation in ovary, in which the extrinsic nerves and the
intragonadal cells are readily detectable throughout adult-
hood. The fact that ovarian target cells undergo recurrent
cycles of growth and differentiation throughout the repro-
ductive life span, whereas testicular interstitial cells do so
more prominently only during prepubertal development,
suggests that a predominant role of the catecholaminergic
input to the primate testis may be to facilitate the functional
development of interstitial, androgen-producing cells at pu-
berty.
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