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ABSTRACT In situ hybridization using a-nerve growth
factor (NGF) DNA probes was used to demonstrate NGF
mRNA in spermatocytes and early spermatids of adult mouse.
NGF mRNA-containing cells were also identified in the epi-
thelium of convoluted ducts in mouse corpus epididymidis.
Blot-hybridization analysis of RNA prepared from mouse
testis and epididymis as well as from rat epididymis confirmed
the presence of a 1.3-kilobase (kb) NGF mRNA in these
tissues. In the rat testis, however, only a 1.5-kb NGF mRNA
was found, corresponding in size to a minor NGF mRNA
detected in the rat brain, heart, and epididymis. By using
affinity-purified anti-NGF antibodies, NGF-like immunoreac-
tivity was observed in germ cells of rat and mouse testis and in
the lumen of epididymis. Extracts of both mouse epididymis
and testis stimulated fiber outgrowth in cultured sympathetic
ganglia, and the effect was blocked by antibodies to mouse
NGF. A two-site enzyme immunoassay showed the presence of
10 and 70 ng of NGF per g of tissue in the mouse testis and
epididymis, respectively. Furthermore, RNA blot analysis
showed the presence of mRNA for the NGF receptor in mouse
testis. These results suggest a nonneurotrophic role for NGF in
the male reproductive system, possibly in survival maturation
and/or motility of spermatozoa.

P-Nerve growth factor (NGF) is a protein essential for the
development and maintenance of sensory and sympathetic
neurons in the peripheral nervous system (1, 2). Recently
RNA blot analysis, enzyme-linked immunoassays, and im-
munohistoche'mistry have been used to demonstrate NGF
mRNA and protein in the mammalian brain (3-6), where
NGF has been suggested to support basal forebrain cholin-
ergic neurons (7-10). The levels of NGF mRNA in most
peripheral tissues as well as in the brain appear to correlate
with their degree of innervation by NGF-sensitive fibers
either sympathetic in the periphery or cholinergic in the
central nervous system (3-6, 11, 12).

In the male mouse submandibular gland, which constitutes
an extremely rich source of NGF mRNA and protein, the
level ofNGF synthesis does not correlate, however, with the
innervation by NGF-sensitive fibers (1). Also, relatively high
levels of NGF protein have been found in the snake venom
gland (1), in guinea pig and rabbit prostate (13-16), and in
bull semen and seminal vesicle (17, 18). Furthermore, in the
mouse testis, NGF-like immunoreactivity was recently
shown to be present in germ cells, and a possible role for
NGF in sperm maturation or motility was hypothesized (19).

In the study reported here, we used a mouse NGF cDNA
probe for in situ hybridization and RNA blot analysis to
reveal the identity and distribution of cells synthesizing NGF
in rodent male genital organs. The presence of NGF protein
in the same tissues was studied by immunohistochemistry,

immunoassays, and biological tests of activity. Our results
show that male mouse germ cells synthesize both NGF
mRNA and protein. In addition, NGF mRNA-containing
cells were found in the epithelium of convoluted ducts of
corpus epididymidis. These results together with the dem-
onstration of NGF receptor mRNA in mouse testis suggest a
role for NGF in maturation or motility of spermatozoa or
both.

EXPERIMENTAL PROCEDURES
In Situ Hybridization. Adult mouse and rat males were

anesthetized with pentobarbital (Mebumal vet. ACO Swe-
den; 0.06 mg/g of body weight) and perfused through the
aorta with 4% paraformaldehyde in 0.1 M Sorensen's buffer
(pH 7.4). Pieces of tissue, including testis and epididymis,
were dissected and postfixed by immersion in the same
fixative for 2 hr and then rinsed in 5% sucrose in the same
buffer. Sections were cut at 8 ,um on a cryostat, thawed on
gelatin-coated slides, and kept frozen at - 80°C. The condi-
tions for in situ hybridization were essentially as described
by Bloch et al. (20). A 900-base-pair (bp) Pst I fragment
derived from a mouse NGF cDNA clone (21, 22) was used as
a probe for NGF mRNA. Plasmid pUC9 was used as a
control probe. The DNA probes were labeled with [3H]dCTP
by nick-translation to a specific activity of around 107
cpm/,g. After hybridization, the slides were rinsed briefly
in 4 x SSC (1 x SSC is 0.15 M NaCI/0.015 M sodium citrate,
pH 7.0) and washed once in 2 x SSC at room temperature,
once in 0.5 x SSC at 35°C, and finally in 0.1 x SSC at 35°C.
The slides were dipped in 50% Kodak NTB2 nuclear emul-
sion and exposed for 3 months in a dry chamber at 4°C. After
development the sections were lightly counterstained with
Erlich's hematoxylin and mounted. In a few cases, the
probes were labeled with [32P]dCTP to a specific activity of
approximately 109 cpm/,ug. The Ilford K5 emulsion was then
used for dipping of the slides, which were exposed for 5-10
days. The results of the hybridizations were quantified by
using a computerized image-analysis system (IBAS, Zeiss/
Kontron). The labeling of cells was evaluated as the percent-
age of the area over defined cells that was covered with
silver grains. Background labeling was measured as the
percentage of labeled surface in defined areas of the same
section outside the cells of interest. In each region of a
section, 18-24 measurements were made and repeated in
four different slides.
RNA Blot-Hybridization Analysis. Polyadenylylated RNA

was prepared from the indicated tissues by disruption in 4 M
guanidine isothiocyanate, followed by centrifugation through
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CsCl (23) and oligo(dT)-cellulose chromatography (24). Poly-
adenylylated RNA (10 ,ug) from each sample was electropho-
resed in a 1% agarose gel containing 0.7% formaldehyde. The
gel was blotted onto nitrocellulose and hybridized to a 900-bp
Pst I fragment derived from a mouse NGF cDNA clone (21,
22) or to a 400-bp BstE2 fragment derived from a rat NGF
receptor cDNA clone (25). Both fragments were labeled with
[32P]dCTP by nick translation to a specific activity of approx-
imately 109 cpm/Ag. The filters were washed at high strin-
gency (0.1 x SSC/0.1% NaDodSO4 at 540C) and exposed to
x-ray films at - 80'C with a DuPont intensifying screen.

Immunohistochemistry. Cryostat sections, 14 ,um thick,
for indirect immunocytochemistry (26) were made from
tissues of animals fixed by perfusion with 4% paraformalde-
hyde/0.3% picric acid. Sections were first incubated with
affinity-purified sheep anti-mouse NGF antibodies (20 ,tg/ml
of phosphate-buffered saline) (27) and then by fluorescein
isothiocyanate-labeled antibodies to sheep immunoglobulin.
For control, anti-mouse NGF antibodies were preadsorbed
on purified mouse NGF (5 gg/ml) for 24 hr at 40C.

Assays for NGF Protein and Activity. The biological assay
for NGF activity was performed by using chicken embryo
sympathetic ganglia as described by Ebendal et al. (28).
NGF-like immunoreactivity was determined by a fluoromet-
ric two-site enzyme immunoassay (29).

RESULTS
Identification ofNGF mRNA-Containing CeUs in Testis and

Epididymis. Cells producing NGF mRNA in the adult mouse
testis and epididymis were identified by in situ hybridization.
The distribution of radioactive material was similar using
3p or 3H-labeled probes. However, only the 3H-labeled
probes gave a resolution at the level of individual cells. In
the mouse testis, labeling was obtained in the seminiferous
tubules with a concentration of silver grains overlaying the
cytoplasm of germ cells (Fig. la). The labeled cells had the
typical shape, size, and localization of spermatocytes and
early spermatids. Interstitial Leydig cells showed no label-
ing, and Sertoli cells also seemed negative. Similarly, no
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labeling was obtained over spermatogonia localized in the
basal part of the tube or over maturating spermatids and
spermatozoa in the central part of the seminiferous tubules.
No cell type in the mouse testis was labeled when a control
plasmid was used as a probe (Fig. lb) or after pretreatment
of the sections with RNase A. The density of labeling of
spermatocytes was determined by using a computerized
image analysis and ranged from 22 to 86 times the back-
ground level. The density of labeling in positive cells was
approximately 30 times higher than after hybridization with
the control plasmid probe.
The NGF probe showed strong labeling of sections from

corpus epididymidis, with silver grains concentrated over
pseudostratified columnar epithelial cells in the duct (Fig.
ic). Labeling was restricted to the principal cells of the
epithelium, with no labeling above the background in basal
cells. Labeled cells were sparse in the epithelium of cauda
epididymidis. As for the testis, no labeling was seen when a
plasmid control probe was used (data not shown) or after
pretreatment of the sections with RNase A (Fig. ld).

Detection of NGF mRNA by RNA Blot Analysis. The
presence of NGF mRNA in both testis and epididymis of
mouse and rat was confirmed by RNA blot analysis. The
epididymis of both species contained a similar level of a
1.3-kilobase (kb) NGF mRNA (Fig. 2). The levels of NGF
mRNA in both mouse and rat epididymis were comparable
to the level found in rat heart. The mouse testis contained
NGF mRNA species of 1.3 kb and 1.5 kb, respectively, as
well as two larger hybridizing RNA species. In the rat testis,
only a minor 1.5-kb NGF mRNA was detected.

Localization of NGF-Like Immunoreactivity. With affinity-
purified antibodies raised against NGF, a positive reaction
was observed in germ cells of all stages from primary
spermatocytes to mature spermatozoa in the seminiferous
tubules of both rat and mouse testis. An intensive fluores-
cence was observed in the cytoplasm of primary and sec-
ondary spermatocytes, whereas no fluorescence was seen in
spermatogonia (Fig. 3 a and b). Leydig cells in interstitial
tissue were also nonimmunoreactive. Different seminiferous
tubules containing germ cells at different stages of their
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FIG. 1. In situ hybridization to sections from mouse testis and corpus epididymidis. Sections of mouse testis (a) or corpus epididymidis
(c and d) were hybridized to a NGF cDNA probe labeled with [3H]dCTP by nick-translation. (a) Labeled spermatocytes and early spermatids
in seminiferous tubules. (b) Section adjacent to the one shown in a, hybridized with a plasmid control probe. (c) Epithelial cells in corpus
epididymidis labeled after hybridization to the NGF probe. (d) Similar section as in c, pretreated with RNase A. (Bar = 20 ,um.)
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FIG. 2. RNA blot-hybridization analysis of NGF mRNA in
mouse and rat tissues. Polyadenylylated RNA (10 jLg) from the
indicated tissues were separated on a formaldehyde-containing
agarose gel, blotted onto nitrocellulose, and hybridized with a NGF
DNA probe. The filter was washed at high stringency, followed by
autoradiography.

development showed slightly different distribution of NGF-
like immunoreactive material. Some tubules contained
NGF-like immunoreactivity almost exclusively in primary
and secondary spermatocytes, whereas others showed im-
munoreactive material also in the central parts of the ducts,
corresponding to cells at later stages of spermatogenesis. In
epididymis of both species, immunoreactive material was
found in the duct lumen of caput, corpus (Fig. 3c), and cauda
as well as in the ductus deferens. The immunoreactivity was
observed mainly in sperm cells and in the form of small

bodies resembling the immunoreactive residual bodies also
seen in testis. The immunoreactive signal in epithelial cells
of the various compartments of epididymis was weak.

Preadsorption of the NGF antibody with NGF purified
from the male mouse submandibular gland abolished the
fluorescence in testis and epididymis.

Presence of Biologically Active NGF. Testis and epididymis
from adult mice were homogenized in tissue culture medium,
and the extracts were added to explants of sympathetic
ganglia dissected from 9-day chicken embryos. Cultures
were examined with dark-field microscopy and scored for
fiber outgrowth after 2 days of incubation. Both mouse
extracts caused a significant stimulation of fiber outgrowth
from the sympathetic ganglia (Fig. 4a; data not shown for the
testis). The fiber outgrowth was completely blocked by two
different antibodies raised against mouse NGF (Fig. 4b). The
stimulation of fiber outgrowth indicated the presence of 13
ng of NGF per g of testis and 120 ng of NGF per g of
epididymis when compared to the activity of known amounts
of NGF purified from male mouse submandibular gland. A
two-site enzyme immunoassay likewise showed the pres-
ence of 10 and 70 ng of NGF per g of testis and epididymis,
respectively.

Detection of NGF Receptor mRNA. A DNA fragment from
the recently isolated cDNA clone for the rat NGF receptor
(25) was used as a hybridization probe to investigate the
possible synthesis ofNGF receptor mRNA in both testis and
epididymis. This analysis showed the presence of a 3.4-kb
NGF receptor mRNA in mouse testis (Fig. 5). The size of
this NGF receptor mRNA was slightly smaller than the NGF
receptor mRNA detected in the mouse brain (3.7 kb). The
mouse epididymis contained a low level of a 3.7-kb NGF

FIG. 3. NGF-like immunoreactivity in testis and epididymis. Sections of rat (a) and mouse (b) testis and mouse epididymis (c) were
incubated with affinity-purified mouse NGF antibodies. (a) NGF-like immunoreactivity in spermatocytes of rat seminiferous tubules. The
spermatogonia located between the outer spermatocytes and the autofluorescent basal membrane are negative. (b) NGF-like immunoreactivity
in mouse seminiferous tubules. In addition to the reactivity seen in the spermatocytes, this tubule also shows immunoreactivity towards the
lumen of the duct. Note that the interstitial Leydig cells (lower left) are nonfluorescent. (c) Immunoreactivity in corpus epididymidis of mouse.
In the duct lumen, specific fluorescence is confined to sperm cells and possibly remnants of residual bodies. Fluorescence in the duct wall is
unspecific, as illustrated in an adjacent section (d) treated only with the second antiserum. (Bar = 25 ,um.)
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FIG. 4. Biological assay for NGF activity. Sympathetic ganglia
from a 9-day chicken embryo were incubated in vitro in the presence

of an extract from mouse epididymis. These dark-field micrographs
show stimulation of fiber outgrowth by the extract (a) and block of
the fiber response by addition of affinity-purified anti-NGF antibod-
ies at 2 Ag/ml (b). (Bar = 0.3 mm.)

receptor mRNA, whereas the level ofNGF receptor mRNA
in the mouse testis was clearly higher than in brain.

DISCUSSION

In this report we document the presence ofNGF mRNA and
protein in the rodent male reproductive system by using in
situ hybridization, RNA blot-hybridization analysis, immu-

CL

3.7kb

3.4kb

FIG. 5. RNA blot-hybridization analysis of NGF receptor
mRNA. Polyadenylylated RNA (10 jig) from the indicated mouse
tissues was separated on an agarose gel, blotted onto nitrocellulose,
and hybridized with a 400-bp BstE2 fragment from a rat NGF
receptor cDNA clone. The filter was washed at high stringency,
followed by autoradiography.

nohistochemistry, enzyme-linked immunoassay, and a test
of biological activity.
NGF mRNA-producing cells were identified in the mouse

testis and epididymis by in situ hybridization. RNA blot
analysis confirmed the presence of NGF mRNA in these
tissues. Immunohistochemistry revealed the presence of
NGF-like immunoreactivity in the same cell types as identi-
fied by in situ hybridization to synthesize NGF mRNA in the
testis. This correlation strongly suggests that our in situ
hybridization procedure with a NGF cDNA probe showed
the correct hybridization specificity for NGF mRNA. A
correct specificity of the in situ hybridizations was further
suggested by the absence of labeling with either a control
plasmid probe or after pretreatment of the sections with
RNase A.
The NGF mRNA detected in rat testis was approximately

200 nucleotides longer than in the male mouse submandibu-
lar gland and corresponded in size to a minor NGF mRNA
detected in several adult rat tissues, including heart and
brain (4, 5, 11). The longer NGF mRNA can be the result of
an alternative transcription start, an alternative splicing of a
primary NGF transcript, or a difference in the length or
position of the poly(A) tail. A single consensus hexanucleo-
tide (ATTAAA) specifying polyadenylylation is found at the
3' end of the rat NGF gene (30). Therefore, alternative use of
polyadenylylation signals is unlikely to account for the
longer NGF mRNA species in the testis. Alternative splicing
of NGF transcripts, which in addition to the 1.3-kb mRNA
also generates a shorter NGF mRNA, has been described
(31). A similar mechanism of alternative RNA processing
may explain the longer NGF mRNA seen in testis. Since in
the rat testis only the 1.5-kb NGF mRNA species was
detected, it should be an appropriate tissue to study the
processing and structure of this alternative NGF mRNA.

Biologically active NGF, as assayed with chicken embryo
ganglia in vitro, has been detected in semen and prostate
gland from several mammals, including guinea pig (13),
rabbit (15), shrew (32), and bull (15, 17). However, the cells
responsible for NGF synthesis in the male reproductive
system of these species remain to be identified. Parts of the
male reproductive system, especially vas deferens, are
densely innervated by sympathetic fibers. As shown for
NGF expression in other peripheral tissues, the high density
of sympathetic innervation in vas deferens results in a high
level of NGF mRNA (11, 12). With in situ hybridization,
only endothelial cells of blood vessels have been reported to
be labeled in vas deferens (33). In contrast to NGF expres-
sion in vas deferens, the high levels of NGF mRNA in testis
and epididymis of rat and mouse do not correlate with the
density of sympathetic innervation. In these tissues NGF
mRNA was localized to germ cells and epididymis epithelial
cells.
NGF mRNA and NGF-like immunoreactivity was de-

tected in spermatocytes and early spermatids. The NGF-like
immunoreactivity previously demonstrated in mouse testis
(19) has now been shown to be present also in the rat testis.
In addition, immunoreactivity also was found in the lumen of
ductus epididymidis, where epithelial secretion products are
released. Only weak immunoreactivity was found in the
epithelial cells of epididymis. A stronger immunoreactivity
might be expected with antibodies directed against peptides
derived from the pro-NGF protein.
The highest levels of NGF mRNA were found in the

epididymis, mainly in lower caput and in corpus. The
synthesis ofNGF mRNA in epithelial cells of the convoluted
tubule of corpus epididymidis further suggests that sperm
cells require NGF for proper maturation and migration. The
spermatozoa show anarchic flagellar motility in the proximal
part of caput epididymidis, and they only acquire forward
motility while migrating through epididymis (34-39). The
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change in motility pattern depends on factors produced by
the epididymis epithelium and present in the plasma of
epididymis (40). These factors can be adsorbed on sperma-
tozoa during their migration through epididymis (40). A
specific adsorption of NGF on migrating spermatozoa re-
quires the presence of the NGF receptor on these cells.
Indeed, a high level ofNGF receptor mRNA was detected in
mouse testis. Thus, it is possible that the NGF receptor is
expressed on germ cells, although the cells responsible for
NGF receptor synthesis remain to be identified. If the
presence of the NGF receptor on mature spermatozoa is
confirmed, an autocrine regulation of spermatogenesis by
NGF is likely in similarity with the autocrine control of cell
growth described for platelet-derived growth factor (41, 42).
In addition, NGF immunoreactivity was also found in other
areas of the reproductive system. No NGF mRNA was
found in the lumen of seminiferous tubules, but in some
tubules NGF-like immunoreactivity was seen in mature
spermatozoa. This suggests that NGF mRNA is translated at
an early stage of germ-cell maturation, producing a NGF
protein that remains at all later stages of spermatogenesis.
Therefore, a function for the NGF protein at a late stage of
spermatogenesis may be postulated. NGF-like immunoreac-
tivity was also present on spermatozoa in the lumen of cauda
epididymidis and ductus deferens. The detection of NGF in
sperm cells at various stages of their maturation may suggest
that sperm cells, like neurons (1), need NGF for survival.
The presence of NGF mRNA and protein in male germ cells
and NGF mRNA in epithelial cells supporting germ cell
maturation and migration strongly suggest a nonneurotroph-
ic role for NGF during sperm maturation. However, further
experiments are necessary to reveal the mechanisms by
which NGF could influence sperm cells.
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