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ABSTRACT

The vitamin A metabolite retinoic acid plays an essential sig-
naling role in spermatogenesis by acting as a ligand for nuclear
retinoic acid receptors. However, little is known about the reg-
ulation of retinoic acid synthesis from vitamin A (retinol). Here
we have examined mouse testis and epididymis for the presence
of endogenous retinoic acid and for the expression of genes en-
coding class I and class IV alcohol dehydrogenases (ADH), both
of which catalyze retinol oxidation, the rate-limiting step in the
conversion of retinol to retinoic acid. Using a bioassay we found
that mouse testis and epididymis both have significant levels of
retinoic acid ranging from 7 to 8 pmol/g, an amount known to
be sufficient to optimally activate retinoic acid receptors. In situ
hybridization analysis of mouse testis revealed that class I ADH
mRNA was localized in Sertoli cells and Leydig cells, while class
IV ADH mRNA was confined to late spermatids. In the epidid-
ymis, class I ADH mRNA was detected in both principal and
basal cells, whereas class IV ADH mRNA was limited to basal
cells. Immunohistochemical analyses of testis indicated that
class I ADH protein was localized in Sertoli and Leydig cells,
whereas class IV ADH protein was observed only in late sper-
matids. Class I ADH protein was localized in principal and basal
cells of the cauda epididymidis but only in basal cells of the
caput epididymidis. Class IV ADH protein was limited to basal
cells along the entire length of the epididymis. These results sup-
port a role for ADHs during spermatogenesis, potentially as ret-
inol dehydrogenases catalyzing local retinoic acid synthesis in
the testis and epididymis.

INTRODUCTION

Vitamin A (retinol) is known to play an essential role in
spermatogenesis and maintenance of epithelia including
those of the reproductive tract [1]. Recent studies have
shown that the active form of vitamin A is retinoic acid,
an oxidative metabolite of retinol, which serves as a ligand
for nuclear retinoic acid receptors [2, 3]. Administration of
retinoic acid via the bloodstream to vitamin A-deficient an-
imals restores epithelia to their normal state but does not
support spermatogenesis, possibly owing to its inability to
efficiently cross the blood-testis barrier [4]. It has been
demonstrated that the bloodstream normally contains a low
concentration of retinoic acid that can be taken up in sig-
nificant amounts by most organs but that the testis is ex-
tremely poor in retinoic acid uptake [5]. However, it has
recently been demonstrated that high repeated doses of re-
tinoic acid administered intraperitoneally can restore sper-
matogenesis [6, 7]. Furthermore, male mice with a knock-
out mutation of the retinoic acid receptor ox gene exhibit
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testis degeneration and sterility, indicating that retinoic acid
is indeed the active retinoid required for spermatogenesis
[8]. A mechanism has been proposed for the active trans-
port of retinol from the bloodstream into the Sertoli cells
within the seminiferous tubules, where it is stored as retinyl
esters [9-12]. This suggests that retinoid signaling during
spermatogenesis normally involves the local conversion of
retinol to retinoic acid in the seminiferous tubule, although
the cells performing this function have not been identified.
Maturation of spermatozoa in the epididymis may also in-
volve retinoic acid, since this molecule has been detected
in rat epididymal tissue [13] and since mice carrying reti-
noic acid receptor mutations exhibit epididymal abnormal-
ities [14].

Little is known about the regulation of retinoic acid syn-
thesis in the testis or epididymis. On the basis of studies
performed in other organs, it is assumed that synthesis oc-
curs by two sequential oxidation steps in which retinol is
first oxidized to retinal (the rate-limiting step) and retinal
is then oxidized to retinoic acid [15-17]. The enzyme cat-
alyzing retinol oxidation in mouse epidermis, another reti-
noid target tissue, has been identified as an isozyme of al-
cohol dehydrogenase (ADH) [18], now known as class IV
ADH [19]. The epidermis was also found to have a retinal-
oxidizing activity with the properties of an aldehyde de-
hydrogenase [18]. Several classes of ADH exist, and studies
have shown that class I ADH and class IV ADH catalyze
retinol oxidation in both humans and rodents [18, 20-22].
These ADHs are characterized by high affinities for retinol,
as indicated by Km values in the low micromolar range, but
by low affinities for ethanol, as indicated by Km values in
the millimolar range. This suggests that some forms of
ADH may normally play a role in endogenous retinol me-
tabolism instead of (or in addition to) a role in metabolism
of toxic alcohols such as ethanol. Further studies are needed
to determine whether there are links between ADHs and
retinoic acid production.

In the present study, we have examined the levels of
endogenous retinoic acid in mouse testis and epididymis,
as well as the expression of class I and IV ADH genes, in
order to investigate the potential role of ADH in retinoic
acid synthesis during spermatogenesis in the mouse.

MATERIALS AND METHODS

Bioassay Detection of Retinoic Acid

The retinoic acid reporter cell line F9-RARE-lacZ (Sil-
15) was used as a bioassay to monitor the presence of re-
tinoic acid. F9-RARE-lacZ was derived from stable trans-
fection of mouse F9 teratocarcinoma cells with a transgene
consisting of a promoter linked to a retinoic acid response
element driving the expression of lacZ encoding -galac-
tosidase [23]. Through the monitoring of -galactosidase
activity produced in response to retinoic acid induction of
the transgene promoter, this reporter cell line has been used
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previously to quantitate retinoic acid in tissue homogenates
added to the growth media [24, 25]. This assay is particu-
larly useful for the analysis of tissues with a limited sample
size.

F9-RARE-lacZ cell stocks were maintained in L15 CO 2
medium as described previously [23]. Retinoic acid was
quantitated in testis and epididymis from adult male mice
(strain FVB/N) by a modification of methods previously
described [25]. Tissue was dissected, immediately weighed,
and frozen. Tissue (10-20 mg) was diluted with 100 pl of
L15 CO 2 medium and homogenized in a 200-iil ground-
glass micro tissue grinder. The homogenate was transferred
to a 1.5-ml microcentrifuge tube, subjected to three cycles
of freeze/thaw (dry ice/ethanol bath for 5 min followed by
37°C bath for 5 min), incubated for 1 h at 4°C, and then
centrifuged at 12 000 x g for 5 min at 40C. The supernatant
(100 IL1) was removed and serial dilutions were made using
L15 CO 2 medium. Dilutions of the homogenates (100-pl
total volume) were added to F9-RARE-lacZ cells growing
in 96-well microtiter plates; after 18-h incubation the cells
were fixed in 1% glutaraldehyde, and [3-galactosidase ac-
tivity was visualized with 5-bromo-4-chloro-3-indolyl-3-D-
galactopyranoside as described previously [26]. The inten-
sity of the blue reaction product was measured with an
ELISA microtiter plate reader at an absorbance of 650 nm.

To estimate the concentration of retinoic acid in the tis-
sue homogenates, a standard curve was created by treating
F9-RARE-lacZ cells with known concentrations of all-
trans-retinoic acid and plotting the concentration vs. the
A6 50 as previously described [25]. The linear range for ac-
curate estimation of retinoic acid was 0.1-10 nM. The re-
tinoic acid concentration in the diluted homogenates was
determined from the standard curve, and this value was
converted to the retinoic acid concentration in the tissue
(pmol/g) by using the weight of the tissue prior to homog-
enization and the dilution factors caused by homogeniza-
tion and addition of homogenates to media for the bioassay.
Tissues having a retinoic acid concentration of at least 1
pmol/g prior to dilution can be effectively measured with
this bioassay.

As indicated previously, this assay is optimal for detec-
tion of all-trans-retinoic acid but will also detect the 9-cis
and 13-cis isomers of retinoic acid with lower efficiency
[25]. Also, it has recently been discovered that 4-oxo reti-
noids can activate the retinoic acid receptor [27, 28] and
may activate the reporter gene in F9-RARE-lacZ cells.
Thus, a limitation of the assay is that the results reflect the
combined levels of all biologically active ligands in the
tissues examined. Also, since this assay measures changes
in absorbance at 650 nm as an index of -galactosidase
activity, there may be other factors present in tissues that
effect 650-nm absorbance.

Tissue Sectioning and In Situ Hybridization

Testis and epididymis from adult (> 8 wk old) male
mice (strain FVB/N) were fixed, embedded in paraffin, sec-
tioned at 6-10 m, and processed for in situ hybridization
under high-stringency conditions as described previously
[29]. The hybridization probes consisted of 3 5 S-labeled an-
tisense RNAs derived from the full-length cDNAs for
mouse class I ADH [30, 31] and class IV ADH [19] sub-
cloned in pBluescript II KS (Stratagene Cloning Systems,
Inc., La Jolla, CA). Antisense RNA was synthesized using
[a- 3 5S]UTP and T3 or T7 RNA polymerase as described
earlier [29]. As a control to monitor background detection

we used a sense RNA probe transcribed from the plasmid
containing the mouse class I ADH cDNA. We have previ-
ously shown that no cross-hybridization is observed be-
tween the ADH classes under high-stringency conditions in
either Northern or Southern blots, probably because of the
low ADH interclass sequence identity, which is in the 60%
range [19].

Slides were exposed to emulsion for 2-3 wk prior to
development. Staining of hybridized sections was per-
formed with neutral red, and adjacent nonhybridized sec-
tions were stained with hematoxylin and eosin as described
previously to observe tissue morphology [32]. Hybridiza-
tion results were observed by darkfield microscopy, and
stained adjacent sections were observed by brightfield mi-
croscopy.

Immunohistochemistry

Rabbit polyclonal antisera against mouse class I ADH
and class IV ADH were generated from four monthly in-
jections of 200 Ipg of each protein expressed in Escherichia
coli as a fusion protein with glutathione-S-transferase
(GST) using the pGEX-4T-2 plasmid vector system (Phar-
macia Biotech, Uppsala, Sweden). To remove residual
cross-reactivity to the other class of ADH, each crude an-
tiserum was preabsorbed by incubation either with an ac-
etone powder of a crude lysate of E. coli expressing an
unspecific GST-ADH fusion protein, or with 100 Ipg of an
unspecific GST-ADH fusion protein resolved by SDS-
PAGE and electroblotted onto filter strips. Antisera so treat-
ed were observed by Western blot analysis to react with
the GST fusion protein of the specific class of ADH used
to generate the antisera, but they lacked cross-reactivity ei-
ther to purified GST or to the GST fusion protein of the
other class of ADH (data not shown).

Affinity purification of either class I or class IV ADH-
specific antibodies was performed using 100-pg aliquots of
GST-ADH fusion protein electroblotted to polyvinylidiene
fluoride membrane. These small filter strips were first
blocked for 1 h with 5% BSA in PBS and then added to a
1-ml volume of preabsorbed antiserum diluted 1:10 in the
aforementioned solution. After incubation for 24-72 h with
gentle agitation at 4°C, the filters were washed three times,
10 min each, with excess PBS and then placed in 1 ml ice-
cold 100 mM glycine (pH 2.2). The filter was incubated
for 3 min on ice with occasional gentle up and down pi-
petting to facilitate elution of bound antibodies. The 1-ml
volume was removed from the filter and neutralized by ad-
dition of a titrated amount of 2 M Tris base. BSA was
added to a level of 5% as a stabilizing agent, and the prep-
arations were routinely stored for a month at 4°C with no
appreciable loss of immunoreactivity. Concentrations of pu-
rified antibodies were estimated by comparison of Western
blot signals of serially diluted preparations to known con-
centrations of commercially available rabbit IgG detected
by horseradish peroxidase-conjugated goat anti-rabbit an-
tiserum (Sigma Chemical Co., St. Louis, MO).

Sections of adult mouse testis and epididymis embedded
in paraffin were subjected to immunohistochemical analysis
using the Vectastain ABC kit (Vector Laboratories, Inc.,
Burlingame, CA). For epididymis, sections of the caput,
corpus, and cauda were examined. Incubation was per-
formed for 30 min with purified antibody serially diluted
in normal blocking solution provided in the Vectastain kit.
Incubation with diaminobenzidine for color detection was
performed for 3 min; this was followed by dilution in tap
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FIG. 1. Measurement of retinoic acid in testis and epididymis using a
bioassay. A) Shown is a standard curve for retinoic acid detection gen-
erated by treating F9-RARE-/acZ reporter cells with known concentrations
of all-trans-retinoic acid, then measuring the induction of -galactosidase
activity spectrophotometrically at A650.B) Retinoic acid concentrations are
shown for adult mouse liver, testis, epididymis, and heart. These values
were determined by treatment of reporter cells with tissue homogenates,
conversion of the determined A6,,, value to retinoic acid concentration in
the homogenate using the standard curve, and conversion of this value
to the concentration in the tissue by knowing the dilution factor (at least
10-fold for all tissue examined here). Heart homogenates gave values
below the linear range of the assay (below 0.1 nM), indicating that the
retinoic acid concentration in heart tissue was below 1.0 pmol/g. Values
are averages of four independent homogenates, + SD.

water to stop the reaction. Slides were not counterstained
prior to mounting and observation by brightfield micros-
copy. Optimal class I ADH staining in testis or epididymis
was obtained using class I ADH affinity-purified antibody
at 0.05 txg/ml. Optimal class IV ADH staining in the testis
was obtained using class IV ADH purified antibody at 0.1
,Ig/ml, while a concentration of 0.01 txg/ml gave optimal
staining in the epididymis. Control incubations with serially
diluted preimmune serum failed to detect signals specific
to either class I ADH or class IV ADH in testis or epidid-
ymis.

RESULTS
Bioassay Measurement of Retinoic Acid Levels in Testis
and Epididymis

A sensitive bioassay using a retinoic acid reporter cell
line (F9-RARE-lacZ) was used to quantitate retinoic acid

levels in homogenates of adult mouse testis and epididymis.
Figure 1A shows the results of -galactosidase activity in
reporter cells that was induced by treatment with known
concentrations of all-trans-retinoic acid to create a standard
curve. The retinoic acid concentrations in adult mouse liver,
testis, epididymis, and heart were determined by treating
the reporter cells with homogenates of these tissues (Fig.
IB). The retinoic acid concentrations determined by this
bioassay were as follows: liver (24.8 + 9.2 pmol/g), testis
(7.8 + 1.7 pmol/g), epididymis (6.6 + 0.4 pmol/g), and
heart (< 1.0 pmol/g).

Expression of Class I ADH and Class IV ADH Genes in
Testis

ADH mRNA was detected in sections of adult mouse
testis by in situ hybridization. A hematoxylin/eosin-stained
section through the mouse testis, observed under bright-
field, shows the morphology of this structure; the seminif-
erous tubule shown has numerous late spermatids along the
lumen (Fig. 2A). An adjacent section hybridized to an an-
tisense RNA probe specific for the mouse class I ADH gene
indicated that mRNA was localized in some of the inter-
stitial cells (Leydig cells), with also a diffuse signal
throughout the seminiferous tubule (Fig. 2B). Conversely,
an antisense RNA probe specific for the class IV ADH gene
indicated that this mRNA was localized only in the semi-
niferous tubule, primarily in the luminal half of the epithe-
lium containing spermatids, with no detection in seminif-
erous epithelial cells near the basal lamina (Fig. 2C). Anal-
ysis of seminiferous tubules at various stages of spermato-
genesis indicated that class IV ADH mRNA was detected
only in sections containing numerous late spermatids, fur-
ther indicating an absence of expression in Sertoli cells,
spermatogonia, and spermatocytes, which are present at all
stages (data not shown). A sense RNA probe used as a
control shows the level of background detection during in
situ hybridization (Fig. 2D). Spermatozoa present in the
lumen of the seminiferous tubule contained neither class I
ADH mRNA nor class IV ADH mRNA (Fig. 2, B and C).

Epididymal Expression of Genes for Class I and Class IV
ADHs

Sections of adult mouse epididymis were examined for
ADH gene expression by in situ hybridization. A mouse
cauda epididymal section stained with hematoxylin/eosin
and observed under brightfield shows the morphology of
this structure (Fig. 3A). An adjacent section hybridized to
an antisense RNA probe specific for the mouse class I ADH
gene indicated that mRNA was present throughout the cau-
da epididymal epithelium including the principal cells lin-
ing the lumen and the basal cells along the basal lamina
(Fig. 3B). Whereas class I ADH mRNA was detected in
both principal and basal cells of the cauda epididymidis
(Fig. 3B), it was detected in only basal cells of the caput
epididymidis (data not shown). In contrast, an antisense
RNA probe specific for the class IV ADH gene indicated
that in the cauda epididymidis this mRNA was localized
exclusively in basal cells and was absent from the principal
cells (Fig. 3C). Class IV ADH mRNA was also absent from
the principal cells of the caput and corpus epididymidis but
remained in the basal cells (data not shown). A control
sense RNA probe did not detect a specific signal in the
cauda epididymidis during in situ hybridization (Fig. 3D).
Neither class I ADH nor class IV ADH mRNAs were de-
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FIG. 2. Localization of class I ADH and
class IV ADH mRNAs in the testis. A)
Brightfield view of testicular section
stained with hematoxylin/eosin showing
an accumulation of elongating spermatids
along the lumen of the seminiferous tu-
bule, and adjacent interstitial Leydig cells.
B) Darkfield view of in situ hybridization
results for class I ADH gene expression
showing mRNA detection within some in-
terstitial Leydig cells as well as a diffuse
signal throughout the seminiferous tubule.
C) In situ hybridization results for class IV
ADH gene showing mRNA localization in
spermatogenic cells within the luminal
half of the seminiferous tubule. D) Results
of in situ hybridization with a sense RNA
control probe. L, Leydig cells within inter-
stitial region; S, spermatids. x144.

tected in spermatozoa present within the lumen of the cauda
epididymidis (Fig. 3, B and C).

Localization of ADHs in Male Reproductive Tract by
Immunohistochemistry

Sections of adult mouse testis and epididymis were ex-
amined for ADH protein localization using affinity-purified
antibodies specific to class I ADH or class IV ADH. The
morphology of the testis is shown by a section stained with
hematoxylin/eosin (Fig. 4A). Immunodetection of an adja-
cent section with class I ADH-specific antibodies revealed
a specific signal in both Sertoli cells and Leydig cells but
no detection in spermatogenic cells (Fig. 4B). Not all Ley-
dig cells appeared to stain for class I ADH, indicating some
heterogeneity in the interstitial cells. In contrast, immuno-
detection of an adjacent testis section with class IV ADH-
specific antibodies revealed a specific signal in late sper-
matids along the luminal portion of the seminiferous tubule,
with no detection above background in other germ cells or
Sertoli cells or Leydig cells (Fig. 4, C and D). A preimmune
serum control indicated no specific immunostaining in the
testis (Fig. 4E). A class IV ADH signal was observed only
in seminiferous tubules containing numerous late sperma-
tids and appears to be in the residual bodies of spermatids
that, upon release of spermatids, are phagocytosed by Ser-
toli cells (Fig. 4D).

The morphology of the caput epididymidis is shown by
a section stained with hematoxylin/eosin (Fig. 4F). Class I
ADH immunodetection of an adjacent section through the
caput epididymidis revealed the presence of protein only in
basal cells (Fig. 4G), and the same was true for class IV
ADH immunodetection in the caput (Fig. 4H). However,

class I ADH immunodetection in the cauda epididymidis
indicated a specific signal in both principal and basal cells
(Fig. 41), whereas class IV ADH protein was still confined
to only basal cells (data not shown). As a control, incuba-
tion with preimmune serum led to no specific immunode-
tection in the cauda epididymidis (Fig. 4J). Basal cell im-
munodetection for class I ADH appeared to be less prom-
inent in the cauda than in the caput epididymidis (Fig. 4,
G and I); the corpus appeared to represent a transition zone
where basal cell detection became less apparent than in the
caput whereas principal cell detection became more appar-
ent than in the caput (data not shown).

DISCUSSION

The data reported here demonstrate the existence of re-
tinoic acid in testis and epididymis of the mouse. We found
that retinoic acid was present at a concentration of 8 pmol/g
in the testis and 7 pmol/g in the epididymis. Mouse liver
was found to have a retinoic acid concentration of 25
pmol/g, but mouse heart retinoic acid was not detectable
above 1 pmol/g, the limit of detection with the bioassay.
The concentrations of retinoic acid we detected in mouse
testis and epididymis (i.e., 7-8 pmol/g or approximately 7-
8 nM) are sufficient to optimally activate nuclear retinoic
acid receptors that have ED50o values of approximately 1-
10 nM in biological assays [33-35]. The measurements of
biologically active retinoic acid in tissues using this bio-
assay can be compared to the results obtained by others
using chromatographic methods to quantitate retinoic acid.
Previous measurements from adult rat tissues indicated that
all-trans-retinoic acid is present at a concentration of 11
pmol/g in the testis, 14 pmol/g in the epididymis, and 11
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FIG. 3. ADH mRNA localization in
mouse cauda epididymidis. A) Brightfield
view of section stained with hematoxylin/
eosin showing the principal cells and ba-
sal cells, as well as spermatozoa in the lu-
men. B) Darkfield view of in situ hybrid-
ization results for class I ADH gene ex-
pression showing mRNA detection in both
principal and basal cells. C) In situ hybrid-
ization results for class IV ADH gene
showing mRNA localization limited to the
basal cells of the epithelium. D) Results of
in situ hybridization with a sense RNA
control probe. b, basal cells; p, principal
cells. x300.

pmol/g in the liver [5]. In another study, retinoic acid was
quantitated at 13-35 pmol/g in the rat epididymis [13]. Our
bioassay measurements for testis, epididymis, and liver in
the mouse were thus similar to those determined by chro-
matographic methods for the rat, differing by approximate-
ly twofold. Some of this variation may result from rat/
mouse species differences in retinoic acid levels.

In order to determine whether ADHs are present in the
correct location to participate in retinoic acid synthesis in
the male reproductive tract, we examined the expression
patterns for class I and class IV ADHs, both of which are
known to function as retinol dehydrogenases in vitro [18,
20, 21]. In the seminiferous tubules, class I ADH mRNA
was scattered throughout the epithelium, and immunohis-
tochemical analysis indicated that class I ADH protein was
limited to Sertoli cells. In contrast, class IV ADH mRNA
and protein were localized in spermatids along the luminal
half of the epithelium, being absent in other germ cells and
Sertoli cells. In particular, immunodetection of class IV
ADH protein indicated that localization was primarily in
late spermatids, suggesting that this is the site of action for
this form of ADH. Since the testis has been shown to be
very poor in retinoic acid uptake from the circulation [5],
it is very likely that this organ must synthesize its own
retinoic acid from retinol. Testicular peritubular cells have
been shown to import retinol from serum retinol-binding
protein and may facilitate retinol transport into the semi-
niferous tubule [12]. Retinol can be transported into cul-
tured Sertoli cells where it accumulates to a concentration
of 75 nmol/g [10], an amount quite sufficient to serve as a
substrate for retinoic acid synthesis. However, previous

studies have not determined whether Sertoli cells or sper-
matogenic cells can oxidize retinol to retinoic acid. Detec-
tion of class I ADH protein in Sertoli cells as well as class
IV ADH protein in late spermatids provides evidence that
both of these cells may be sites of retinoic acid synthesis
needed to support spermatogenesis. Many epithelia require
retinoic acid to maintain their differentiated state, including
those of the testis [1, 8], and class I ADH in Sertoli cells
may function to produce retinoic acid for the seminiferous
tubule epithelium. The presence of class IV ADH in late
spermatids, as opposed to spermatogonia or spermatocytes
or Sertoli cells, suggests that this enzyme may function to

FIG. 4. Immunohistochemical localization of ADH in male reproductive
tract. A) Hematoxylin/eosin-stained section of adult mouse testis. B) Class
I ADH immunodetection of adjacent testis section showing specific pro-
tein localization in the Sertoli cells and some Leydig cells. C) Class IV
ADH immunodetection of adjacent testis section indicating specific pro-
tein detection within the seminiferous tubule in late spermatids but not
in Leydig cells, Sertoli cells, or spermatogonia, which exhibited back-
ground. D) Another view of class IV ADH immunodetection in a testis
section limited to late spermatids. E) Control testis section treated with
preimmune serum. F) Hematoxylin/eosin-stained section of caput epidid-
ymidis. G) Class I ADH immunodetection in adjacent section of the caput
epididymidis showing localization in only the basal cells; principal cells
lining the lumen show no protein detection. H) Class IV ADH immunod-
etection in the caput epididymidis showing localization only in basal
cells. I) Class I ADH immunodetection in the cauda epididymidis local-
ized in principal cells and to a lesser extent in basal cells. I) Preimmune
serum control of cauda epididymidis. B, basal cells; L, Leydig cells; P,
principal cells; S, late spermatids; Se, Sertoli cells. A-E), x200; F-H),
x400; I-1), x200.
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provide retinoic acid specifically for spermatid cell matu-
ration during spermiogenesis.

Detection of class I ADH mRNA and protein in the tes-
ticular interstitial regions was heterogeneous, but their pres-
ence in some of the Leydig cells was clear. In addition to
its ability to catalyze retinol oxidation, class I ADH has
been found to function in vitro as a 3-hydroxy-5p3-steroid
dehydrogenase in the testosterone metabolic pathway [36,
37]. Thus, it is possible that class I ADH may play a role
in testosterone production and secretion within Leydig
cells. This proposed function of class I ADH could be lim-
ited to steroid modification, since we know of no evidence
implicating Leydig cells in testicular retinoic acid produc-
tion. Class IV ADH does not metabolize 3-hydroxyster-
oids in vitro [22], and its mRNA was clearly not expressed
in Leydig cells.

Spermatozoal maturation occurs in the epididymis, and
there is evidence that retinoic acid is involved in this pro-
cess as well as in the maintenance of the epididymal epi-
thelium [1, 13, 14]. Retinol, the precursor of retinoic acid,
has been demonstrated to exist in the epididymis at a con-
centration of 2.7 nmol/g [13]. We observed both class I
ADH and class IV ADH gene expression in the mouse ep-
ididymal epithelium, suggesting that either of these en-
zymes may play a role in local retinoic acid synthesis from
retinol in this tissue. Also, our bioassay detected a signifi-
cant amount of retinoic acid in mouse epididymal homog-
enates. Class IV ADH mRNA and protein were not de-
tected in principal cells but were observed in basal cells
along the entire length of the epididymis. Class I ADH
mRNA and protein were observed in principal cells of the
cauda region only and in basal cells of both the caput and
cauda regions; however, the immunointensity was much
stronger in the caput than in the cauda. Our results suggest
that the caput and cauda epididymal epithelia may have
different properties related to the function of ADH. One
such property may be efficiency of retinoic acid synthesis.
This is supported by studies of rat epididymis in which it
was demonstrated that cauda epididymidis has approxi-
mately 2.7-fold more retinoic acid than caput epididymidis
[13]. Class I ADH is much more abundant in the cauda
than in the caput, primarily because of its presence in the
principal cells of the cauda. Thus, it is possible that class
I ADH in principal cells may function as a retinol dehy-
drogenase to provide an increased level of retinoic acid
synthesis in the cauda relative to the caput. Class IV ADH
is not differentially expressed along the length of the epi-
didymis, but its expression in the basal cells may help pro-
vide a baseline level of retinoic acid needed along the entire
length of the epididymis. Interestingly, retinoic acid recep-
tor a is also differentially expressed in the epididymis, be-
ing high in the caput and cauda but low in the corpus [38].
Further investigation is needed to determine whether dif-
ferential expression of enzymes and receptors is significant
for retinoid signaling in the epididymis.

We did not detect expression of class I ADH or class IV
ADH (either mRNA or protein) in the spermatozoa present
in the lumen of either the testis or epididymis. However,
sperm isolated from rat epididymis have been found to con-
tain retinoic acid at 7-10 pmol/g [13]. Thus, it appears un-
likely that either ADH examined here could be responsible
for local synthesis of retinoic acid in spermatozoa them-
selves, although class IV ADH in late spermatids may con-
tribute to the production of retinoic acid that remains stored
within spermatozoa. Another possibility is that spermatozoa
acquire retinoic acid by uptake from the epididymal lumen,

since there is an epididymal retinoic acid-binding protein
secreted into the lumen that may shuttle retinoic acid from
the epithelium to spermatozoa [39]. Perhaps class I or class
IV ADHs present in the epididymal epithelium participate
in the synthesis of retinoic acid that is transported to this
luminal binding protein.

In summary, we have used a bioassay to measure reti-
noic acid levels in mouse testis and epididymis. We have
found that these tissues contain levels of endogenous reti-
noic acid sufficient to optimally activate retinoic acid re-
ceptors, suggesting that they are competent to locally syn-
thesize retinoic acid from retinol. Class I and class IV
ADHs, both known to function as retinol dehydrogenases,
were detected in specific cells of the testis and epididymis,
suggesting that they may function in the generation of re-
tinoic acid for these tissues. Genetic studies using the
mouse can be used to further examine the potential roles
of class I and class IV ADHs in retinoic acid synthesis
during spermatogenesis.
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