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ABSTRACT

Perturbations in the vitamin A metabolism pathway could be a
significant cause of male infertility, as well as a target toward the
development of a male contraceptive, necessitating the need for
a better understanding of how testicular retinoic acid (RA)
concentrations are regulated. Quantitative analyses have re-
cently demonstrated that RA is present in a pulsatile manner
along testis tubules. However, it is unclear if the aldehyde
dehydrogenase (ALDH) enzymes, which are responsible for RA
synthesis, contribute to the regulation of these RA concentration
gradients. Previous studies have alluded to fluctuations in ALDH
enzymes across the spermatogenic cycle, but these inferences
have been based primarily on qualitative transcript localization
experiments. Here, we show via various quantitative methods
that the three well-known ALDH enzymes (ALDH1A1, ALD-
H1A2, and ALDH1A3), and an ALDH enzyme previously
unreported in the murine testis (ALDH8A1), are not expressed
in a stage-specific manner in the adult testis, but do fluctuate
throughout juvenile development in perfect agreement with the
first appearance of each advancing germ cell type. We also
show, via treatments with a known ALDH inhibitor, that
lowered testicular RA levels result in an increase in blood-testis
barrier permeability, meiotic recombination, and meiotic
defects. Taken together, these data further our understanding
of the complex regulatory actions of RA on various spermato-
genic events and, in contrast with previous studies, also suggest
that the ALDH enzymes are not responsible for regulating the
recently measured RA pulse.

ALDH, blood-testis barrier, meiosis, retinoic acid, testis

INTRODUCTION

Vitamin A metabolism is vital for proper spermatogenesis.
Precise regulation of the availability of retinoic acid (RA), the
active metabolite of vitamin A, is important for spermatogonial
differentiation, blood-testis barrier (BTB) function, meiotic
initiation, and proper spermiation (reviewed in [1]). However,
the extent of the role that RA plays in regulating these
spermatogenic processes or the enzymes and cell types
involved in controlling RA levels within the mammalian testis
have yet to be fully elucidated. An enhanced understanding of
how RA concentrations are regulated within the testis and the
complex effects of this molecule on various events during
spermatogenesis could have important clinical implications for
the treatment of idiopathic male infertility, as well as the
development of a safe, effective, and reversible oral male
contraceptive.

Retinol, the alcohol form of vitamin A, is transported via
serum throughout the body. Once it reaches target tissues,
retinol is converted to RA by way of a two-step enzymatic
process, the last of which is catalyzed by the aldehyde
dehydrogenase (ALDH) enzymes [2]. There are three known
RA-synthesizing ALDHs, the transcripts of which have been
localized within the murine testis: Aldh1a1, Aldh1a2, and
Aldh1a3 [3–5]. Thus far, however, reports regarding the
localization of these enzymes have been contradictory,
incomplete, and focused predominantly on the adult mouse
testis. A recent publication reported cell-specific ALDH protein
localization in the adult human testis [6], yet the near complete
lack of available prepubertal human tissue has meant that the
expression and activity of these enzymes during human testis
development has remained unclear. A thorough investigation
of the ALDH enzymes in both the neonatal and adult testis will
help clarify results from contradictory studies and advance our
understanding of RA synthesis in the testis throughout
development, using the mouse as a model of mammalian
spermatogenesis.

There are now multiple lines of evidence to support the
hypothesis that RA gradients exist along testis tubules [4, 5, 7],
yet there are no data addressing how these gradients are
established. Several transcript localization studies have alluded
to ALDH1A2 perhaps regulating testicular RA in a pulsatile
manner [4, 5], but no quantitative data exist to support this
conclusion. Interestingly, the ALDH isozymes have recently
been predicted to contribute differently to total testicular RA
levels [6, 8]. While 10-fold more ALDH1A1 protein is present
in the murine testis compared to ALDH1A2, ALDH1A2 is
expected to contribute 61% of the total RA synthesis in the
murine testis [8], while, in the human testis, the expected
contribution of ALDH1A2 is lower: just 15% [6]. Notably,
these studies were performed on whole testis, not in a stage-
specific manner, making it impossible to determine if these
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differences in isozyme activity contribute to generating RA
gradients along testis tubules. A quantitative analysis to
measure undulations in ALDH expression and activity along
testis tubules is required to determine whether these enzymes
are responsible for the proposed RA pulse.

The pulsatility of RA also highlights its importance during
spermatogenesis. RA is thought to be vital for several
spermatogenic processes, all of which take place when RA
levels are highest [1, 7]. The best characterized of these is
spermatogonial differentiation, but RA has also been implicat-
ed in BTB reorganization, meiotic initiation, and spermiation
(see [1, 9] and references therein). The BTB is misregulated in
mice with aberrant RA signaling in Sertoli cells [10], and the
transcription of Stra8, a gene known to be important for proper
meiosis [11, 12], is under the direct control of RA [13, 14].
Genes associated with regulating both BTB formation and
maintenance, and meiotic initiation and execution have also
been shown to be misregulated in RA-deficient models [15].

Due to the complex organization of the testis, the direct
study of the mechanisms by which RA controls BTB
reorganization, meiotic initiation, and spermiation is difficult.
RA-deficient models, as well as their respective RA rescue
models, have been used in an attempt to elucidate the roles of
this molecule during spermatogenesis [15–25], but have
numerous disadvantages. Animals on a vitamin A-deficient
(VAD) diet can still release retinol from stored retinyl esters, so
an extended length of time is required for the animals to
become RA deficient [2]. While it is possible to examine
spermatogenesis in animals during induced RA deficiency [16,
20, 21], RA levels were not quantified in these models. As a
result, the extent to which dietary induced-deficiency lowers
RA levels over time within the testis is unknown, making it
difficult to draw conclusions regarding how RA deficiency
leads to aberrant spermatogenesis. In addition, once a testis is
completely RA deficient, the only germ cells present within the
seminiferous tubules are undifferentiated spermatogonia; when
RA is reintroduced to this environment, spermatogenesis
continues normally, albeit in a synchronous manner [19, 21,
22, 24, 25]. While providing an excellent tool for the study of
spermatogonial differentiation, these RA-deprived models are
not useful in determining the effects of RA on other
spermatogenic processes, such as BTB reorganization and
meiotic initiation, as the relevant cell types are not present in
the RA-deficient environment. This is of particular importance,
because the inhibition of RA synthesis is currently being
pursued as a potential nonhormonal, male contraceptive
(reviewed in [26]). Treatment with WIN 18 446, a potent
inhibitor of RA synthesis, has been shown to inhibit
spermatogenesis in a variety of species, but the manner in
which spermatogenesis is adversely affected has not been
investigated.

The goals of this study were to determine: 1) the cell types
that synthesize RA in the developing postnatal murine testis, 2)
if ALDHs are responsible for the generation of RA pulses in
the testis, and 3) if any spermatogenic defects are associated
with this lowered testicular RA environment. Based on ALDH
localization, protein quantification, and enzyme activity, the
results of this study strongly suggest that ALDH availability is
not primarily responsible for the regulation of the RA pulse.
Additionally, it is evident that an RA-deficient environment is
detrimental to both BTB permeability and meiosis.

MATERIALS AND METHODS

Animal Care and Handling

All experiments were conducted using C57BL/6-129 mice following the
approval of the Washington State University Animal Care and Use Committee.
Mouse colonies were housed in a temperature- and humidity-controlled
environment, and food and water was provided ad libitum. Mice were treated as
described below and killed by CO

2
asphyxiation, followed by either

decapitation (0–10 days postpartum [dpp]) or cervical dislocation (.10 dpp).
Tissue was dissected from the mouse for further analysis.

WIN 18 446 and RA Treatments

Spermatogenesis was synchronized as previously described [22]. Briefly, 2
dpp male mice were treated with 100 lg/g body weight WIN 18 446 (a kind gift
from Dr. John Amory, University of Washington) or vehicle (1% gum
tragacanth) for 7 days. On the following day (eighth day of treatment, 9 dpp),
the animals were either killed as WIN 18 446 or vehicle (1% gum tragacanth)
only-treated animals or treated with 200 lg all-trans RA (atRA) (Sigma-
Aldrich), or vehicle (dimethyl sulfoxide). No adverse side effects were
witnessed in animals treated with WIN 18 446/RA or vehicle. The animals
given injections were then killed at various time points between 1 and 16 days
after treatment (induced spermatogenic synchrony) for neonatal analysis or 42–
49 days for analysis of synchronized spermatogenesis in the adult testis. For the
neonatal time points, pooled testis samples (n¼ 3 per time point) weighing at
least 30 lg each (approximately three animals for 0–4 days posttreatment, two
animals for 6 days posttreatment, and one animal for all older time points) were
used for ALDH quantification and activity. For each adult animal, one testis
was used to determine synchrony by examining the histology across the whole
testis and the other was used for ALDH quantification and activity
measurements.

To investigate the effects of ALDH inhibition on adult spermatogenesis,
adult mice (3–5 mo of age) were treated orally with either 125 mg/kg/day WIN
18 446 or vehicle (1% gum tragacanth) for 1, 8, or 12 days. Animals were killed
between 0 and 24 hours after their last dose. The testes were then dissected
from these animals and used for RA quantification, biotin permeability assays,
meiotic spreads, or RNA sequencing.

Western Blotting

Western blots were performed using rabbit polyclonal antibodies specific to
ALDH1A1 (ab24343, 0.1 lg/ml; Abcam plc), ALDH1A2 (13951-1-AP, 1.3
lg/ml; Proteintech Group), ALDH1A3 (AP7847a, 2.5 lg/ml; Abgent), and
ALDH8A1 (sc-130686, 0.1 lg/ml; Santa Cruz Biotechnology). Briefly, equal
amounts of adult mouse testis protein was loaded onto and separated via SDS-
PAGE (#456-1084; Bio-Rad Laboratories) and transferred to a nitrocellulose
membrane. The membrane was then washed briefly with Tris-buffered saline
(TBS; 50 mM Tris base, 0.9% NaCl, pH 7.5) and blocked with 5% skim milk in
TBS þ 0.1% Tween-20 (TBS-T) for 1 h at room temperature. Antibodies were
diluted in 5% skim milk/TBS-T and applied to the membranes for
approximately 20 h at 48C. The membranes were then washed three times
with TBS-T for 5 min each at room temperature. Secondary antibody (#7074,
1:1000 dilution; Cell Signaling Technology) was applied to membranes for 1 h
at room temperature. Membranes were again washed three times with TBS-T
for 5 min each before they were imaged via chemiluminescence. The
membranes were exposed for between 15 sec and 5 min and imaged on
Fujifilm LAS-4000.

Immunohistochemistry

Immunohistochemistry (IHC) was performed as previously described [27]
using mouse testis tissue (n ¼ 3) fixed in Bouin, Davidson, and
paraformaldehyde fixative, embedded in paraffin, and sectioned onto charged
glass slides using the same antibodies used for Western blotting. Antigen
retrieval was achieved using citrate buffer (10 mM, pH 6) at a rolling boil for 5
min. Sections were incubated in primary antibody at a concentration of 0.5 lg/
ml (ALDH1A1), 4 lg/ml (ALDH1A2), 2.5 lg/ml (ALDH1A3), or 0.1 lg/ml
(ALDH8A1) in 5% normal goat serum/0.1% bovine serum albumin in PBS
(137 mM NaCl/2.7 mM KCl/10.1 mM Na

2
HPO

4
/1.8 mM KH

2
PO

4
) at 48C

overnight (;16 h). Control sections were incubated without primary antibody.
Biotinylated goat anti-rabbit secondary antibody (956143b; Invitrogen) was
applied for 1 h at room temperature, following the manufacturer’s instructions.
Streptavidin-conjugated horseradish peroxidase (HRP; 956143b; Invitrogen)
was also applied for 1 h at room temperature. Binding was determined by a
brown precipitate formed by HRP activity in the presence of 3,3 0-
diaminobenzidine tetrahydrochloride (002020; Invitrogen). Sections were
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counterstained with a 1:3 dilution Harris hematoxylin (HHS32-1L; Sigma-
Aldrich), dehydrated, and mounted under glass coverslips using DPX mounting
media (360294H; VWR International). Cell types were determined using
nuclear morphology and location within the testis [28]. Immunostaining
paraformaldehyde-fixed sections did not yield convincing staining. Bouin and
Davidson fixative both yielded similar localization patterns for all IHC. All
histological IHC staining presented in the figures are from Bouin-fixed tissue.

Generation of Subcellular Fractions from Mouse Tissue

Mouse testis S10 fractions containing microsomes and cytosol were
separately generated from 48 samples containing pooled testes from neonatal
mice (24–50 mg) and 40 samples containing individual testes from adult mice
(43–89 mg), using a previously described method [8]. The total protein
concentration in each S10 fraction was measured using a BCA assay (PI-23227;
Thermo Scientific).

Mass Spectrometric Quantification of ALDH Enzymes

The expression of ALDH1A1, ALDH1A2, and ALDH1A3 were quantified
in testis S10 fractions using liquid chromatography-tandem mass spectrometry
(LC-MS/MS), as described previously, with minor modification [8]. Briefly, the
signature peptides used for quantitation were ANNTFYGLAAGLFTK for
ALDH1A1, EEIFGPVQEILR for ALDH1A2, and EEIGGPVQPILK for
ALDH1A3. To confirm the identification of each ALDH1A in the assay, a
second peptide was monitored for each ALDH protein. These second peptides
being monitored were VAFTGSTQVGK for ALDH1A1, IFVEESIYEEFVK for
ALDH1A2, and ELGEYALAEYTEVK for ALDH1A3. A [13C

6

15N
2
]-lysine-

labeled ANNTFYGLAAGLFTK peptide was synthesized as an internal standard
for ALDH1A1. The internal standard peptides for ALDH1A2 and ALDH1A3
were synthesized as extended versions of the quantification peptide with the
sequences VTDDMRIAKEEIFGPVQEILR and EVTDNMRIAKEEIFGPVQ
PILK, respectively. These peptides contained a C-terminal [13C

6

15N
2
]-arginine

and required two cleavages by trypsin to generate the target peptide. Samples
were quantified by mass spectrometry using an AB Sciex 5500 qTrap Q-LIT
mass spectrometer equipped with an Agilent 1290 UHPLC, as described
previously [8]. Each tissue sample was digested in triplicate, as previously
described [8], and the resulting peak area for each quantitation peptide was
normalized to its corresponding internal standard. The average value of the three
digestions was used along with the standard curve for each protein to determine
the picomoles of enzyme in each sample. The amount of enzyme in each sample
was normalized to the total S10 protein (0.08 mg) in each digestion. All data
analysis was performed using Analyst (version 1.5.1; AB Sciex). A signal:noise
ratio of 9 was set as the minimum threshold for quantitation.

Mass Spectrometric Quantification of atRA

The concentrations of atRA in incubations and tissue samples were
measured using an AB Sciex 5500 qTrap Q-LIT mass spectrometer equipped
with an Agilent 1290 UHPLC, as previously described [7, 8]. For
quantification, atRA peak areas were normalized to the atRA-d

5
internal

standard peak area. All data analysis was performed using Analyst version
1.5.1. A signal:noise ratio of 9 was set as the minimum threshold for
quantitation.

ALDH Activity

To determine atRA formation in testicular S10 protein from mice, the
formation of atRA was measured in the testis S10 fractions using previously
described methods, with a few modifications [8]. Briefly, 5 lg testicular S10
protein individually from each of the mice was incubated with at-retinal at a
nominal concentration of 1000 nM in 100 ll of buffer, consisting of 750 mM
KCl, 50 mM Hepes, and 2 mM NADþ at pH 8.0. The incubations were initiated
with substrate, performed in triplicate, and terminated after 10 min. The
incubations were terminated by transferring 75 ll of the incubation into an
equal volume of chilled acetonitrile with 100 nM atRA-d

5
(internal standard)

and analyzed by LC-MS/MS, as described above. The measured concentration
of atRA in each incubation was used to calculate the picomoles of atRA formed
per S10 protein (5 lg) per unit time (10 min) to determine the velocity of atRA
formation.

Adult Mouse Testis Staging and Analysis

The stage distribution of both unsynchronized and synchronized animals
was determined using previously established guidelines [28–30]. Stage
distribution was determined by analyzing greater than 200 tubules from a

minimum of two histological cross-sections separated by at least 50 lm in 30
synchronized animals and 10 unsynchronized controls. The midpoint of
synchrony, window width, and synchrony factor were determined as previously
described [7, 29, 30]. Five animals were excluded from the analysis because
samples were lost during preparation or their synchrony factor was less than 3,
leaving 25 animals that were included in the analysis.

To determine whether there were statistically significant changes in ALDH
levels or activity across the cycle, the samples were divided into three separate
bins: before the RA pulse (stages II–VII), during the RA pulse (stages VIII–IX),
and after the RA pulse (stages X–I) [7]. Unpaired one-tailed Student t-tests
were then conducted comparing the samples in a particular bin to all other
samples. This was performed for each of the three bins.

Biotin Permeability Assay

Fresh testes from adult animals treated for 8 days with either WIN 18 446 (n
¼ 4) or vehicle (n ¼ 4) were used to determine the integrity of the BTB, as
previously described [31]. Briefly, one testis from each animal was injected
with approximately 10% testis weight with PBS containing 1 mM of CaCl

2
,

while the other testis was injected with 10 mg/ml of EZ-Link Sulfo-NHS-LC-
Biotin (#21335; Pierce) dissolved in the same solution. The testes were
incubated for 30 min in their respective solutions. After incubation, the testes
were washed with PBS twice for 5 min each before they were fixed with Bouin
fixative for 6 h. The testes were then dehydrated via ethanol wash gradient,
mounted in paraffin, and sectioned onto charged glass coverslips. The slides
were rehydrated via a graded ethanol wash series and blocked with 5% normal
goat serum/0.1% bovine serum albumin in 13 PBS. Streptavidin-conjugated
HRP (956143b; Invitrogen) was then applied for 1 h at room temperature.
Binding was determined by a brown precipitate formed by HRP activity in the
presence of 3,30-diaminobenzidine tetrahydrochloride (002020; Invitrogen).
Sections were counterstained with a 1:3 dilution Harris hematoxylin (Sigma-
Aldrich, HHS32-1L), dehydrated, and mounted under glass coverslips using
DPX mounting media (VWR International, 360294H). A minimum of 200
tubules was counted for each animal, and permeability was determined based
on infiltration of brown staining into the luminal side of the BTB. An unpaired
one-tailed Student t-test was used to determine statistical significance between
WIN 18 446 and control-treated animals.

Meiotic Preparations and Immunostaining

Testes dissected from adult mice treated with either WIN 18 446 (n¼ 4) or
vehicle (n ¼ 4) for 12 days were placed in PBS. Meiotic preparations were
made as described previously [32], with one minor modification: instead of
dipping the slide in 1% paraformaldehyde, a thin layer was spread across an
uncharged glass slide using a glass Pasteur pipette. Slides were allowed to
incubate in a humid chamber overnight, dried, washed in 0.4% Photo-flo 200
solution (Kodak professional), air dried, and immunostained.

For immunostaining, slides were blocked using antibody dilution buffer
(ADB; 10 ml normal donkey serum [017-000-001; Jackson Immunoresearch];
3 g OmniPur bovine serum albumin, Fraction V [9048-40-8; EMD Millipore],
50 ll Triton X-100, and 990 ml PBS, sterile filtered) for 1 h at room
temperature. Slides were incubated with SYCP3 antibody (sc-74569, at 0.5 lg/
ml; Santa Cruz Biotechnology) and either MLH1 (PC56, at 1.3 lg/ml;
Calbiochem) or SYCP1 (nb 300-229, at 10 lg/ml; Novus Biologicals)
antibody; MLH1 or SYCP1 primary antibody in ADB was applied to the slide,
covered with a glass coverslip, sealed with rubber cement, and incubated at
378C for approximately 16 h. Following brief ADB wash, SYCP3 primary
antibody (diluted in ADB) was applied for 2 h at 378C under a parafilm
coverslip. At the end of the incubation period, slides were washed twice in
ADB, 1 h per wash, at room temperature. Alexa Fluor 488-conjugated
AffiniPure Donkey Anti-Rabbit secondary antibody (711-545-152; Jackson
Immunoresearch Laboratories, Inc.) was then applied to slides before covering
with a glass coverslip, sealing with rubber cement, and incubating for
approximately 16 h at 378C. At the end of the incubation, slides were briefly
washed with ADB before Cy3-conjugated AffiniPure Donkey Anti-Mouse
secondary antibody (715-165-150, at 625 lg/ml; Jackson Immunoresearch
Laboratories, Inc.) was applied with parafilm coverslip for 45 min at 378C.
Finally, slides were washed in PBS and mounted with 20 ll of Prolong Gold
anti-fade reagent with 40,6-diamidino-2-phenylindole (P36931; Life Technol-
ogies) using glass coverslips. Slides were dried in the dark and stored at 48C.

Recombination Analysis

MLH1 foci counts were conducted on 25 pachytene-stage cells per animal
by two independent scorers who were blinded with respect to animal status
(control vs. treated). Minor scoring discrepancies between scorers were
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resolved, and cells with major discrepancies were discarded. Cells with poor
staining or synaptic defects were excluded from analysis. An unpaired two-
tailed Student t-test was conducted to compare the recombination rate in WIN
18 446- and vehicle-treated animals. The number of MLH1 foci per
synaptonemal complex (SC) per cell was also assessed. A chi-square analysis
was used to determine if the distribution of MLH1 foci along the SCs in the
WIN 18 446-treated animals differed significantly from those in the vehicle-
treated animals.

Meiotic Defect Analysis

In a separate analysis, meiotic defects were assessed by assaying 50
pachytene-stage cells per animal using anti-SYCP1 and SYCP3 antibodies to
detect SCs. Cells were binned into four categories, as described previously
[33]: 1) cells with no detectable meiotic defects, 2) cells with minor synaptic
defects (e.g., forks, bubbles, and gaps), 3) cells with major synaptic defects
(e.g., partial or complete asynapsis of homologous chromosomes), or 4) cells
with telomeric associations between nonhomologous chromosomes. Gaps were
defined as a break in SC staining longer than the width of the SC. Forks and
bubbles were defined as partial asynapsis, not longer than the width of the SC,
at either the distal ends (forks) or internally (bubbles) on the SC. Major defects
were defined as either complete asynapsis of homologous chromosomes or
asynapsis at least one-third the length of the total SC (partial asynapsis). The
frequency of these events was determined in vehicle-treated animals, and a chi-
square analysis was performed to determine if the frequency of these events in
WIN 18 446-treated animal differed in a statistically significant manner.

RESULTS

ALDH Proteins Are Expressed in Different Cell Types in
both Neonatal and Adult Mouse Testes

There are very little data regarding ALDH protein
expression in either neonatal or adult mouse testes. To rectify
this, IHC assays were performed to determine the cellular
localization pattern of these RA-synthesizing enzymes within
the testis (Figs. 1 and 2). ALDH1A1 localized primarily to
Sertoli cells throughout neonatal testis development (Fig. 1, A,
E, I, M, Q, and U). ALDH1A2 IHC resulted in immunopositive
gonocytes at 0 dpp, but no immunopositive cells at 5 dpp.
From 10 dpp onward, spermatocytes and, later, spermatids
were immunopositive for ALDH1A2 (Fig. 1, B, F, J, N, R, and
V). ALDH1A3 appeared to be diffusely localized to Sertoli
cells up to 5 dpp, but shifted to spermatocytes and spermatids
by 30 dpp (Fig. 1, C, G, K, O, S, and W). ALDH8A1, a
previously uninvestigated RA-synthesis enzyme, was present,
but only within Sertoli cells, although not until 30 dpp (Fig. 1,
D, H, L, P, T, and X).

The analysis of ALDH enzymes was extended by
investigating their localization in the adult testis. Similar to
the juvenile testis, both ALDH1A1 and ALDH8A1 were
detected predominantly in Sertoli cells (Fig. 2, A and D).
ALDH1A2 and ALDH1A3 were present in spermatocytes and
round spermatids, while both interstitial cells and elongated
spermatids were immunopositive for all four ALDH enzymes.
Interestingly, ALDH8A1 was the only ALDH enzyme that
appeared to be present in spermatogonia, although some
spermatogonia were ALDH8A1-negative (Fig. 2D, green
arrow and asterisks, respectively). Western blots were
performed with the ALDH antibodies to ensure specificity
(Supplemental Fig. S1; all Supplemental Data are available
online at www.biolreprod.org).

Expression of ALDH Enzymes Does Not Cycle in the Same
Manner as RA

Stage-specific expression of the ALDH enzymes was not
visualized via IHC, as this assay only provides qualitative data.
To obtain quantitative information regarding the expression of
the ALDH enzymes during the first wave of spermatogenesis

and across the cycle of the seminiferous epithelium, spermato-
genesis was synchronized using the WIN 18 446/RA treatment
protocol [22]. Samples from both synchronized and unsyn-
chronized vehicle control-treated animals were assayed for
ALDH1A1, ALDH1A2, and ALDH1A3 protein levels (Fig.
3A). Using a novel tandem HPLC-MS/MS [8] on synchronized
testes during the first wave of spermatogenesis in juvenile
mice, we found that the enzyme present at the highest level was
ALDH1A1 (Fig. 3B). ALDH1A1 levels fell from 600 to 200
pmol/mg of S10 protein from 0–16 days after the neonatal
synchrony protocol, with no statistical differences between
synchronized and unsynchronized samples. Conversely, the
highest levels of ALDH1A2 protein, approximately 15–17
pmol/mg of S10 protein, were observed later during develop-
ment: 14 days after synchrony treatment in the juvenile testis
(Fig. 3C). There was no statistical significance between the
levels of ALDH1A2 protein in synchronized and unsynchro-
nized samples, except at 4 and 12 days posttreatment, where
ALDH1A2 levels were observed to be lower than controls. In
both the synchronized and unsynchronized samples, ALD-
H1A3 concentrations were below 1.3 pmol/mg testicular S10
protein (data not shown).

This analysis was extended to synchronized adult sper-
matogenesis to determine if stage-specific cycling of ALDH
enzyme levels was occurring. Overall, ALDH1A1 and
ALDH1A2 levels varied from ;80–180 pmol/mg and ;10–
20 pmol/mg of S10 protein, respectively (Fig. 3, D and E).
ALDH1A3 concentrations were, again, below 1.3 pmol/mg
S10 protein (data not shown). To determine whether ALDH
protein levels varied significantly across the spermatogenic
cycle, samples were binned into three categories for further
analysis. In creating categories, we were interested in assessing
ALDH levels before, during, and after the RA peak described
previously [7]. If the ALDH enzymes are responsible for
testicular RA pulsatility, the enzymes should be most abundant
prior to the peak of RA and least abundant just after the peak.
We therefore established our three categories as stages II–VII
(before), stages VIII–IX (during), and stages X–I (after). In the
case of both ALDH1A1 and ALDH1A2, there was no
significant difference in ALDH protein levels either before,
during, or after the RA peak (Fig. 3).

ALDH Activity Does Not Undergo Cyclic Changes

Neither IHC nor protein quantification displayed stage-
specific expression of ALDH enzymes, yet it is known that RA
is present in a stage-specific manner [7]. To further investigate
whether the ALDH enzymes are responsible for the stage-
specific availability of RA, total ALDH activity across the
spermatogenic cycle was determined using HPLC-MS/MS
(Fig. 4). Samples were again binned and compared, as
described for the ALDH enzyme levels, and showed no
changes in ALDH activity before, during, and after the pulse of
RA.

ALDH Inhibition Across One Spermatogenic Cycle
Significantly Lowers Testicular RA Levels

In addition to characterizing the ALDH enzymes, we also
investigated the effects of ALDH inhibition on various aspects
of spermatogenesis, as a follow up to previous studies [22, 34].
To better understand the effects of WIN 18 446 on testicular
RA levels, animals were treated for 8 days with 125 mg/kg/day
of WIN 18 446. Animals were killed at various time points
within a 24-hour window following the first and eighth dose.
HPLC-MS/MS measurements following a single dose of WIN
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FIG. 1. ALDH enzymes are differentially localized in the neonatal murine testis. Images are representative murine testicular cross-sections displaying
IHC analysis of ALDH localization at various neonatal ages. ALDH1A1 is represented in A, E, I, M, Q, and U for 0, 5, 10, 15, 20, and 30 dpp, respectively.
ALDH1A2 is represented in B, F, J, N, R, and V, while ALDH1A3 is represented in C, G, K, O, S, and W for the same time points. Finally, ALDH8A1 is
displayed in D, H, L, P, T, and X. Negative controls (�ve) are shown in Y-BB. Brown staining indicates an immunopositive reaction. Arrows indicate
immunopositive cells, while the respective colors indicate the following cell types: red, Sertoli cells; yellow, Leydig/interstitial cells; dark blue, spermatid;
light blue, spermatocyte; green, gonocyte/spermatogonia. Bars ¼ 100 lm.
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18 446 showed a 63% reduction in testicular RA concentrations
(Fig. 5A). An 8-day WIN 18 446 treatment also resulted in
lowered testicular RA levels to an average of 20% of control
(Fig. 5B), consistent with previous studies [8, 22, 34].

FIG. 2. ALDH enzymes locate to different cell types in the adult murine testis. Images are representative adult murine testicular cross-sections displaying
IHC analysis of ALDH localization. ALDH 1A1, -1A2, -1A3, and -8A1 localization can be seen in A, B, C, and D, respectively. Negative controls for each
assay are shown in the picture inserts. Brown staining indicates an immunopositive reaction. Arrows indicate immunopositive cells, while the respective
colors indicate the following cell types: red, Sertoli cells; yellow, Leydig/interstitial cells; dark blue, spermatid; light blue, spermatocyte; green, gonocyte/
spermatogonia. Asterisks represent immunonegative spermatogonia. Bars¼ 100 lm. A summary of the adult localization data is presented in E. A solid
line underneath a cell indicates that the cell is immunopositive for the respective ALDH. ALDH1A1, -1A2, -1A3, and -8A1 are represented by blue, green,
red, and yellow, respectively. Stage diagram adapted from Hogarth and Griswold [64] with permission of the American Society for Clinical Investigation.
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The BTB Is Significantly Altered in Mice Treated with WIN

18 446

To determine the effects of this lowered testicular RA

environment on the BTB, we performed a biotin-permeability

assay on mice treated for 8 days with either WIN 18 446 or

vehicle control. This functional assay allows for the detection

of tubules with a disrupted BTB by probing for a biotin tracer

molecule that was injected into freshly dissected testes (Fig. 6,
A and B). There was a small, but statistically significant,
increase in permeable tubules in animals treated with WIN
18 446 (4.8%) compared to controls (2.7%) (Fig. 6C).

FIG. 3. ALDH1A1 and ALDH1A2 levels do not vary in a manner similar to RA. A represents the cell types entering the testicular environment following
synchrony protocol (top row) or control (bottom row). ALDH1A1 (B and D) and ALDH1A2 (C and E) protein levels were quantified in both synchronized
(red) and control (blue) animals using a tandem HPLC-MS/MS approach. In the neonatal analysis (B and C), the vertical axis represents ALDH protein/mg
of S10 protein. The horizontal axis represents time following neonatal synchrony treatment. Vertical error bars represent the SEM. Student t-tests were used
to compare the protein levels in synchronized and control animals (*P , 0.05, **P , 0.01). In the synchronized adult analysis (D and E), 25 animals were
collected at 12-h intervals between 42 and 50 days postsynchrony. The midpoint of synchrony was determined and used to bin each sample into three
categories (stages II–VII, stages VIII–IX, and stages X–I). ALDH protein/mg of S10 protein was determined and averaged for both the unsynchronized
controls (blue) and the three bins (red). The vertical control error bar is representative of the SEM for each category. ALDH1A3 levels were measured in
both the adult and neonatal testis, but were at concentrations below the threshold of detection.
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WIN 18 446 Treatment Affects Meiotic Recombination and
the Frequency of Synaptic Defects

Because RA has been implicated in playing a role during
meiotic initiation [11–14, 35, 36], we investigated whether
meiosis was altered in animals treated with WIN 18 446.
Animals were treated for 12 days with WIN 18 446 to ensure
that spermatocytes analyzed at pachytene had initiated meiosis
in a testicular environment with lowered RA. Meiotic
preparations were immunostained for SYCP3 and MLH1,
markers for the SC and sites of recombination, respectively
(Fig. 7, A and B). The number of MLH1 foci in pachytene
spermatocytes was quantified in WIN 18 446-treated animals
(26.22 6 0.26 MLH1 foci/cell) and controls (25.39 6 0.28
MLH1 foci/cell) (Fig. 7C). A statistically significant increase in
MLH1 foci was detected in WIN 18 446-treated animals
compared to controls. To extend our recombination analysis,
the distribution of foci across the genome was assessed by
analyzing the number of ‘‘recombinationless’’ chromosomes;
no significant difference was detected between WIN 18 446-
treated and control animals (Fig. 7C).

In addition to aberrant recombination, meiotic defects can
also cause a cell to undergo apoptosis, thereby adversely
affecting fertility [37, 38]. Thus, to determine if lowered
testicular RA levels increased the frequency of meiotic defects,

we quantified these defects in pachytene cells immunostained
for SYCP1 and SYCP3. Defects were separated into three
categories—associations, minor defects, and major defects—
and representative images of normal and abnormal cells are
shown in Figure 8, A–D. Our analysis revealed a significant
increase in all three classes of defects in spermatocytes from
WIN 18 446-treated animals by comparison to controls, and a
statistically significant decrease in cells with no synaptic
defects (Fig. 8E).

DISCUSSION

This report provides the first comprehensive analysis of the
ALDH proteins in the murine testis through postnatal
development, as well as a thorough investigation into the
effects of short-term inhibition of these RA-synthesizing
enzymes on various aspects of spermatogenesis. Here, we
show that the ALDH enzymes are likely not primarily
responsible for endogenous RA pulsatility, but that the
inhibition of these enzymes has adverse effects on BTB
permeability and proper meiotic function through reduced
intratesticular RA concentrations.

While there have been a multitude of studies regarding the
effects of ALDH inhibition via WIN 18 446 treatment on
fertility [22, 39–45], it is not yet clear through which
mechanisms ALDH inhibition compromises spermatogenesis.
Consistent with previous reports [8, 34], we show that our
treatment regime with WIN 18 446 causes an 80% reduction in
testicular RA levels, allowing for a more thorough investiga-
tion of how spermatogenesis proceeds in a lowered, but not
deficient, RA environment. While spermatogonial differentia-
tion is the best-characterized spermatogenic event known to be
under RA control [17–25, 46–48], there is evidence that RA is
also important in BTB maintenance [10, 15, 49–52]. Several
key genes coding for proteins integral to the BTB are
misregulated in VAD mice [15]. Additionally, Sertoli cells
cultured in the presence of RA display increased expression of
transcripts coding for proteins vital for BTB integrity, such as
Tjp1 and Cldn11 [51]. Finally, BTB permeability was
compromised in animals with testes treated with a Sertoli
cell-specific dominant-negative RA receptor lentivirus [10].

The data presented here show that a lowered testicular RA
environment induces a mild increase in BTB permeability.
While the increase in permeability reached statistical signifi-
cance, we were surprised that this increase was not more
drastic. It is possible that an 80% reduction in RA

FIG. 4. ALDH activity does not undergo cyclic changes. The graph
represents mean ALDH activity (y-axis) within each category. The four
categories used were: control (blue), stages II–VII, stages VIII–IX, and
stages X–I (red). Error bars are representative of the SEM for each category.

FIG. 5. Animals treated with WIN 18 446 have lowered testicular RA levels. Adult mice were treated daily with WIN 18 446 for either 1 (A) or 8 (B) days
(n¼ 24). Their testes were collected within a 24-h window of the final treatment. The RA levels were measured (y-axis), and a Student t-test was used to
determine statistical significance (*P , 0.05, **P , 0.01).
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concentration was not sufficient to completely eliminate proper
BTB function. While the biological significance of this mild
decrease in BTB permeability is not currently known, further
exposure to a low testicular RA environment could exacerbate
this phenotype. The change in BTB permeability after such a
short exposure to WIN 18 446 is suggestive of this being one of
the first structures susceptible to a low testicular RA
environment. Because BTB permeability has been shown to
be vital for proper testis function [31], any misregulation of the
BTB would likely have reproductive consequences.

RA has also been implicated in playing a vital role during
meiosis [11–14, 22, 36]. Animals lacking Stra8, a gene known
to be stimulated by RA [13, 14], fail to properly undergo
meiosis [11, 12], indicating that this RA-responsive gene is
important for meiotic progression. The data presented here
show, for the first time, that germ cells are not only able to
initiate meiosis in a low testicular RA environment, but also
have an increased recombination rate and an increase in both
major and minor meiotic defects. While the biological
significance of the increase in meiotic recombination is not
fully understood, it is known that increases in meiotic defects
can be detrimental to viable sperm production [33, 37, 38].
Specifically, it has been shown that a one-focus increase in
recombination correlates with a 10% reduction in cells exiting
meiosis [33]. This, in conjunction with the 10% increase in
cells with major defects, could result in a potential reduction of
cells exiting meiosis. When taken together, these data provide
support for the hypothesis that RA plays a role in proper
meiotic regulation, but that meiotic initiation can still take
place in a lowered testicular RA environment.

While there have been multiple studies investigating the
effects of WIN 18 446 on spermatogenesis [22, 39–45], fewer
data have been published regarding the regulation of this
molecule’s target enzymes: the ALDHs. Recent transcript
localization studies have led to the hypothesis that ALDH
enzyme activity varies across the spermatogenic cycle, driving

FIG. 6. Blood-testis barrier permeability is adversely affected in animals
treated with WIN 18 446. Adult mice (n¼ 4) were treated daily with WIN
18 446 for 8 days. BTB integrity was assessed using a biotin permeability
assay. Representative images of a tubule with an intact BTB and a
compromised BTB are shown in A and B, respectively. Brown staining is
indicative of the presence of the biotin tracer. Bar ¼ 100 lm. The
percentage of permeable tubules was determined for each treatment, and
a Student t-test was used to determine statistical significance (C) (*P ,
0.05).

FIG. 7. WIN 18 446 treatment increases recombination rate. Animals (n¼ 4) were treated with WIN 18 446 for 12 days. Meiotic spreads and IHC were
performed to determine recombination rates. A and B) Representative images of cells from control and WIN 18 446-treated animals, respectively. Purple
and green staining are representative of SYCP3 and MLH1, respectively. e0, e1, e2, and e3 denote the percentage of chromosomes containing 0, 1, 2, and
3 exchanges, represented by MLH1. C) A Student t-test was used to determine if there was a statistically significant difference in recombination rate
between control and WIN 18 446-treated animals (*P , 0.05). Bar ¼ 10 lm.

ALDHS ARE VITAL TO SPERMATOGENESIS, NOT RA PULSES

9 Article 12



the RA pulse [4, 5, 53]. These localization data, however, are
incomplete and contradictory, focusing primarily on transcript
localization in the adult murine testis. Here, we present, for the
first time, a comprehensive localization of four ALDH
enzymes in the postnatal testis. Our findings show that
ALDH1A1 is present in the Sertoli and Leydig cells (Figs. 1
and 2), agreeing with the transcript localization observed by
Vernet et al. [4] and the protein localization in the human testis
[6]. ALDH8A1, known to be present in the human testis and
capable of synthesizing RA [54], was similarly localized to
both Sertoli and Leydig cells (Figs. 1 and 2). Almost no
information is known about the activity of ALDH8A1 in vivo,
and future studies are required to determine the contribution of
this enzyme to testicular RA synthesis, especially in murine
models where the activity of the more well-characterized
isozymes has been perturbed [24]. ALDH1A2 localized

predominately to the meiotic and postmeiotic germ cells in
the adult testis (Fig. 2); however, it was not expressed in a
stage-specific manner, as has been previously reported [4, 5,
55]. Vernet et al. [4] reported Aldh1a3 transcript localization in
the Leydig cells, which we were able to confirm at the protein
level (Fig. 2). In the adult testis, we also were able to detect
ALDH1A3 protein in late spermatocytes and round spermatids
(Fig. 2). Importantly, the localization patterns of the two
enzymes predicted to contribute the most to testicular RA
synthesis in both the mouse and the human, ALDH1A1 and
ALDH1A2, were conserved between these two species [6, 8].

To determine if the ALDH enzymes play a role in RA
cyclicity, ALDH IHC, quantification, and activity were
assessed in both the developing and adult testis. ALDH1A1
protein levels drop throughout juvenile testis development, and
do not vary significantly across the cycle (Fig. 3), matching the

FIG. 8. WIN 18 446 induces meiotic defects. Animals (n¼4) were treated daily with WIN 18 446 for 12 days. Meiotic spreads and IHC were performed
to assess meiotic defects. Purple and green staining are representative of SYCP3 and SYPC1, respectively. Cells were binned into four categories 1) cells
with no detectable meiotic defects (A), 2) cells containing association of two nonhomologous chromosomes at their distal ends (B), 3) cells with minor
synaptic defects, such as forks, bubbles, and gaps (C), or 4) cells with major synaptic defects, such as partial or complete asynapsis of homologous
chromosomes (D). The circles highlight the specific meiotic defects in each cell, with red representing associations, blue representing minor defects, and
green representing major defects. E) The percentage of cells containing each defect. The values do not add up to 100%, because some cells, such as the
one depicted in D, displayed two different types of defects. Bar ¼ 10 lm.
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IHC Sertoli cell localization data for this enzyme perfectly (Fig.
1). As the numbers of germ cells within the testis increase
during development, the relative abundance of the Sertoli cells,
where ALDH1A1 is predominantly localized, drops. IHC
analysis of ALDH1A1 in the adult also demonstrated that this
isozyme is present in every tubule (Fig. 2), consistent with the
protein quantification data (Fig. 3). While it is known that RA
synthesis within Sertoli cells is necessary for spermatogonial
differentiation in the neonatal testis [24], Aldh1a1-null mice are
both viable and fertile [56], indicating that ALDH1A1 is not
required for this process.

While ALDH1A2 protein levels did increase throughout
juvenile testis development, they remained constant across
adult spermatogenesis. Due to the synchrony protocol utilized
for protein quantification, the testes of the synchronized
animals were developmentally delayed by ;7 days compared
to controls [22, 57]. Therefore, the significant differences in
observed in ALDH1A2 protein level between controls and
synchronized developing testes are likely the result of new,
ALDH1A2-expressing cell types entering the testicular milieu
in the unsynchronized controls. Specifically, the observed,
statistically significant differences correspond nicely with the
appearance of preleptotene spermatocytes and round sperma-
tids in the unsynchronized controls, cell types that are not
present in the corresponding synchronized animals, at 4 and 12
days posttreatment, respectively. It is not likely that these
increases were responsible for RA pulsatility, as the drastic
changes seen in RA levels in synchronized neonatal animals [7]
were not observed in ALDH1A2 levels. As was observed with
ALDH1A1, ALDH1A2 protein levels did not change signif-
icantly in a stage-specific manner in the adult testis, matching
the corresponding IHC data (Fig. 3). Since ALDH1A3 levels
were not detected via HPLC-MS/MS analysis, we were not
able to detect stage specificity when analyzing protein
localization. However, based on the activity of ALDH1A3
and its low expression levels, this enzyme is predicted to
contribute less than 5% to total RA levels synthesized within
either the human or mouse testis [6, 8], and is unlikely to
regulate cyclic RA concentrations.

In addition to protein localization and quantification of
ALDH enzymes across the cycle, stage-specific ALDH enzyme
activity during adult spermatogenesis was also not detected in
our assays. When viewed as a whole, the data presented in this
current study strongly suggest that the pulsatile RA concen-
trations recently measured within testis tubules [7] are likely
not the result of stage-specific ALDH activity. However,
despite the multiple approaches taken to investigate whether
these enzymes contribute to the pulse, there are still limitations
associated with our techniques and, therefore, we cannot
definitively rule out ALDH as regulating testicular RA levels in
a pulsatile manner. These limitations include the nonquantita-
tive nature of IHC analyses and the fact that the mass
spectrometry protein quantification and enzyme activity assays
were performed on the S10 fraction of whole testes, not within
the seminiferous tubules themselves. However, despite these
technical inadequacies, the data presented here do indicate that
the ALDH enzymes are not responsible for the RA pulse.

If the ALDH enzymes are not regulating pulsatile RA levels
within testis tubules, then what is? RA concentrations are
usually maintained in a very narrow range by balancing
synthesis with degradation. The CYP26 enzymes are known to
degrade RA, but whether their expression or activity is stage
specific either remains up for debate or is undetermined [4, 5,
55]. A second possibility is that the ALDH substrate,
retinaldehyde, is provided in a pulsatile manner. The overall
rate of RA biosynthesis is determined by the conversion of

retinol to retinaldehyde [58], and there are several recent
studies to demonstrate that the opposing, yet coordinated,
activities of the retinol dehydrogenase and reductase enzymes
are critical for maintaining RA homeostasis [59–62]. The
notion that this is also occurring across the cycle of the
seminiferous epithelium is supported by the observation that a
member of each of these gene families, Rdh10 and Dhrs4, is
expressed in a stage-specific manner, peaking either when or
just after RA levels are highest [7].

In addition to regulation at the ALDH substrate level, retinol
availability may also be pulsatile. LRAT, the only known
retinol esterase, is responsible for the conversion of retinol to
retinyl esters for storage within cells [63]. Stage-specific
expression of Lrat has been detected in separate studies [5, 7],
with levels highest in stages II–VI, prior to the pulse, implying
that retinoid storage, rather than RA synthesis, is promoted
during the stages when RA levels are lowest. Taken together, a
model can be postulated whereby either retinol or retinalde-
hyde is available in a pulsatile manner along testis tubules, and
steady-state ALDH levels across the cycle allow for RA to be
generated quickly in response to rising retinaldehyde levels.
Quantitative analyses of the CYP26 and the retinol dehydro-
genase/reductase enzymes in a stage-specific manner and
determining which testicular cell types contribute to generating
the RA pulse will be the focus of our future studies.

It is clear that RA acts as more than just an on/off switch for
spermatogonial differentiation. Here, we provide evidence that
a lowered testicular RA environment compromises BTB
integrity, as well as increases the number of meiotic defects,
both of which have been shown to have an adverse effect on
fertility. It will be important for future studies to determine if
these spermatogenic defects are present in men with lowered
testicular RA levels, and if these defects can be rescued via
pharmaceutical intervention.
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