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Driving asynchronous spermatogenesis: is retinoic acid the answer?
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Abstract

Spermatogenesis in adult mammals is highly
organized, with the goal being the uninterrupted
production of sperm. How continual, asynchronous
sperm production is initiated and maintained in the
mammalian testis is still under investigation but retinoic
acid (RA) likely plays a key role. Investigations
utilizing vitamin A deficient rodents, transgenic mouse
models, whole testis and isolated germ cell culture and
inhibitors of vitamin A metabolism indicate that RA is
required to drive spermatogonial differentiation and the
release of spermatids from the seminiferous epithelium.
These studies, and the fact that spermatogonial
differentiation and spermatid release  happen
simultaneously in the adult testis, have led to the
hypothesis that RA generates both the cycle of the
seminiferous epithelium and the spermatogenic wave.
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Introduction

One of the features central to reproduction in
male mammals is their ability to produce sperm
continuously over a long period of time; in humans,
sperm production begins at puberty and normally
continues throughout a man’s lifetime. It takes many
weeks for a single spermatogonial stem cell to become a
functional sperm yet it has been estimated that the
human testis produces 1000 sperm with each heartbeat
or about 37 billion sperm per year (Wade, 2004).
Spermatogenesis is an incredibly complex and tightly
regulated process that involves three major fundamental
biological events: the renewal and mitotic production of
spermatogonia; the recombination and segregation of
homologous chromosomes into daughter haploid cells
during meiosis; and the unique morphological and
nuclear changes, collectively known as spermiogenesis,
which occur to transform spermatids to spermatozoa
(Fig. 1). The active metabolite of vitamin A, retinoic acid
(RA), is believed to be important for all three of these
processes to occur, but the regulation of RA synthesis and
the downstream effects of RA signaling within the testis
are only just beginning to be understood.

Mammalian  spermatogenesis takes place
within the seminiferous epithelium inside testis tubules.
The structural integrity of this epithelium is maintained
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by the developing germ cells in cell-to-cell contact with
Sertoli cells, somatic cells that support spermatogenesis
by sending and receiving signals between the germ cells
and surrounding interstitium, and by the peritubular
myoid cells (PTMs), which surround the epithelium to
form seminiferous tubules. Within the interstitial space
between tubules are the Leydig cells, which are responsible
for the production of testosterone, and other supporting
somatic cells including macrophages, blood cells,
lymphatic vessels and nerves. Some of the functions of the
seminiferous epithelium are directed by the pituitary
gonadotropins, luteinizing hormone (LH) and follicle
stimulating hormone (FSH), which are required for normal
spermatogenesis. While LH stimulates testosterone
biosynthesis, FSH maintains the function of the Sertoli
cells, which nurture and promote germ cell differentiation.

Given that access to human testicular tissue for
research purposes is extremely limited, our current
understanding of mammalian spermatogenesis, and of
vitamin A function in germ cell development, has
mostly been generated via studies of rodent testis tissue.
In rodents, there are two populations of spermatogonia;
1) the undifferentiated Type A spermatogonia (Asingle,
Apaired, Aaligned) and 2) the differentiated
spermatogonia (A;, A, As, A, Intermediate and B).
Undifferentiated spermatogonia divide mitotically to
either repopulate the testis with spermatogonial stem
cells or to provide progenitor cells that can be triggered
to commit to undergo differentiation and meiosis
(Hermo et al., 2010a). Once spermatogonia are
triggered to differentiate, a process known as the A to
Al transition, they begin a series of five mitotic
divisions and irreversible differentiation that result in
the conversion of these cells to preleptotene
spermatocytes and meiotic initiation. The spermatocytes
then undergo meiosis, a process which generates genetic
diversity through homologous recombination and allows
proper chromosome segregation to produce haploid
germ cells. In the mouse, meiotic prophase is lengthy
(approximately 2 weeks) and cells are divided into
different populations based on their chromatin
morphology  (preleptotene,  leptotene,  zygotene,
pachytene, and diplotene; Kerr, 2006; Hermo et al.,
2010a). The result of meiosis in the testis is the
production of four round haploid spermatids from each
diploid germ cell, which then undergo spermiogenesis
to first form elongating spermatids and finally
spermatozoa (Hermo et al., 2010Db).
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Figure 1. The normal and VAD adult mouse testis. Vitamin A deficiency results in a block during spermatogonial
differentiation. Histological cross-section of (A) a normal mouse testis tubule and (B) vitamin A-deficient (VAD)
tubule, stained with Harris Haematoxylin to visualize chromatin. (C) The arrangement of germ and Sertoli cells
within the normal seminiferous epithelium is shown. Sertoli cells (blue) maintain contact with each germ cell type
throughout their development. As spermatogenesis proceeds, the more differentiated germ cells move towards the
lumen of the tubule where the spermatozoa are released. The peritubular myoid cells (PTMs; green) form the
architecture of the seminiferous epithelium and also aid in moving spermatozoa through the testis tubules to be
released into the male reproductive tract. (D) In the VAD mouse testis, the A to Al transition is blocked and all
differentiated germ cells are lost from the testis. The result is seminiferous tubules which contain only
undifferentiated spermatogonia and Sertoli cells. Scale bars represent 50 um. Adapted from Hogarth ez al. (2011a).

RA regulation of spermatogenesis differentiating germ cells from VAD rodent testes,

leaving only Sertoli cells and undifferentiated

It has been known since 1925 that vitamin A is  spermatogonia within the seminiferous epithelium
essential for normal sperm production in mammals. (Mitranond et al., 1979; Unni et al., 1983; Griswold et
Wolbach and Howe first reported the early cessation of  al., 1989; van Pelt and de Rooij, 1990; McLean et al.,
spermatogenesis in rats fed a vitamin A-deficient 2002). In mammals, vitamin A is usually transported
(VAD) diet (Wolbach and Howe, 1925) and more recent ~ within the serum as retinol bound to retinoid binding
studies have demonstrated the progressive loss of all — proteins and conversion of this retinoid for either
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storage, as retinyl esters, or immediate use as RA, takes

place in target tissues (Livera et al., 2002). Retinol is
taken up by cells via the membrane-bound receptor
STRAG6 and once inside, the conversion of retinol to RA
is controlled by two sequential oxidative enzymatic
steps catalyzed by the retinol or alcohol dehydrogenases
and retinaldehyde dehydrogenases (Theodosiou et al.,
2010; Fig. 2). Within cells, RA interacts with
heterodimers of the RA receptors (RARs) and the
retinoid X receptors (RXRs) and binds RA response
elements (RAREs) in target genes, recruiting co-repressors
or co-activators to either inhibit or induce transcription.
The cytochrome P450 enzymes, CYP26A1, CYP26BI
and CYP26CI1, degrade RA once it has exerted its
effects on gene expression and so a precise balance
exists between the production and degradation of RA
(for a review see Duester, 2008). Our current
understanding of how RA regulates spermatogenesis has
been shaped by studying the cell types that harbor
vitamin A metabolizing and signaling machinery and
examining how germ and Sertoli cells respond to excess
or deficient levels of RA.

RA regulation of spermatogonial differentiation and
meiotic initiation

In mice, RA is absolutely required for
spermatogonia to complete the A to Al transition. As
mentioned above, when adult male mice are made
VAD, all differentiated germ cells are lost from the
seminiferous epithelium, and only type A spermatogonia
and Sertoli cells remain (Bowles and Koopman, 2007,
Hogarth and Griswold, 2010; Fig. 1). When the vitamin
A is replaced, either in the form of retinol or RA,
spermatogonial differentiation is triggered in these
testes. This indicates that removing RA blocks the ability
of undifferentiated spermatogonia to differentiate. Studies
in juvenile animals also support this conclusion, as dietary
depletion of vitamin A results in the accumulation of
undifferentiated spermatogonia and meiotic failure in
young male mice null for the retinoid storage enzyme
lecithin:retinol acyltransferase (Lrat; Li et al., 2011).
Recent evidence generated from RA treatment of short
term cultures of neonatal testes and isolated
undifferentiated spermatogonia showed an upregulation
in the expression of Kit (Pellegrini et al., 2008; Zhou et
al., 2008a), a marker of differentiating spermatogonia,
and increased the number of cells containing nuclei
reminiscent of leptotene and zygotene spermatocytes
(Pellegrini et al., 2008). Taken together, these studies
suggest that RA can drive spermatogonia to differentiate
and initiate the process of meiosis both during the first
wave of spermatogenesis and in the adult testis.

The classic marker of RA activity in the testis,
and at meiotic entry in the ovary, is Stra8.
Transcriptome analysis of embryonic ovaries and
postnatal testes from mice revealed that Stra8 is most
highly expressed at embryonic day 14.5 and 10 days
postpartum  (dpp), respectively, the timepoints
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corresponding to meiotic initiation in females and males
(Shima et al., 2004; Small et al., 2005). Stra8 was first
identified as being a direct target of RA signaling in P19
embryonic carcinoma cells (Oulad-Abdelghani et al.,
1996) and RA has been shown to be necessary for the
induction of Stra8 in both sexes (Koubova et al., 2006),
although RA action in the embryonic ovary has recently
been questioned (Kumar et al., 2011). Cultured neonatal
testes or isolated undifferentiated spermatogonia have
provided evidence to indicate that Stra8 is a direct target
of RA in spermatogonia (Zhou et al., 2008a; Hogarth et
al., 2011b). In normal mouse testes, STRA8 protein
appears to be present in subpopulations of
differentiating spermatogonia and preleptotene and
leptotene spermatocytes in a stage-specific manner
(Zhou et al., 2008b; Hogarth et al., unpublished
observations; Fig. 2), with the highest levels detected in
stages VII and VIII of the seminiferous cycle, precisely
when the A to Al transition is taking place. Injections
of either neonatal or adult vitamin A sufficient male
mice with exogenous RA can also drive the expression
of STRAS in undifferentiated spermatogonia in a stage-
specific manner (Snyder et al., 2011; Hogarth et al.,
unpublished observations), indicating that there may be
a  particular subpopulation of undifferentiated
spermatogonia that are ready to respond to RA.

Taken together, these data suggest that STRAS,
like RA, should be essential for the A to Al transition,
yet studies of the Stra8-null mouseline indicate that the
story is not quite so simple. Stra8-deficient mice, on a
purebred C57BL/6 background, are infertile due to a
meiotic defect, with preleptotene cells accumulating in
both the testes and ovaries (Baltus et al., 2006;
Anderson et al., 2008). However, the background strain
and animal age both significantly affect the null male
phenotype. Animals on a mixed background show a
more severe and leaky phenotype, with the blockage
occurring anywhere from the A to Al transition to
during meiosis and as the purebred null animals age,
undifferentiated spermatogonia begin to accumulate,
indicating that the A to Al transition is also susceptible
to the loss of STRAS8 over time (D. Page, personal
communication). If the sole function of RA is to drive
Stra8 expression, then we would expect to observe a
complete block during the A to Al transition in Stra$-
null males from the outset. These knockout mouse data
indicate that Stra8 is not initially essential for the A to
Al transition, but that STRAS8-deficient preleptotene
spermatocytes are incapable of progressing through
meiosis and overtime, or on varying genetic backgrounds,
spermatogonial differentiation does require STRAS. To
date, the function of STRAS8 has remained elusive, with
only one study demonstrating that it can act as a
transcription factor in cultured cells (Tedesco ef al., 2009).
STRAS does contain a putative DNA binding domain
but further in vivo functional studies and array analyses
of Stra8-deficient testes will be required before we can
conclusively label STRAS as a transcription factor.
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Figure 2. RA regulation of the cycle of the seminiferous epithelium. There is a body of evidence, which is
continuing to build, that supports the hypothesis that RA drives the cycle of the seminiferous epithelium.
Preliminary data generated from measuring RA levels and expression of retinoid storage, synthesis and degradation
enzymes predicts if RA levels could be graphed as a function of the Stages of the cycle of the seminiferous
epithelium (A), peak levels would be present at Stages VII and VIII. The detection of Cy26al in Stages VIII through
XII suggests that this cytochrome p450 enzyme is responsible for degrading RA after the A to Al transition and
spermatid release has been triggered. B) Schematic representing Stages VII and VIII of the seminiferous epithelium,
when two processes relying on RA, the A to Al spermatogonial transition and spermatid release, take place. This
model predicts that the production of RA either by Sertoli cells (blue), the differentiating germ cells or possibly the
undifferentiated spermatogonia (yellow) (dotted black arrows) drives the A to Al transition and leads to the expression of
STRAS in the differentiating spermatogonia (pink). STRAS is also present in the preleptotene and leptotene spermatocytes
(black) but whether these cells produce STRAS protein in response to RA has yet to be confirmed. Sertoli cells are
believed to be able to take up RA through the surface receptor, Stra6. The detection of Aldhla?2 transcripts in pachytene
spermatocytes (orange) suggests that these cells are a possible source of RA for both the A to Al transition and
spermatid release. RA is believed to signal though RARa in the Sertoli cells and RARy in the spermatogonia. The
serum could also be a direct source of RA for the A to Al transition and spermatid release (purple dotted arrow).
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While Stra8 is an important RA target gene
that regulates meiotic progression in rodents, there must
be other RA-responsive targets which are critical for the
A to Al spermatogonial transition. Array studies on
either whole testes or isolated germ cells treated with
RA have been performed but other than Stra8, a
standout germ cell-specific target has yet to be
identified (Pellegrini et al., 2008; Zhou et al., 2008a;
Hogarth ef al., 2011b). This is partly because we have
yet to determine whether RA acts on Sertoli cells, germ
cells, or both to drive the A to Al transition. Expression
studies have demonstrated that both spermatogonia and
Sertoli cells contain the vitamin A metabolizing
enzymes necessary to convert retinol to RA (Deltour et
al., 1997; Lopez-Fernandez and del Mazo, 1997; Zhai et
al., 1997, 2001; Kasus-Jacobi et al., 2005; Vernet et al.,
2006; Hu et al., 2007). Both cell types also express the
receptors necessary for RA signaling. Studies of the two
receptor families, the RARs and RXRs, have shown that
many isoforms of these receptors are found in various
testis cell types at different developmental stages
(Akmal et al., 1997; Dufour and Kim, 1999; Vernet et
al., 2006) suggesting that most testicular cells can
respond to RA. Analysis of animals displaying global
and cell-specific deficiencies of the RA receptors have
led to the current model suggesting that RA mediates its
effects primarily via the action of RARa in Sertoli cells
and via the action of RARy in early germ cells (Fig. 2).
Raro-knockout males are sterile, and transplantation
experiments demonstrated that Rara-null germline stem
cells could colonize a germ cell-depleted testis and
progress through spermatogenesis normally (Doyle et
al., 2007). This suggests that Sertoli cell expression of
RARa is critical for normal spermatogenesis. Initial
analyses of the Rary-knockout males suggested that
their sterility phenotype was the result of losing
secretory functions of the male genital tract (Lohnes et
al., 1993) but recent examination of Rary-deficient
testes revealed that this receptor is essential for the A to
Al transition in the adult mouse. Gely-Pernot et al.
(2012) found RARYy to be present on undifferentiated
Aglignea  Spermatogonia and on differentiating Al
spermatogonia, and the testes of knockout animals
displayed a VAD-like phenotype by 15 weeks of age
when fed vitamin A sufficient diets. Interestingly, no
defects in the A to Al transition were observed in the
testes of animals aged 6 weeks or younger, indicating
that while RARy appears to be essential for
spermatogonial differentiation in the adult mouse, there
are mechanisms in place in the juvenile testis to
overcome the loss of this receptor. Continued
investigation of how and where RA is produced in the
testis and which receptors are responsible for
transducing the RA signal will be critical to determining
how RA drives spermatogonial differentiation. High-
throughput sequencing analyses utilizing wild-type and
knockout mouse models will be important to ascertain
the downstream targets of RA signaling in
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spermatogonia.
RA regulation of spermatid development

Much of our understanding of how RA
regulates the development of spermatids has been
derived from studies of VAD and knockout mouse
models and expression analyses. Three of the retinoid
receptors, RARP, RXRo, and RXRP, have been
reported to be present on spermatids, cells which also
contain enzymes that metabolize and store vitamin A
(Vernet et al., 2006; Wu et al., 2008). A direct link
between vitamin A and spermatid function was first
reported in 1983 when Huang and Marshall observed a
disruption in how and when spermatids were released
from the seminiferous epithelium in young rats
becoming VAD (Huang and Marshall, 1983). More
recent studies have confirmed that RA signaling within
the Sertoli cell is required for the normal release of
spermatids and revealed it to be necessary for the proper
alignment of spermatids within the seminiferous
epithelium. Analysis of animals carrying targeted
deletions of either Rxrf or Rara in Sertoli cells
demonstrated that these receptors may act as a
homodimer to coordinate normal spermatid release
(Chung et al., 2004, 2005; Vernet et al., 2008). Close
examination of elongating spermatids in the testes of
Raro-deficient animals indicated that signaling through
this receptor is important for the orientation of step8/9
spermatids within the seminiferous epithelium, leading
to a temporary arrest of spermatid development at these
steps (Chung et al., 2004, 2005). Significant apoptosis
of elongating spermatids was also observed in Rara-
deficient testes. In addition, treatment of male mice with
low doses of the pan-RAR antagonist, BMS-189453,
resulted in the failure of spermatid alignment and
release in a manner that closely resembled those
observed for VAD rodents and the Rara-deficient
mouse (Chung ef al., 2011). Collectively, these studies
indicate that proper RA production and signaling is
essential for normal  spermiogenesis.  Further
investigation of how RA acts as the messenger between
Sertoli cells and spermatids to drive spermatid release
from the seminiferous epithelium has important
implications for whether this mechanism can be
exploited for the purposes of male contraception.

Does RA drive the cycle of the seminiferous
epithelium?

The adult mouse testis is organized so that
every 8.6 days at any given point along a testis tubule, a
type A undifferentiated spermatogonia undergoes the A
to Al transition while a spermatozoa is released from
the seminiferous epithelium into the tubule lumen.
Continuous sperm production is achieved by
coordinating spermatogenesis such that specific groups
of germ cells are always in association, identified as
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Stages, and appear in a reoccurring sequence along the
testis tubule (Clermont, 1972). If we were able to
observe germ cell differentiation over time at a single
point on the tubule, we would see the appearance of a
defined group of cell associations followed by several
others and then the reappearance of the original set of
associations, constituting the cycle of the seminiferous
epithelium. However, if a mouse testis is analyzed in
cross-section, we see tubules representing all 12 Stages
of the mouse cycle, demonstrating that the different
germ cell associations are always present among the
testis as a whole. The net result of the cycle is the
asynchronous, phased release of spermatozoa along the
entire length of the testis tubule, continuous sperm
production. In the mouse testis, the cycle takes 8.6 days
and there is a growing body of evidence to suggest that
this cycle is driven by RA.

Evidence to support a role for RA in the
establishment of the cycle has been derived from studies
of animals with testes containing only undifferentiated
spermatogonia and Sertoli cells, with the most well-
characterized being VAD rodents. Asynchronous sperm
production is eliminated in VAD rodents, but
interestingly, when retinol is given back to these
animals, spermatogenesis is reinitiated by stimulating
the A to Al transition in a synchronized manner
throughout the entire testis. The result is that all germ
cells will mature in synchrony and rather than all 12 Stages
of the cycle being present, only one or two sequential
Stages can be found in all tubules across a histological
cross-section of these testes (Griswold et al., 1989).
This synchronization is maintained for many months
and results in the release of spermatozoa only every
8.6 days. Therefore vitamin A-driven synchronization
of the mouse testis eliminates continual sperm
production. RA-induced synchronous differentiation of
spermatogonia was also observed in the testes of
artificial cryptorchids, Nanos3-null mice and W/W*
mutants, all mouselines with testes containing only
Sertoli cells and undifferentiated spermatogonia
(Sugimoto et al., 2012). In addition to synchronizing
germ cell development, RA treatment of VAD rodents
also appears to reset the Sertoli cell cycle. In the
normal adult rodent testis, Sertoli cells exhibit cyclic
changes in their function and gene expression
(Elftman, 1950; Timmons et al., 2002; Johnston et al.,
2008). These changes coincide with the different
Stages, indicating that Sertoli cells work to provide the
microenvironment appropriate for each set of germ cell
associations. In VAD testes, normal Stage-specific
patterns of Sertoli cell gene expression were observed
(Sugimoto et al., 2012), suggesting that Sertoli cells can
cycle normally in the absence of differentiating germ
cells and vitamin A. However, treatment of VAD mice
with RA induced uniform Sertoli cell gene expression,
indicating that the Sertoli cells had reset their cycle to
match that of the associated synchronously
differentiating germ cells (Sugimoto et al., 2012).
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While studies of VAD rodents show that RA
can control the cycle of the seminiferous epithelium
after it has been disturbed, evidence derived from
neonatal animals suggest that this compound can induce
changes in the cycle before it has even been established.
When the testes of mice that had been injected with a
single dose of RA at 2 dpp and then left to recover to
adulthood were examined, very few Stages were present
indicating that RA treatment of neonatal male mice can
induce synchronous spermatogenesis in the adult testis
(Snyder et al., 2011). Immunohistochemical staining for
STRAS8 protein 24 h after treatment and the use of a
transgenic mouse line, RAREhspLacZ , that expresses
B-galactosidase in response to RA signaling suggested
that all germ cells within a 2 dpp testis can differentiate
in response to exogenous RA, leading to their
synchronous development and loss of continual sperm
production when these animals are left to recover to
adulthood. Detection of STRAS protein in wild-type
neonatal mice and P-galactosidase in untreated
neonatal RAREhspLacZ animals indicate that the germ
cell response to endogenous RA in a wild-type testis is
heterogeneous (Snyder et al., 2010); not all tubules
contain germ cells that have entered the differentiation
pathway and not all germ cells within one testis tubule
enter the differentiation pathway at the same time.
Taken together, these studies imply that the precise
production and degradation of RA within neonatal
testis tubules could drive the cycle of the seminiferous
epithelium and continual sperm production by
triggering the A to Al transition in a heterogeneous
manner.

Gene expression studies analyzing the production
of the vitamin A metabolizing enzymes in a Stage-specific
manner are beginning to provide evidence to support the
hypothesis that RA levels are precisely controlled within a
testis tubule. There are 12 Stages of the mouse cycle of
the seminiferous epithelium, with the A to Al transition
and the release of spermatozoa from the seminiferous
epithelium taking place simultaneously in Stages VII
and VIII. In situ hybridization studies by Vernet et al.
(2006) and Sugimoto et al. (2012), imply that the genes
which control RA synthesis, uptake, storage and
degradation are expressed in a tightly regulated Stage-
specific manner. Data derived from both studies suggest
that the endogenous RA concentration is low in Stages
I-VI, before the A to Al transition/spermatozoa release
takes place, as there are very low or undetectable levels
of transcripts coding for RA synthesizing enzymes.
Stra6 mRNA is present in Sertoli cells, with the highest
levels detected in Stages VII-IX, indicating that these
cells are actively producing the protein responsible for
RA uptake (Sugimoto et al., 2012). Aldhla2 transcripts
were also observed in pachytene spermatocytes in
Stages VII-XII, suggesting that RA is being produced
by the differentiating germ cells during these Stages
(Vernet et al., 2006; Sugimoto et al., 2012). Preliminary
measurements of retinoid levels within testis tubules of
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the different Stages also imply that Stages VII-VIII
contain the highest levels of endogenous RA (Hogarth
et al., unpublished observations). RA degradation also
appears to be promoted during Stages VIII-XII as
Cyp26al mRNA can be detected, with the highest levels
observed in Stages VIII-XI (Sugimoto et al., 2012).
Taken together, these expression studies imply that
there is a sharp increase in endogenous RA production
followed by a rapid decrease in local RA levels at
Stages VII-VIII of the seminiferous epithelium,
ultimately leading to RA driving the cycle of the
seminiferous epithelium.

Conclusions

The body of data summarized above provides a
strong case to support the hypothesis that RA both
initiates and maintains the cycle of the seminiferous
epithelium and is diagramed in Fig. 2. Spermatogonial
differentiation and the release of spermatids into the
tubule lumen, the beginning and end of
spermatogenesis within the testis respectively, both
rely on RA, and happen simultaneously during Stages
VII/VIII of the cycle, when RA levels appear to be at
their highest. RA can drive the cycle of the
seminiferous epithelium to synchronize either before
its establishment in the neonatal animal or after it has
been perturbed, as is the case in the VAD rodent. In
addition, preliminary expression studies suggest that
the vitamin A metabolizing and signaling machinery is
localized such that RA could be produced in a very
precise manner at specific points along the testis
tubule. The task for researchers now is to verify that
the proteins required for the tightly regulated delivery
of RA at specific points along the tubule are present,
as publications to date have only reported transcript
expression data, and to overcome the current technical
limitations associated with accurately measuring
retinoid levels in testis tissues. A highly sensitive
LC/MS/MS assay for retinoid detection has been
developed (Arnold et al., 2012) and this should allow
for progress to be made on measuring RA levels in the
testis. In addition, further study of cell-specific gene
knockouts of the metabolizing and signaling machinery
will be important for determining how interactions
between germ and Sertoli cells influence RA’s effect on
the cycle. Not only will continued investigations into
how RA regulates spermatogenesis help to determine
how male mammals continue to produce sperm, but
these studies may also have implications for the
treatment of infertility and the ongoing pursuit of a non-
hormonal male contraceptive.
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