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Spermatogenesis	in	adult	mammals	is	highly	organized,	with	the	goal	being	continual	sperm	production.	Verte-
brate	testes	are	arranged	into	recurring	cellular	associations	that	vary	with	time	and	distance	along	the	tubule.	
These	changes	over	time	and	distance	are	designated	the	cycle	of	the	seminiferous	epithelium	and	the	spermato-
genic	wave,	respectively.	In	this	Review,	we	briefly	outline	the	roles	that	follicle-stimulating	hormone	(FSH)	
and	testosterone	play	in	regulating	spermatogenesis	and	describe	our	current	understanding	of	how	vitamin	A		
regulates	germ	cell	differentiation	and	how	it	may	lead	to	the	generation	of	both	the	cycle	of	the	seminiferous	epi-
thelium	and	the	spermatogenic	wave.

Introduction
Normal fertility in males of most heterogametic species (i.e., spe-
cies in which either males or females have nonidentical sex chro-
mosomes; e.g., in humans where males have an X and a Y chro-
mosome) requires the constant production of sperm over a long 
time period; in humans, production begins at puberty and usually 
continues until death. Spermatogenesis is a very complex, highly 
organized and regulated process that takes place in the seminifer-
ous epithelium of testis tubules (Figure 1) and involves three major 
fundamental biological processes: the renewal of stem cells and the 
production and expansion of progenitor cells (mitosis); the reduc-
tion, by one-half, of the number of chromosomes in each progeni-
tor cell (meiosis); and the unique differentiation of haploid cells 
(spermiogenesis) (Figure 1). In humans, each of these processes 
initiates at puberty and continues throughout life. Early progeni-
tor cells, which are designated A spermatogonia in the mouse and 
A-darkspermatogonia in humans, are defined as “undifferentiated.” 
These cells have the potential to become gametes but have not yet 
committed to the process. Undifferentiated spermatogonia divide 
mitotically to both repopulate the testicular stem cell population 
and provide progenitor cells that undergo spermatogenesis. Once 
spermatogonia enter the “differentiation” pathway, they become 
known as A1 spermatogonia in the mouse and A-palespermatogonia 
in humans and begin a series of irreversible differentiation steps 
leading to meiosis and spermiogenesis (1) (Figure 1). Differentiat-
ing spermatogonia in mice undergo five mitotic divisions before 
converting to preleptotene spermatocytes. This conversion repre-
sents the initiation of meiosis. From this point forward, the steps 
and cell types of spermatogenesis are conserved between mice and 
humans. Meiosis occurs in spermatocytes, and these cells can be 
divided into different subpopulations based on their chromatin 
structures  (2). Recombination and separation of homologous 
chromosomes occurs in pachytene spermatocytes during meiosis I  
and results in the formation of secondary spermatocytes. These 
cells then proceed through meiosis II, wherein sister chromatids 
are separated into individual cells. At the completion of meiosis, 
four haploid gametes, termed round spermatids, result from the 
division of every spermatocyte. Each round spermatid then under-
goes dramatic changes in its cellular morphology (spermiogenesis) 
to form first an elongating spermatid and finally a spermatozoon.

The seminiferous epithelium comprises Sertoli cells and germ 
cells and is surrounded by a layer of peritubular myoid cells, which 

provide structural support. Sertoli cells maintain the integrity of 
the epithelium and support spermatogenesis through cell-cell con-
tact with the germ cells (3). At the completion of spermiogenesis, 
immature spermatozoa are released from the seminiferous epithe-
lium into the tubule lumen. Sertoli cells facilitate this process by 
helping degrade the cell-cell junctions binding them to late-stage 
spermatids (4), resulting in a progressive loss of contact between 
the two cell types. From the testis tubules, immature spermato-
zoa passively flow into the epididymis via the rete testis (Figure 1).  
Within the epididymis, spermatozoa acquire motility and the 
potential to fertilize an oocyte.

The endocrine regulation of spermatogenesis occurs through 
interplay among gonadotropins, steroids, and the somatic cells of 
the testis (i.e., Sertoli cells and Leydig cells) and through effects of 
vitamin A. Leydig cells, which are found between the seminiferous 
tubules, respond to luteinizing hormone (LH) from the pituitary 
gland and synthesize the male steroid hormone testosterone (2).  
Sertoli cells are regulated by follicle-stimulating hormone (FSH) 
from the pituitary gland and testosterone from the Leydig cells. 
In the past few years, the roles of FSH and testosterone and their 
actions  on  Sertoli  cells  and  ultimately  spermatogenesis  have 
become more apparent, because of the use of directed gene dele-
tions in mice (5–7). In contrast, the essential role of vitamin A  
(in the form of retinol or retinoic acid [RA]) with respect to sper-
matogenesis  is  just beginning to be appreciated. Vitamin A is 
required for fertility and normal spermatogenesis, and recently the 
mechanisms that drive RA regulation of germ cell development 
have begun to be understood. Here, we present a brief summary 
of how the organization and cyclic differentiation of germ cells in 
the testis leads to the continual production of sperm and how the 
actions of FSH and testosterone on Sertoli cells control spermato-
genesis. The main focus of this Review is RA regulation of germ 
cell development, and we discuss and merge old and new data to 
present a new summary of why we believe that vitamin A is critical 
for normal and continual sperm production.

Organization of spermatogenesis in time and space
The seminiferous epithelium of most male mammals appears 
highly organized. Well-defined groups of germ cells appear along 
the tubule sequentially or at a single points on the tubule at dif-
ferent times (8). These defined groups of germ cells, termed stages 
(also known as cell associations), are morphologically distinct and 
can be identified in histological testis tubule cross sections such as 
the one pictured in Figure 1B. Stages are often depicted in charts 
showing the types of associations that are unique for a particular 
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species (Figure 2A). For example, there are 12 distinct stages in 
the mouse, and each stage is represented by a specific set of germ 
cells being present at a single point on the tubule at the same time. 
There are six such stages in the human (9). When adult mouse 
testis tubules are examined in cross section, each tubule visible in 
the cross section can be assigned to a particular stage, depending 
on the germ cells present in that tubule. However, if a tubule is 
analyzed longitudinally, one can see that these stages are arranged 
such that the germ cells in association naturally progress to the 
next phase of their development, or transition to the next stage. 
The progression of germ cells through each stage along a tubule 
is known as the spermatogenic wave. 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 associa-
tions followed by several others and then the reappearance of the 
original set of associations, constituting the cycle of the seminif-
erous epithelium. In any given mammal, the number of stages is 
arbitrary (i.e., makes no reference to germ cell development) and 
specific to the species. These numbered staging schemes are the 
widely accepted system for describing spermatogenesis. A full 
description of different mammalian staging schemes is beyond the 
scope of this review; however, a list of these can be found in ref. 2.  

In reality, germ cell differentiation is a continuum. For many stu-
dents of spermatogenesis, the description and depiction of the 
cycle results in confusion or, at best, indifference. However, there is 
a very simple way to understand the cycle and how it is generated. 
First, one must assume that the timing of the progression of germ 
cell development is intrinsic to the germ cells of a given species and 
not affected by somatic cells. This assumption comes from stud-
ies in which rat germ cells were transplanted into mouse testes. 
The timing of germ cell development and the subsequent cellular 
associations were those of the donor rat germ cells and not of the 
mouse recipient (10). At a single point along a mouse seminiferous 
tubule, the transition of undifferentiated A spermatogonia into 
the differentiation pathway (i.e, their transition to A1 spermato-
gonia) and therefore into meiosis occurs every 8.6 days (Figure 
2B). The timing of this transition also coincides with the release 
of spermatozoa into the tubule lumen at that single point on the 
tubule. Thus, every 8.6 days in the mouse (16 days in humans), at 
any given point along a tubule, spermatogonia will differentiate 
at the base of the tubule and spermatozoa will be released into the 
lumen. In the mouse, these two processes both occur during stage 
VIII. In humans the differentiation of A-palespermatogonia appears 
to take place over stages II–VI, whereas spermatozoa are released 

Figure 1
The structure, regulation, and cell types of the mouse testis. (A) The mammalian testis is composed of seminiferous tubules intertwined so that 
the “start” and “end” of these tubules are both connected to the rete testis. Immotile sperm flow from the lumen of the seminiferous tubules into 
the epididymis via the rete testis. During their passage through the epididymis to the vas deferens, sperm acquire their motility. Adapted with 
permission from Nature Reviews Genetics (59). (B) Histological cross section through an adult mouse testis depicting seminiferous tubules, 
the peritubular myoid cells, and the interstitium (space between tubules). (C) Expansion of both the undifferentiated (A spermatogonia) and 
differentiated (A1 spermatogonia) spermatogonial populations occurs by mitosis of these cell types, regulated in part by FSH. Undifferentiated 
spermatogonia enter the differentiation pathway at the time of the A-to-A1 spermatogonia transition. The red arrow denotes the required action 
of vitamin A (in the form of RA) in this transition. The subsequent conversion of differentiated spermatogonia to spermatocytes, representing the 
initiation of meiosis, also requires RA activity. The differentiation of secondary spermatocytes (m2°m) and the process of spermiogenesis (round 
spermatids to elongated spermatids, then spermatozoa) requires testosterone.
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at the very beginning of stage III (9). Nevertheless, given that mice 
and humans possess similar cell types and that a cycle of germ cell 
development is present in both species, the mouse is an excellent 
model for the study of mammalian spermatogenesis.

It is clear from Figure 2B that the temporally controlled entry 
of spermatogonia  into the differentiation pathway generates 
the cycle of the seminiferous epithelium. The net result of the 
cycle in the mouse is that spermatozoa are released at any given 
point along the tubule every 8.6 days. Moving along the tubule 
in space, it becomes apparent that the stages of the cycle appear 
in an orderly sequence, that is, adjacent stages appear next to one 
another (Figure 3). This phenomenon, the spermatogenic wave, 
is essentially the changing cellular associations in space instead 
of time (3, 11). The wave can be generated by the phasing along 
the tubule of the temporally controlled entry of germ cells into 
the differentiation pathway. The net results of the wave are the 
asynchronous phased release of spermatozoa at stage VIII of the 

cycle and, when this occurs along the entire length of the tubule, 
the continual production of spermatozoa.

Sertoli cells, FSH, and testosterone
It is well accepted that the hypothalamus acts to control fertility 
through the release of gonadotropin-releasing hormone (GnRH). 
This hormone acts on the pituitary gland to stimulate the secretion 
of two products critical for germ cell development in both males 
and females, FSH and LH (12). LH is responsible for triggering tes-
ticular Leydig cells to produce and secrete testosterone, and both 
FSH and testosterone exert their actions, which are critical for the 
normal progression of spermatogenesis, directly on Sertoli cells 
via their receptors, FSH receptor (FSHR) and androgen receptor 
(AR), respectively (8). Testosterone can also indirectly affect Sertoli 
cell function via signaling through the peritubular myoid cells (13, 
14). Therefore, mutations in the genes encoding these hormones or 
their receptors have repercussions for normal sperm production.

Figure 2
The cycle of the seminiferous epithelium. (A) 
Standard depiction of the cycle of the seminif-
erous epithelium for the mouse testis. The vari-
able distances between the stages of the cycle 
are proportional to the duration of each of these 
cellular associations. The red arrow indicates 
the time in the cycle when vitamin A is required 
for the commitment to meiosis. (B) Depiction 
of how the cycle is generated. Spermatogonia 
undergo mitotic expansion, and as a result of 
the action of vitamin A (in the form of RA) (red 
arrows), they initiate meiosis and ultimately 
become spermatozoa. The time required for 
this process from the time of the onset of meio-
sis to the formation of spermatozoa is particular 
to the species and the germ cells themselves 
(blue arrow). The periodic initiation of the dif-
ferentiation process by vitamin A generates the 
cellular associations that define the cycle in A. 
Inm, intermediate (mitosis); B, B spermatogonia; 
Pl, preleptotene spermatocytes; L, leptotene 
spermatocytes; Z, zygotene spermatocytes; P, 
pachytene spermatocytes; D, diplotene sper-
matocytes; m2°m, secondary spermatocytes. 
Round and elongating spermatids are labeled 
as steps 2–3, 8, 12, 16.
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The study of mice and humans with null mutations in the genes 
encoding the β-subunit of FSH (FSHβ) and FSHR has provided 
evidence to suggest that FSH is not essential for spermatogen-
esis but is required for quantitatively normal sperm production 
in both mice and humans (5, 15–18). Mice lacking Fshb exhibit 
reduced testis size, sperm count, and sperm motility; however, all 
stages of phenotypically normal spermatogenesis were identified 
among some of the tubules of these mice (16). Test matings with 
Fshb-knockout male mice produced normal litter sizes, whereas 
natural mutations in the human FSHB gene lead to azoospermia, 
reduced testis size, and infertility (19). The observed fertility dif-
ference between mice and men lacking FSHβ could be the result 
of differing genetic backgrounds; knockout mice are usually gen-
erated on highly inbred strains, whereas the human genetic back-
ground is much more diverse. Fshr-knockout male mice, like the 
Fshb-null males, are fertile, and their small testis size is attributed 
to a reduction in Sertoli cell numbers (17, 18). In addition, men 
carrying mutations in the FSHR gene have reduced sperm counts, 
impaired sperm motility, and low testicular volume (20) but can 
father children. Taken together, these studies suggest that FSH is 
important for determining Sertoli cell numbers in both species. 
Due to their close association with the developing germ cells, Ser-
toli cell numbers are directly linked to the number of sperm that 
can be produced; each Sertoli cell can only support a finite number 
of germ cells. Therefore, a lack of circulating FSH or an inability 
of Sertoli cells to respond to FSH, as is the case in men carrying 
mutations in the FSHR gene, leads to a reduction in sperm count 
because there are not enough Sertoli cells to support the maxi-
mum number of developing germ cells. While FSH may not be 
absolutely necessary for normal sperm production in male mice 
and humans, it is very important for species in which propagation 
of an individual depends on competitive numbers of sperm. For 
example, female chimpanzees are mated by several males; there-
fore, the male with the highest quality sperm and/or largest sperm 
count has the best chance of passing on his genome to the next 
generation. It may also play an important role in seasonal breeders 
where testicular activity is cyclic (21).

The  action  of  testosterone  on  spermatogenesis  can  also  be 
mediated through Sertoli cells (22). Although mouse models for 
complete androgen insensitivity, such as the testicular feminized 

mutant (tfm) mouse, have been available for many years, two differ-
ent research groups used Cre-Lox technology to produce mice with 
a Sertoli cell–specific knockout of the Ar gene (referred to herein 
as SCARKO mice) (7, 23–25). The phenotypes seen in both tfm 
mutant and SCARKO male mice are highly conserved. Although 
the gene knockout procedures were somewhat different in the two 
SCARKO studies (7, 23, 25), the results were similar. Progression 
of late-round spermatids to elongating spermatids was sensitive to 
the loss of Sertoli cell AR function, but spermatocyte development 
and progression through meiosis were surprisingly unaffected. 
Stereological analysis in one of these studies indicated that Sertoli 
cell numbers were unchanged in SCARKO mice, but spermatocyte, 
round spermatid, and elongated spermatid numbers were reduced 
to 64%, 3%, and 0%, respectively, when compared with their num-
bers in WT mice (25). When SCARKO mice lacking FSHR were 
analyzed, germ cell numbers were reduced to 20% of the numbers 
in SCARKO mice, as a result of failure to progress beyond early 
meiosis (26). The results from these studies confirm that sper-
matogenesis requires the action of both FSH and androgen on 
Sertoli cells, but the initial entry of germ cells into meiosis seems 
to be independent of direct action of either hormone. Androgen 
action in the testis does, however, appear to regulate postmeiotic 
differentiation. There is no evidence to suggest that either FSH or 
testosterone in excess or deficiency affects the duration of the cycle 
of the seminiferous epithelium or the spermatogenic wave.

RA initiates meiosis and may generate the cycle of the 
seminiferous epithelium and the spermatogenic wave
While the requirement of FSH and androgens for spermatogenesis is 
well established, the actions of RA on this process are equally impor-
tant but less well characterized. Previous studies on vitamin A–defi-
cient rodents (27–31), combined with more recent studies (32–34) 
on the induction of stimulated by retinoic acid gene 8 (STRA8) pro-
tein, suggest that the key control over meiotic initiation is vitamin A 
in the form of RA. The results also imply a role for vitamin A in the 
formation of the cycle of the seminiferous epithelium and the sper-
matogenic wave, although definitive proof of this requires further 
experimentation. The general transport and metabolism of vitamin A  
and evidence for its participation in the onset of meiosis and the 
cycle of the seminiferous epithelium are summarized below.

The transport and metabolism of vitamin A. In general, the actions of 
vitamin A in the testis are mediated by transport, metabolism, and 
degradation of retinoids (compounds related chemically to vita-
min A) and activation of its nuclear receptors (35) (Figure 4). As 
RA is poorly transported via serum, oxidation of dietary vitamin A  
(retinol)  to RA generally takes place  in target tissues. Retinol 
is stored in the liver and transported to target tissues (36) that 
express the required intracellular binding proteins and retinoid 
metabolism enzymes so that the production and degradation 
of RA can be tightly regulated (37). Chung and Wolgemuth (38) 
and Vernet et al. (39) examined the expression patterns of some 
of the retinoid metabolism enzymes and how their function can 
affect spermatogenesis and fertility. Within cells, RA binds to two 
families of intracellular receptors termed RA receptors (RARs), 
which bind all-trans and 9-cis RA, and retinoid X receptors (RXRs), 
which bind 9-cis RA  (35, 40). These  receptors,  in  the  form of 
homo- and heterodimers, regulate gene expression by binding to 
specific elements in the promoter regions of genes under the con-
trol of vitamin A. While many of the isoforms of RAR and RXR 
are found in various testis cell types at different developmental 

Figure 3
Depiction of the spermatogenic wave. A single seminiferous tubule is 
depicted, and the stages of the cycle (cellular associations) along the 
tubule are shown. The spermatogenic wave describes the process in 
space, while the cycle of the seminiferous epithelium refers to the pro-
cess in time. The point of meiotic initiation (red arrows) moves along the 
tubule in the direction of the black arrows. The net result of the wave 
is the asynchronous (and therefore continual) release of spermatozoa.
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stages, there seems to be a general consensus that RA mediates 
its effects primarily via the action of RARα in Sertoli cells and via 
the action of RARγ in early germ cells. Rara-knockout males are 
sterile, and transplantation experiments demonstrated that germ-
line stem cells carrying mutant Rara alleles that colonized a germ 
cell–depleted testis were able to progress through spermatogenesis 
normally (41). This suggests that Sertoli cell expression of RARα 
is critical for normal spermatogenesis. The precise mechanism by 
which RARα signaling exerts its effects in Sertoli cells is not yet 
understood. Deletion of Rxrb in male mice leads to a failure of 
spermatid release and testis degeneration (42); therefore, it is clear 
that regulating the expression of RA receptors is important for 
mammalian spermatogenesis and fertility.

In many ways, the liver and Sertoli cells appear to function simi-
larly in the uptake of retinol and the maintenance of large pools 
of this retinoid (35, 43). However, it seems that spermatids and 
testicular and epididymal sperm also store retinoids (44). Sertoli 
cells have been reported to be the main site of RA synthesis in the 
testis, and it has been postulated that Sertoli cells “distribute” RA 
to germ cells (35). Sertoli cells could also deliver retinol to germ 
cells or spermatogonia could access retinol and RA directly from 
serum via the vascular system (35, 39). There is evidence to suggest 
that the delivery of RA to germ cells is tightly regulated and that 
different germ cells can respond to RA in distinct ways; RA appears 
to be responsible for the differentiation of undifferentiated sper-
matogonia, the initiation of meiosis, and possibly the initiation 
of the cycle of the seminiferous epithelium. In the following sec-
tions, we discuss current evidence to support a role for RA in each 
of these processes, provide a brief summary of the delivery of RA 
to germ cells, and outline our limited understanding of what is 
known about RA regulation of human spermatogenesis.

RA regulation of spermatogonial differentiation and meiotic initiation 
in rodents. A role for vitamin A in mammalian spermatogonial 
differentiation and meiotic initiation is beginning to unfold. It 

has been known since 1925 that vitamin A 
is required for normal spermatogenesis (for 
a recent review of this subject, see ref. 35), as 
when male rodents are made vitamin A defi-
cient, spermatogenesis ceases. Examination 
of vitamin A–deficient rodent testes reveals 
only undifferentiated spermatogonia and Ser-
toli cells within the seminiferous epithelium 
(27–31). Therefore, a lack of vitamin A leads to 
a block in the ability of spermatogonia to dif-
ferentiate. In the testes of vitamin A–deficient 
rats,  there are also some preleptotene sper-
matocytes present (45), so the block in sper-
matogonial differentiation is not as complete 
in rats as it is in mice. Recent in vitro culture 
experiments have shown that RA can induce 
spermatogonial differentiation (33). RA treat-
ment  of  germline  stem  cells  isolated  from  
2 days postpartum (dpp) male mice stimulated 
expression of c-kit, a well-characterized marker 
of spermatogonial differentiation.

In the past few years, the mechanism by which 
RA controls meiotic entry has been investigated.  
Data from mouse expression arrays showed 
that Stra8 transcript was at very high levels only 
in the ovary at E14.5 and in the neonatal post-

natal testis during the progression of spermatogonial differentia-
tion and entry into meiosis (32, 46–49). Stra8 was first described as 
one of a group of RA-responsive genes, and the full-length cDNA 
was isolated and sequenced from the mouse embryonic carcinoma 
cell line P19 (50). RA was shown to be necessary for the induction of 
Stra8 in both ovaries and testes (46), and deletion of Stra8 resulted 
in the prevention of meiosis in germ cells of both sexes (32, 51). RA 
appears to be present in both male and female embryonic urogeni-
tal ridges, but its action and the subsequent entry of gonocytes into 
meiosis in the embryonic male is inhibited by the presence of the 
enzyme cytochrome P450, family 26, subfamily b, polypeptide 1 
(CYP26B1) (46, 49). CYP26B1 degrades RA into metabolites, some 
of which are inactive. If CYP26B1 is inhibited in mouse embryonic 
testes in culture or if the gene encoding CYP26B1 is ablated, Stra8 
mRNA is synthesized in male mouse germ cells and meiosis is ini-
tiated (46, 49, 52). Induction of STRA8 in embryonic male germ 
cells is sufficient to induce the synthesis of downstream markers of 
meiosis, such as synaptonemal complex protein 3 (SCP3) and the 
meiosis-specific recombinase DMC1 (49). Therefore, the expression 
of Stra8 is necessary for germ cells to enter into meiosis and is an 
excellent marker for the action of RA.

Until recently, studies on the action of retinoids on the adult 
mouse testis have focused on Sertoli cells. Since both FSH and 
androgens act on Sertoli cells and since Sertoli cells have RARs and 
other components of the vitamin A response, this focus was rea-
sonable. Still, whether retinoids act directly on germ cells, which 
also express RARs, or whether their actions are indirectly medi-
ated through Sertoli cells or peritubular myoid cells remained 
unknown until recently. It was determined that Stra8 expression in 
the adult mouse testis and in isolated germ cells could be induced 
by RA both in vivo and in culture (33, 34); therefore, germ cells 
can directly respond to RA stimulation. In developmental studies, 
the peak of Stra8 mRNA expression in the developing mouse tes-
tis coincides temporally with the onset of meiosis (47). In normal 

Figure 4
The fate of vitamin A in the spermatogonia. Retinol is delivered to germinal cells on the 
retinol-binding protein (RBP) and is internalized via the membrane receptor STRA6. It is 
also plausible that RA is delivered directly to spermatogonia either by Sertoli cells or from 
the serum. Inside the cell, retinol is converted to RA in a two-step process and can interact 
with RARs such as RARγ. The RA is bound up by an excess of cellular retinoic acid–binding 
protein (CRABP). The activated receptor can stimulate transcription of a number of genes 
including Stra8, which has been shown to be necessary for progression through meiosis. 
Excess RA can be metabolized by the enzyme CYP26B1 into 4-oxo and 4-hydroxy forms. 
These forms are then secreted from the cell.



review series

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 120      Number 4      April 2010  961

mouse testes, STRA8 protein is detected in gonocytes as early as 
5 dpp, and in the adult mouse testes, the highest levels of Stra8 
mRNA and protein are found in seminiferous tubules in stages  
VI–VIII of the cycle of the seminiferous epithelium (34). It is during 
these stages that A-to-A1 spermatogonial differentiation occurs 
and that preleptotene spermatocytes are formed, representing the 
initiation of meiosis. It is clear that RA is important for both these 
processes to occur normally. Thus, it appears as though RA regula-
tion of spermatogonial differentiation and the onset of meiosis is 
driven by the action of RA directly on germ cells.

RA and the cycle of the seminiferous epithelium. Current evidence to sup-
port a role for RA in the establishment of the mammalian cycle of 
the seminiferous epithelium is derived from analysis of vitamin A– 
deficient rodents. When retinol is given back to these animals, sper-
matogenesis is reinitiated by stimulating A-to-A1 spermatogonial 
differentiation in a synchronized manner throughout the entire 
testis. The spermatogenic wave disappears, and only closely related 
stages can be found in tubules across a histological cross section 
of these testes (31). This synchronization is maintained for many 
months. In addition, in mice, this results in the release of spermato-
zoa only every 8.6 days; therefore, the vitamin A–driven synchroniza-
tion in the mouse testis eliminates continual sperm production. The 
task for researchers is now to determine whether the tightly regu-
lated delivery of RA at specific points along the tubule controls the 
spermatogenic wave and the cycle of the seminiferous epithelium. It 
is plausible that the spermatogenic wave is established at the onset 
of spermatogenesis by the progressive development of cells that are 
responsive to vitamin A along the tubule; however, this has yet to be 
investigated. What is known is that the deficiency and then reple-
tion of vitamin A synchronizes spermatogonial differentiation and 
meiotic entry. In addition, the asynchronous production of sperma-
tozoa is disrupted by vitamin A deficiency.

Making RA available to germ cells. In normal animals, the availabil-
ity of RA to germ cells is under tight control. In vitamin A–suffi-
cient adult male mice, exogenous RA but not retinol, administered 
by systemic injection, stimulates Stra8 mRNA expression in the tes-
tis (34). Exogenous RA also increases the number of preleptotene 
spermatocytes incorporating 5-bromo-2-deoxyuridine, indicating 
a more synchronized premeiotic DNA replication (34). It is likely  
that the  in vivo administration of retinol  is  ineffective  in the 
induction of Stra8 mRNA because it is converted to retinyl esters 
in Sertoli cells and enters the vitamin A storage pools while RA 
goes directly (but inefficiently) to the A spermatogonia. However, 
the ability to push germ cells into the differentiation pathway or 
meiosis by administration of exogenous RA reveals that RA avail-
ability is limiting and carefully controlled in the normal mouse 
testis. Thus, the differential activity of RA in stimulating meiosis, 
and possibly the cycle of the seminiferous epithelium and the sper-
matogenic wave, appears to result from the control of RA levels.

RA regulation of human spermatogenesis. The current understand-
ing of RA function in human spermatogenesis is extremely lim-
ited. Vitamin A deficiency does occur in humans and is one of the 
leading causes of blindness, especially in developing countries (53); 
however, there is no information regarding the reproductive capa-
bilities of these people. There is only minimal information available 

regarding the effect of RA on human male germ cells and the expres-
sion of RA metabolism enzymes in men. Germ cells in fetal human 
testes cultured with RA were found to undergo apoptosis after they 
were stimulated to proliferate (54), a result similar to that seen in 
cultures of fetal mouse testes (55). Human Sertoli cells express dif-
ferent enzymes of the vitamin A metabolism pathway (36, 56), as 
is seen in the mouse, and STRA8 is expressed in the human embry-
onic ovary and testis (57) and the postnatal testis (58). Clearly there 
are large gaps in our knowledge with respect to RA regulation of 
human spermatogenesis; however, the rodent studies outlined in 
this Review and the high level of cell type conservation in the testis 
between humans and rodents imply that vitamin A could very well 
be critical in humans for spermatogonial differentiation, meiosis, 
and the cycle of the seminiferous epithelium.

Conclusions
The combined actions of FSH, testosterone, and RA are essential 
for normal mammalian spermatogenesis. FSH acts on Sertoli cells 
and may affect spermatogonial populations. RA acts on both Ser-
toli cells and germ cells and pushes undifferentiated spermatogo-
nia into the differentiation pathway and, eventually, meiotic pro-
phase. Testosterone also acts on Sertoli cells and is necessary for 
round spermatid formation. While much has been learned from 
rodent models and directed gene knockouts, there are examples 
of human pathologies associated with inactivating mutations of 
FSHR and androgen insensitivity syndromes that have also taught 
us much, as they lead to compromised reproductive capacity. Vita-
min A deficiencies that lead to a variety of human illnesses occur 
in many parts of the world, but there is a paucity of information 
regarding their effect on human reproductive capacities  (53). 
Given the complexities associated with retinoid storage, transport, 
and uptake; the number of elements in the retinoid signaling path-
way; the multiple intracellular receptors; and the control of the 
overall organization of spermatogenesis, the potential for male fer-
tility pathologies associated vitamin A activity is large. However,  
given the importance of vitamin A in nearly every other organ sys-
tem, it is likely that there is a great deal of genetic redundancy 
designed to protect the organism. Looking forward, the focus of 
future research is to determine the precise mechanism of retinoid 
metabolism within the testis — not an easy task given the multi-
tude of different enzymes that could regulate this process. There is 
also much to be learned about whether RA is as critical to human 
spermatogenesis as it is in mice, and elaboration of the testicular 
RA production pathway in mice could provide screening targets 
for natural cases of human infertility.
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