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Abstract A common observation in the vertebrate testis is
that new germ cell clones enter spermatogenesis proper
before previously formed clones have completed their
development. The extent to which the developmental advance
of any given germ cell clone in any phase of spermato-
genesis is dependent on that of neighboring clones and/
or on the coordinating influence of associated Sertoli
cells in the immediate vicinity or of others further away
remains unclear. This review presents an overall synthe-
sis of findings in an ancient vertebrate, the spiny dog-
fish shark and shows that, even at this phyletic level,
the developmental advance of a given germ cell clone is
the outcome of various processes emanating from its
spatiotemporal relationship with (1) its own complement
of Sertoli cells in the anatomically distinct spermatocyst
and (2) Sertoli cells associated with other germ cell
clones that lie upstream or downstream in the spermato-
genic progression and that secrete, among others, andro-
gen and estrogen destined for target sites upstream.
Analysis of the protracted spermatogenic cycle shows
the coordination in space and time of spermatogenic and
steroidogenic events. Furthermore, the natural withdrawal
of pituitary gonadotropin support in the dogfish causes a
distinct and highly ordered gradient of apoptosis among the
spermatogonial generations; this in turn is a major contribut-
ing factor to the cyclic nature of sperm production observed in
this lower vertebrate. Because of the simplicity of their testic-
ular organization, their cystic spermatogenesis and their phy-
logenetic position, cartilaginous fishes constitute a valid

vertebrate reference system for comparative analysis with
higher vertebrates.
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Introduction

Apart from germ cells, the germinal compartment of the
vertebrate testis also houses a group of supporting somatic
elements, namely the Sertoli cells. Under the nurturing influ-
ence of mainly these closely positioned somatic cells, germ
cells embark on their developmental journey, which encom-
passes several phases, i.e., several bouts of species-specific
spermatogonial divisions, namely the premeiotic phase (PrM)
followed by a phase of meiotic (M) divisions of the sperma-
tocytes to form round spermatids. The latter then enter a
period of morphological transformation, called spermiogene-
sis, culminating in the formation of mature spermatids or
spermatozoa, namely the postmeiotic phase (PoM).

The extent to which the developmental advance of any
given germ cell clone in any phase is dependent on that of
neighboring clones and/or on the coordinating influence of
associated Sertoli cells in the immediate vicinity or of others
further away remains unclear. Scattered evidence indicates,
however, that spermatogonial mitosis in the three mammalian
orders, Rodentia, Lagomorpha and Carnivora, are synchro-
nized with meiotic cell-cycle checkpoints at certain stages of
the cycle (Blanco-Rodriguez et al. 2003). In the rat, most
germ cell deaths (spermatogonia and spermatocytes) coin-
cided with mitotic peaks of the second and fourth spermato-
gonial generations (seminiferous tubule stages XII, XIV-I;
Blanco-Rodriguez et al. 2003). These findings suggest that
events occurring in any given germ cell stage are influenced
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by activities of neighboring immature or mature germ cells
and/or Sertoli cells. In another study, the timing of germ cell
apoptosis in the pre-pubertal testis has been found to be
linked to the temporal cycle of the Sertoli cycle (Timmons
et al. 2002).

Studying these and other questions in vertebrates with a
less complex testicular organization has supplemented our
general understanding of the cell population kinetics of
immature vertebrate germ cell clones as these relate to the
coordination of the PrM, M and PoM phases during sper-
matogenesis. The cytoarchitecture of the gonads in these
lower vertebrates certainly provides information about the
ancient origins of one of the most crucial cellular relation-
ships known in the body, i.e., the dependence of male germ
cells on the physical and nutritive support from the somatic
cell in closest proximity to them, namely the Sertoli cell
(Roosen-Runge 1969; Callard 1991; Grier 1992). Such
studies are of general interest because the basic principles
of key processes driving all organismal life and survival,
including energy (van Breukelen et al. 2010) and gamete
(Matova and Cooley 2001) production, are essentially con-
served and follow common themes.

Testicular organization in the spiny dogfish

The testis of the spiny dogfish shark, Squalus acanthias
(Fig. 1) and other sharks with similar testes is ideal for
studying such stage-related phenomena in spermatogenesis
because (1) spermatogenesis proceeds in a cystic mode, i.e.,
testicular cells are housed in anatomically distinct spherical
structures (spermatocysts), each containing an isogeneic
germ cell clone and a second clonal population of stage-
synchronized Sertoli cells, (2) developing cysts are arranged
in a linear maturational order across the diameter of the
testis, resulting in a readily visible zonation with cysts in
the premeiotic (PrM; spermatogonia and preleptotene sper-
matocytes), meiotic (M; primary and secondary spermato-
cytes) and postmeiotic (PoM; spermatids) regions and (3)
Sertoli cells divide in a 1:1 ratio with spermatogonia during
the first nine spermatogonial divisions and these cyst stages
are therefore analogous to the cellular composition of the
prenatal and neonatal rodent testis. Cysts can be dispersed
from the shark testis, separated by stage under a dissecting
microscope and used for in vitro study and manipulation
(Dubois and Callard 1991, 1993; McClusky 2006, 2008).

Hormonal regulation of spermatogenesis in the dogfish
shark

As in other vertebrates, the dogfish shark testis is also under
central nervous system control and thus part of the

hypothalamic–pituitary–gonad axis. Unlike other verte-
brates, however, no direct vascular connection exists be-
tween the hypothalamus and the ventral lobe, the
hypophysial part of the dogfish pituitary that controls the
gonads and gonadotrophin-releasing hormone is under-
stood to reach the ventral lobe via the systemic circulation
(for an extensive review, see Dodd 1983). Initial experi-
ments showed that ventral lobectomy or injection of an
extract of ventral lobes into hypophysectomized male dog-
fish significantly altered plasma androgen levels (Sumpter et
al. 1978), although the decrease was small (Dobson and
Dodd 1977a). Ultrastructural studies in S. acanthias showed
that the Sertoli cells and not the conventional target cells of
gonadotropins, i.e., the Leydig cells, possessed typical ste-
roidogenic organelles that increased in abundance concom-
itant with germ cell development, such that they resembled
sacs filled with agranular membranes in the mature sperma-
tid cyst stage (Pudney and Callard 1984a, b). These obser-
vations were consistent with reports that showed that the
activity of 17α-hydroxylase, a key enzyme in androgen bio-
synthesis, exhibited a 12-fold stage-related (PoM>M>PrM)
increase (Callard et al. 1985). These results prompted inves-
tigations into steroid output of the various cyst stages. Studies
of in vitro steroid secretion of spiny dogfish spermatocysts
were inconclusive with regard to stage-related differences, as
testosterone secretion in PrM and PoM cysts were sometimes
found to be equivalent (Cuevas and Callard 1992b). Similar
results were reported for European spotted dogfish sperma-
tocysts (Sourdaine et al. 1990; Sourdaine and Garnier 1993).
Further studies on Squalus testis showed, however, that the
stage-related distribution patterns for androgen receptors
were the exact opposite of that of 17α-hydroxylase activity,
i.e., PrM>M>>PoM (Cuevas and Callard 1992a). Since the
direction of blood flow via the dogfish genital artery is from
the mature to immature pole of the testis (Cuevas et al.
1992), an overall picture emerged that seemed to imply that
androgen secreted at the mature pole of the testis might be
destined for a role upstream in the spermatogenic sequence
where androgen receptors are concentrated. A difficulty
experienced with these cyst culture experiments was the
variable reproducibility of results from one year to the next,
all of which was later shown to be related to the near
absence of androgen-secreting mature PoM cysts in spiny
dogfish caught over the summer months (see below), the
time of year when cyst culture experiments could be
performed.

Spermatogonial cell population kinetics within the PrM
region

A salient feature of vertebrate spermatogenesis is the syn-
chrony of germ cell development. This is in a large part
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attributable to the presence of intercellular bridges between
the progeny of any given committed spermatogonial stem cell
in higher (Dym and Fawcett 1971; Weber and Russell 1987;
Ehmcke et al. 2005) and lower (Pudney 1995; Loppion et al.
2008) vertebrates. This clonal type of development persists
until extremely late in spermiogenesis. Since a single germ
cell clone can consist of many hundreds in a germ cells,
synchronous germ cell development in any given clone
probably involves intraclonal signaling mechanisms, from
the germ cells themselves and/or from the associated Sertoli
cells.

A striking finding in hypophysectomized male dogfish is
the coordinated massive breakdown of spermatocysts at the
spermatogonia–spermatocyte transition and a gradient of
degeneration in the PrM region (Dobson and Dodd

1977b). Cysts containing the final spermatogonial division
degenerate and the dying spermatogonia are phagocytosed
by the associated Sertoli cells following hypophysectomy.
These changes are only observed when the water tempera-
ture of the holding tanks resembles that of the summer sea
temperature of 13°C and warmer (Dobson and Dodd
1977c). These findings in Scyliorhinus have drawn attention
to an earlier report of Simpson and Wardle (1967) who
describe their observation of a naturally occurring zone of
cyst breakdown of similar quality and quantity in summer-
caught S. acanthias of the Scottish-Norwegian stock, an
observation the latter authors ascribed to a pause in pituitary
gonadotropin secretion during the winter months. Subsequent
biochemical, TUNEL (terminal deoxynucleotidyl-transferase-
mediated dUTP nick-end labeling) immunohistochemical,

Fig. 1 Representation of transversely cut spiny dogfish shark testis
showing the topographical arrangement of spermatocysts and a readily
visible zonation of the testis comprising spermatocysts in the premei-
otic (PrM: cysts in the folliculogenic germinal zone [GZ] and cysts
with peripheral layers of spermatogonia orderly arranged in one to
three [early-stage, E-PrM], four to eight [mid-stage, M-PrM] and eight
or more [late-stage, L-PrM] layers), meiotic (M: cysts with primary and

secondary spermatocytes) and postmeiotic (PoM: cysts with sperma-
tids at the round [early-stage, E-PoM], elongating [mid-stage, M-PoM]
and mature [late-stage, L-PoM] stages of spermiogenesis) regions. Any
given cyst houses a germ cell clone of only one stage of development,
together with its own complement of stage-synchronized Sertoli cells
whose nuclei undergo a lumen-to-base migration in the most mature
spermatogonial cyst stage (L-PrM)
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morphologic and acridine-orange vital-staining analyses of
cysts in the zone of degeneration and the PrM region (Callard
et al. 1995; McClusky 2005, 2006) of summer-caught S.
acanthias have confirmed the mode of death in these dying
spermatogonial cysts as apoptosis. Moreover, TUNEL anal-
ysis of paraffin sections of the zonated testis has revealed a
gradient of apoptosis (germinal zone [GZ] < early-stage
PrM [E-PrM] << mid-stage [M-PrM]) in the PrM region
(Fig. 2).

To explore further the apoptosis gradient in the PrM
region and the quality of spermatogonial apoptotic death in
S. acanthias as revealed by TUNEL immunohistochemistry,
all TUNEL-related death phenomena observed in the PrM
region in spring–summer were quantified substage-by-
substage (L.M. McClusky, unpublished). Given that the

shark spermatocyst is an anatomically distinct spherical
structure and that germ cells within a cyst are cytoplasmi-
cally linked, we can reasonably expect that the spreading of
cellular signals within the spermatocyst will be synchro-
nized and all-or-none. Various staining patterns have, how-
ever, been observed (see Fig. 3). We can conclude that the
observed TUNEL-related variations in spermatogonial death
most likely reflect the protracted sequence of events in
dying, coalesced cells, i.e., coalescence (not TUNEL-
labeled) → fragmentation of nuclear DNA (labeled by
TUNEL) → leakage of DNA fragments into the cytoplasm
(TUNEL-labeling of large rounded mass), phenomena that
are known also to occur in teleosts (McClusky et al. 2008).
To determine whether the various substages within the PrM
region differ in their response to the death stimulus, the
various TUNEL-related death phenomena have been ana-
lyzed stage-by-stage within the PrM region (Fig. 4). The
total number of TUNEL-labeled nuclei and the various
forms of TUNEL-related death phenomena increase in a
stage-dependent manner (E-PrM<M-PrM<<condemned M-
PrM [zone of degeneration, ZD]). The total number of
multinucleate giant cells (TUNEL-positive and TUNEL-
negative) in both E-PrM and M-PrM cysts is higher than
the number of individual single TUNEL-positive nuclei in
these cyst stages (Fig. 4). One interpretation of the latter
results could be that the death signal is transmitted in equal
measure through intercellular bridges in several subsections
of a spermatogonial clone, regardless of whether it might be
an immature or mature spermatogonial clone. This implies
that other factors are involved in the coordinated propaga-
tion of the apoptotic stimulus among the 13 spermatogonial
generations of the spiny dogfish such as to produce an
apoptosis gradient in the PrM region. Interestingly though,
the entire demise of immature spermatogonial cysts can
occur but is extremely rare, as is the observation of apopto-
tic spermatogonia amongst GZ cysts (Fig. 3). Moreover,
mature spermatogonial clones (M-PrM) may sometimes
show simultaneous activation of mitosis and cell death
(Fig. 3), a phenomenon also observed in the blue shark
testis (McClusky 2011). Mitosis is, however, never ob-
served in severely apoptotic cysts. All in all, the available
evidence suggests the presence of clone-intrinsic mecha-
nisms involved in assessing the magnitude of the
apoptosis-inducing signal, with clone fate (life or death)
being decided accordingly. Indeed, asynchronous cell death
in a population of cells is a well-known observation and some
cells might even undergo mitosis in the presence of a death
stimulus when the survival mode predominates (Messam and
Pittman 1998; Wilson et al. 2000). Mouse spermatogonial
clones are able to alter the numbers of single apoptotic
versus chains of apoptotic spermatogonia depending on
the magnitude of the apoptosis-inducing signal, which in
this case was radiation (Hamer et al. 2003).

Fig. 2 TUNEL immunohistochemistry of testicular cross-sections of
Squalus acanthias caught in late spring showing the qualitative differ-
ences in labeling in the immature (a) and mature (b) PrM regions.
Although the GZ and E-PrM regions (a) generally show no TUNEL-
labeling, a few large rounded spermatogonia may occasionally be
TUNEL-positive at the height of apoptosis activation. By contrast, an
apoptosis gradient is clearly visible in the M-PrM region (b), with the
incidence of TUNEL-labeling being proportional to increasing cyst
size (top right to bottom left). Bars 25 μm (L.M. McClusky,
unpublished)
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Another explanation for the occasionally observed asyn-
chrony in life–death decisions in these cytoplasmically
linked germ cell clones could be the purported surveillance
activity of immature Sertoli cells and their role as putative
cell counters within these cysts. Sertoli cell proliferation
occurs when the E-PrM cyst spermatogonia are quiescent
and no further Sertoli cell proliferation occurs after the E-
PrM stage (see below). Therefore, upregulated spermatogo-
nial cell-cycle activities in awakening E-PrM cysts might be
monitored by Sertoli cells, which by the summer have entered
a post-mitotic state (see below). Since Squalus Sertoli cells

never become apoptotic in vivo and since the germ-cell-
carrying capacity of the Sertoli cell is finite (for a review, see
Sharpe et al. 2003), it is argued that Sertoli cell proliferative
activities in each E-PrM cyst during late autumn through the
winter months are exact and require no post-winter adjust-
ment. Any required adjustment of the cell numbers of a cyst
to optimize the Sertoli:germ cell ratio would affect the
spermatogonia, which are in the cell cycle during spring–
summer (see below); this agrees in principle with the known
density-dependent regulation of spermatogonia in mammals
(de Rooij and Janssen 1987; de Rooij and Lok 1987;

Fig. 3 Photomicrographs of
methyl-green-counterstained
tissue sections showing the
various types of TUNEL-related
death phenomena and qualitative
deviations from the stage-
dependency of TUNEL-labeling
in spermatogenically active S.
acanthias. a TUNEL immuno-
histochemistry of dying sper-
matogonia in a zone of
degeneration (ZD; condemned
M-PrM) cyst showing single
TUNEL-positive nuclei, large
rounded TUNEL-positive
masses (#) and multinucleate
giant cells whose nuclei are
either TUNEL-negative
(arrowhead) or TUNEL-positive
(asterisk). b In a rare example of
asynchronous development in a
spermatogonial clone, both
mitosis and apoptosis are simul-
taneously activated in this tan-
gentially sectioned M-PrM cyst.
Note that the number of intense
methyl-green-stained metaphase
figures, with one immediately
adjacent to a TUNEL-positive
nucleus (arrow), is approxi-
mately double that of the number
of the TUNEL-positive nuclei. c
In another rare case of asyn-
chrony in the stage-dependency
of apoptosis in Squalus, the
entire spermatogonial clone is
completely TUNEL-labeled in
an E-PrM cyst, with the perilu-
menar Sertoli nuclei being total-
ly unaffected by the demise of
the germ cell clone. Bars 16 μm
(a, b), 20 μm (c; L.M.
McClusky, unpublished)
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Tadokoro et al. 2002). Since the Sertoli cells of E-PrM cysts
are in essence naive or inexperienced cells, they might not
be as efficient in their support of germ cells as experienced
Sertoli cells, a conclusion that has similarly been made to
explain the common degenerative phenomena in the puber-
tal rodent testis (for a review, see Sharpe 1994). For these
reasons, the resumption of testicular activities in S. acan-
thias in the spring–summer transition has also been likened
to a “seasonal” puberty.

Role of environmental cues in the seasonal variations
of germ cell clone numbers

Given that all PrM cysts dispersed from summer-caught spiny
dogfish continue with DNA synthetic activities on schedule
and respond to various regulators in vitro (Dubois and Callard
1991, 1993; Piferrer et al. 1993; Piferrer and Callard 1995),
the demise of especially large numbers of mature spermato-
gonial cysts via apoptosis at the resumption of testicular
activities in spring–summer is indeed intriguing.

To acquire a better understanding of the significance of
these findings, all cyst stages in monthly samples of testic-
ular cross-sections have been quantified over a full sper-
matogenic cycle. The arrival each year of spiny dogfish in
the inshore waters of New England with the onset of spring,
following their northward migration from locations near
Cape Hatteras (North Carolina) and offshore waters, occurs
when sea water temperatures rise to 13°C and higher in New
England (Stehlik 2007). This environmental cue is associated

with cyst breakdown at the spermatogonia–spermatocyte
transition such as to form a ZD behind any spermatocyte
cyst that might be present in the spermatogenic sequence
(Fig. 5). Further advancement into meiosis remains blocked
for the duration of the summer and resumes only in the early
autumn, followed one month later by the appearance of
round spermatid cysts. Resumption of meiosis and spermio-
genesis ensures the displacement of the ZD band toward the
mature pole of the testis until it disappears from the sper-
matogenic sequence in winter. Interestingly, the changing
seasons also result in spermatocyst cyst death via apoptosis
at the spermatogonia–spermatocyte transition in cystic sper-
matogenesis in the Japanese newt, with a natural fall in
ambient temperature at the onset of winter and accompa-
nying elevated levels of prolactin being the inducers of
apoptosis (Yazawa et al. 1999). By all accounts, the interval
between the release of the apoptosis-inducing signal and
cyst breakdown appears to be shorter in the newt than in
the dogfish shark. The environmental cue that profoundly
influences spermatogenic arrest in dogfish is water temper-
ature and not photoperiod (Dobson and Dodd 1977c). This
implies that the prevailing sea water temperature regime most
probably underlies the cyclical pituitary gonadotropin activity
and/or the responsiveness of germinal clones to gonadotro-
pins, a notion that is consistent with the known effects of water
temperature on fish gonadotropin synthesis and release (Fraser
et al. 2002) and refractoriness of newt spermatogonial cysts
to gonadotropic stimulation when ambient temperature falls
(Yazawa et al. 2001).

Since androgen reduces the rate of apoptosis in E-PrM
cysts dispersed from spring-caught sharks in vitro (McClusky
2008), local androgen deprivation might also be a contrib-
uting factor to spermatogonial apoptosis in Squalus in vivo
(see below). The time of year when the TUNEL-index of all
PrM cysts is at its nadir (McClusky 2005) and when the
mitosis–meiosis transition is re-established, corresponds
exactly with the same months (October–December) when
the proportion of mature spermatid cysts is at its highest
(Fig. 6). As habitation in cold waters is thought to underlie
the slow metabolism in spiny dogfish (Mattingly et al.
2004), the effects of androgen deprivation during the winter
months might only manifest as an increase in the rates of
apoptosis when rising sea water temperatures stimulate tes-
ticular recrudescence. All of this is consistent with the
seasonal analysis of cyst numbers (Fig. 6), which shows a
gradual protracted wave-like movement of peaks in cyst
numbers over time. For instance, the formation of peak
numbers of late-stage PoM (L-PoM) cysts (containing mature
spermatids) once every year in November–December actually
reflects the peak numbers of L-PrM cysts formed one year
earlier during November–December (Fig. 6). Taken together,
massive apoptotic death among mature spermatogonial gen-
erations is thus responsible for the cyclical nature of sperm

Fig. 4 Stage-related changes in the number of the various forms of
TUNEL-labeling in the PrM region. Values represent the mean number
± SEM of counts of TUNEL-related death phenomena. Germinal zone
cysts were rarely TUNEL-labeled and not scored, whereas L-PrM cysts
were absent from the spermatogenic progression during this time of the
year (see Fig. 5; L.M. McClusky, unpublished)
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production in S. acanthias. Squalus Sertoli cells them-
selves are not affected (Fig. 3) and instead mediate the death
signals to the M-PrM cyst spermatogonia, indicating that
Squalus Sertoli cells also have a role, though in an indirect
manner, in the cyclical nature of spermatogenesis in the
spiny dogfish shark. These findings agree in principle with
the observed link between the timing of germ cell apoptosis
and the temporal cycle of the Sertoli cell activities in a
higher vertebrate (Timmons et al. 2002).

Quantitative spermatogenic cycle data and other indi-
cators of testicular activity for other elasmobranch spe-
cies are fragmentary and incomplete. A comparison of
the available data shows, however, that the cycle of the
spiny dogfish shark is protracted compared with, for
example, stingrays and bonnethead sharks found in tem-
perate and tropical waters. Large portions of the round
stingray testis contain spermatocysts at a similar stage
of development (Mull et al. 2008). Furthermore, the
developmental advance from spermatocyte to spermatozoa
is completed within 3–4 months in both the Atlantic stingray
(Maruska et al. 1996) and bonnethead shark (Parsons and
Grier 1992). Given the stingray’s particular reproductive
strategy, which includes a homogeneous and rapid type of
spermatogenic development resulting, a few months later, in
a testis almost entirely filled with mature spermatid cysts,
the PrM region in this species is not surprisingly devoid of
any TUNEL-positive staining (Mull et al. 2008). However,

at the time of peak sperm production in the round stingray,
the Sertoli cells of mature spermatid cysts near the efferent
ducts are TUNEL-positive (Mull et al. 2008), a finding
reminiscent of the spotted ray (Prisco et al. 2003) but not
of any dogfish species testis. Taken together, these results
illustrate the differences in the testicular activities and
expression of testicular apoptosis among elasmobranchs,
all of which reflect different reproductive strategies in differ-
ent habitats.

Advance of spermatogonial clones after removal
of premeiotic blockage

In most vertebrates, testicular regression is associated with
massive germ cell death and the downregulation of all other
indices of testicular activity, including DNA synthesis and
steroidogenic activity. Massive spermatogonial apoptotic
death at the mitosis–meiosis transition associated with tes-
ticular recrudescence and stage-related differences in sea-
sonal variations in cyst numbers are, however, intriguing
findings.

The diametric testis of S. acanthias has a distinct premei-
otic region comprising 13 spermatogonial generations. Un-
like in adult mammals, Sertoli cells are not permanent
elements in the adult shark testis. During each spermatogen-
ic wave across the diameter of dogfish testis, new Sertoli

Fig. 5 Seasonal changes in the proportions of the major cyst stages
comprising the spiny dogfish testis. The spatial arrangement of the
various cyst stages and spermatogenic sequence (arrow) are also
shown (GZ germinal zone, PrM premeiotic phase, M meiotic phase,
ZD zone of degeneration, E-PoM early postmeiotic phase, M-PoM

mid-postmeiotic phase, L-PoM late postmeiotic phase). Values repre-
sent the mean percentages of cysts at a given stage relative to the total
number per testicular cross-section at each time point (see Fig. 6 for
actual values; blue bar, red bar same months as indicated in Fig. 6; Yr
year). Adapted from McClusky (2005) with permission
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cells proliferate in a 1:1 ratio with spermatogonia over the
first nine of the 13 spermatogonial divisions, i.e., in E-PrM
cysts (McClusky 2005).

Given that enhanced DNA synthesis is a well-known
effect of testicular steroid action, the next goal was to place
the observed massive apoptotic death in vivo, cyst steroid
output data and DNA synthesis and apoptosis activity
determinations in cultured E-PrM cysts within an overall
context of an in vivo analysis of PrM-cyst cell-cycle status
(by using proliferative cell nuclear antigen [PCNA] immu-
nohistochemistry) over an annual cycle (Fig. 7). Quantita-
tive PCNA immunohistochemical analysis showed that
close to 100% of M-PrM cysts were PCNA-positive at a
time of year (summer months) when their numbers were the
lowest during the annual cycle (McClusky 2005). An over-
all interpretation of Figs. 6, 7 revealed that the observed
peak numbers of the next spermatogonial stage (L-PrM
cysts, Fig. 6d) in the autumn months were the outcome of
increased cell-cycle activity in an earlier spermatogonial
stage (M-PrM cysts) during the summer months (McClusky
2005). Likewise, the peak in the numbers of M-PrM cysts in
the autumn (Fig. 6c) was the result of increased cell-cycle
activity in the previous spermatogonial stage (E-PrM cysts)
during the summer, as shown by the intense PCNA-
immunostained spermatogonia (Fig. 7c).

Furthermore, PCNA-immunostaining patterns of E-PrM
cysts showed cell-type-specific changes according to the time
of year, i.e., immunostaining patterns of spermatogonia and
their Sertoli cells were not coincident but alternated (Fig. 7a)
over the annual cycle. Sertoli cells of E-PrM cysts were in
the cell cycle at a time of year (October-January) when the
associated spermatogonia were quiescent (Fig. 7b). Indeed,
this testicular condition in the PrM region during the winter
months was coincident with the presence of peak numbers
of mature spermatid cysts (blue shaded area, Figs. 6, 7) in
the testis and presumably also with the peak operation of the
mature→immature androgen-gradient via the vascular path-
way of PoM→M→PrM (Cuevas et al. 1992).

Interestingly, the intratesticular distribution pattern of the
Squalus androgen receptors (Cuevas and Callard 1992a) and
estrogen receptors (Callard and Mak 1985; Callard et al.
1985) is PrM>M>>PoM. On the basis of the changing
cellular relationships in the various zones, these receptors
are probably located in the Sertoli cells themselves, because

Fig. 6 Temporal spermatogenic wave in S. acanthias as shown by the
month-to-month changes in the number of spermatocysts in the major
cyst stages, with the months exhibiting the testicular condition just
prior to spermiation highlighted (blue). This testicular condition (h)
also features peak numbers of M-PrM (c) and L-PrM cysts (d) and
increasing numbers of cysts attempting the mitosis–meiosis transition
(e). As indicated by the dashed lines, peak production of L-PoM cysts
(h), which occurs once in a calendar year (Yr), is the culmination of the
peak production of L-PrM cysts exactly one year earlier after the
resumption of meiosis 4–6 months prior to that. The spent testicular
condition (red) is associated with the peak production of cysts con-
taining spermatocytes (e), followed one month later by a peak produc-
tion of round spermatids (f). An inverse relationship between the peak
occurrences of spermatocytes and mature spermatids is also known in
two other shark species: Mustelus manazo and M. griseus (Teshima
1978). Adapted from McClusky (2005) with permission (lowercase
letters indicate statistically significant differences)

b
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of the observed decrease in androgen receptor and estrogen
receptor numbers through successive stages of cyst matura-
tion (Callard et al. 1985). Therefore, androgen itself or its
aromatized form (estrogen) has been hypothesized to have
the presumed proliferative effect on Sertoli cells in E-PrM
cysts during October-January (blue shading, Fig. 7a). Added
estradiol does increase [3H]thymidine incorporation in Ser-
toli cells dispersed from E-PrM cysts (obtained in May-
September) by more than two-fold (Dubois and Callard
1989). These in vitro findings are consistent with the anal-
ysis of in vivo quantitative seasonal data that show that the
peak production of spermatocyte cysts (Fig. 6e), the source
of estrogen biosynthetic enzymes (Callard et al. 1985),
corresponds spatiotemporally exactly with the time of year
(winter months) when the Sertoli cells in the immature PrM
region are intensely PCNA-immunoreactive (Fig. 7b). In

their study of the steroidogenic cycle in male European
spotted dogfish, Garnier et al. (1999) have also observed a
winter peak in intratesticular testosterone levels, which they
have linked to “spermatogonial mitosis”, an understandable
conclusion in the absence of any quantitative seasonal
analysis of the cell-cycle status of the PrM region of the
European spotted dogfish. Nevertheless, the data from
these two Northern hemisphere dogfish species unequiv-
ocally indicate that androgen production reaches peak
levels in winter.

The possibility that androgen itself might be responsible
for Sertoli cell proliferation in winter E-PrM cysts cannot be
completely excluded. Androgens were traditionally thought
not to be implicated in Sertoli cell proliferation in mammals,
although a role for androgen in the maturation process of
Sertoli cells was mooted by some rodent studies (Sharpe et

Fig. 7 Seasonal and stage-
related changes in the percent-
age of PrM spermatocysts a with
PCNA immunoreactivity of
spermatogonia (filled circles,
open arrows) and Sertoli cells
(open circles, black arrows) in
E-PrM cysts b, c. Sertoli cells
are in a postmitotic state after the
9th spermatogonial division (af-
ter the E-PrM stage) and were
therefore not recorded in the M-
and L-PrM cysts. Hatched bars
above (a) indicate the months
when stem-cell proliferation in
the germinal ridge is known to
occur (not quantified). The blue-
shaded area indicates the same
months as those highlighted in
Fig. 6. a Adapted from
McClusky (2005) with permis-
sion. b, c L.M. McClusky, un-
published (lowercase letters
indicate statistically significant
differences)

Cell Tissue Res (2012) 349:703–715 711



al. 2003; Hill et al. 2004). Subsequently, studies on mice
lacking a functional androgen receptor (Johnston et al.
2004), microarray analysis of androgen-regulated transcripts
in neonatal mice (Zhou et al. 2005) and investigations in
which androgen production/action in neonatal rats were
manipulated (Atanassova et al. 2005) suggested that andro-
gens most likely play a physiological role in promoting Sertoli
cell proliferation in fetal and newborn rodents. Furthermore,
the complete ablation of androgen action in androgen receptor
knockout mice reduces Sertoli cell numbers in adults (Tan et
al. 2005). All in all, the findings of these intricate experi-
ments in conventional laboratory mice agree in principle

with the notion that, in Squalus at least, androgen emanating
from mature spermatid cysts in winter probably underlies
Sertoli cell proliferation in E-PrM cysts during those months
when spermatogonia are quiescent. Further studies, such as
the immunolocalization of androgen and estrogen receptors,
are required to confirm this.

The overall synthesis of all the available data indicates
therefore that the absence of mature spermatid (L-PoM)
cysts from the testis during the winter and summer
(Fig. 6h), coupled with the pause in pituitary gonadotropin
output over the winter months, results in little to no diffus-
ible androgen reaching the M-PrM cysts during the winter

Fig. 8 Cross-sectional representation of the spatiotemporal changes in
the zonated testis of S. acanthias during the winter, spring and summer
months in the northern hemisphere. Cysts containing spermatids and
spermatozoa are omitted for the sake of clarity. After a summer season
of full spermatogenic activity, all spermatogenic stages, albeit in dif-
ferent proportions, are present in the spermatogenic sequence when the
autumn months arrive. Note that a major feature of the autumn months
is the peak production of cysts containing spermatozoa (L-PoM),
which are major sources of androgen. A gradual decline follows,
especially in spermatogonial proliferative activities after spermiation
(red-shaded area, Fig. 6), such that the winter months are characterized
by spermatogenic arrest, presumably as a result of the cessation of
pituitary gonadotropin support. Upon resumption of the developmental

advance in spring, the effects of gonadotropin and androgen deficiency
during the past winter months are manifested as a gradient in apoptosis
(black spots apoptotic spermatogonia) in the PrM region, with M-PrM
and L-PrM cysts subsequently aborting their development and forming
a zone of degeneration (ZD) at the spermatogonia–spermatocyte tran-
sition. Continued developmental advance of cysts during the summer
months and continued abortion of M-PrM cysts subsequently result in
deficits in the number of L-PrM (spring and summer) and M stages
(summer) in the spermatogenic progression. Degenerative processes in
ZD cysts continue; these cysts become oval and flattened as the
formation of newer cysts compresses them. They persist in the testis
until they reach the mature pole at the end of January (see Fig. 5)
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period of spermatogenic arrest and when these cysts awaken
and enter the cell cycle (PCNA-positive) in late spring. This
would explain the vulnerability of the spermatogonia in M-
PrM cysts to apoptosis and, ultimately, the demise of M-PrM
cysts and ZD formation (Fig. 8). E-PrM cysts in winter and
summer are subjected to the same steroidal milieu as M-PrM
cysts but even less of the minute amounts of available
androgen, if any, will reach the E-PrM cysts, which are
further upstream than the M-PrM cysts. Even though E-
PrM cysts show slightly increased vulnerability to apoptosis
in vivo in the awakening testis, they are relatively apoptosis-
resistant compared with M-PrM cysts in vivo (McClusky
2005). The data therefore suggest that the proliferation of
immature spermatogonia in Squalus E-PrM cysts during the
spermatogenically active period (summer) is associated with
an environment of low intratesticular androgen concentra-
tion, a conclusion that is consistent with similar findings
reported in teleost fish (Chaves-Pozo et al. 2007; Corriero et
al. 2007) and frogs (Sasso-Cerri et al. 2005). As shark cyst
harvesting procedures predominantly select for E-PrM cysts
(McClusky 2006, 2008), it is therefore no surprise that
co-culture of shark PrM cysts with androgen-secreting
PoM cysts in the summer results in a marked reduction in
DNA synthesis in E-PrM cysts (Piferrer and Callard 1992).
The addition of testosterone in the presence of 1% fetal
bovine serum to cultured E-PrM cysts harvested from the
awakening Squalus testis initially stimulates DNA synthesis
but the effects become muted and even reversed in subse-
quent culture experiments later during the summer months
(McClusky 2008).

Although focused quantitative analyses of the population
dynamics of rodent spermatogonia are not as common as the
analyses of other germ cell stages, active spermatogonial
divisions are generally thought to occur when testosterone
levels are relatively low; high testosterone levels might neg-
atively affect spermatogonial differentiation (for a review, see
de Rooij and Russell 2000; Meistrich and Shetty 2003). Low
levels of testosterone characterize rat seminiferous epithelial
stages IX-XII (Parvinen and Huhtaniemi 1990), the same
stages that also feature peak spermatogonial mitotic activity
(Blanco-Rodriguez et al. 2003). The transplantation of sper-
matogonia also favors an environment of low testosterone
(Ogawa et al. 1998). Studies primarily in adult rodents
indicate that the regulation of spermatogonia is multifaceted,
involving density-dependent (de Rooij et al. 1989; de Rooij
2001; Meng et al. 2000; Tadokoro et al. 2002) and hormone-
controlled (McLachlan et al. 1994; Meachem et al. 1999;
Matthiesson et al. 2006) mechanisms mediated by Sertoli
cells and operating in an age-dependent and spermatogonial-
stage-dependent manner. Findings from organ cultures of
immature rodent testes also indicate that developing Sertoli
cells regulate the cell population dynamics of gonocytes, i.e.,
undifferentiated and differentiated spermatogonia, depending

on the age of the Sertoli cell (Boitani et al. 1993, 1995; van
Dissel-Emiliani et al. 1993; Sariola and Immonen 2008).
Thus, a picture emerges showing that the regulation of the
vertebrate spermatogonial population is indeed complex,
most likely involving a signaling network of clone-
extrinsic and clone-intrinsic factors mediated through the
closely positioned Sertoli cells.

Concluding remarks

These findings indicate that the developmental advance of
male germ cell clones and their response to various internal
and external stimuli, including those from other more mature
stages, occur in the context of an intimate three-dimensional
spatiotemporal relationship with associated Sertoli cells. Since
the Sertoli cell of the spiny dogfish shark nurtures only one
anatomically enclosed germ cell clone at any one time and is
simultaneously the source of steroids within the testis of this
shark species at least, we might be tempted to speculate that
the distinct stage-related functions of Sertoli cells in the shark
testis will provide us with information about the ancient roles
of Sertoli cells in vertebrates in general. Unconventional ani-
mal models, such as the ancient cartilaginous fishes, have a
utility in the study of the close relationship between spermato-
genic and steroidogenic events, and of the intimate Sertoli–
germ-cell relationship, both of which are conserved through-
out the vertebrate series.
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