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Abstract

The process of spermatogenesis features significant germ cell loss through apoptosis. Routine histology of the testes of well-
studied animal models hardly discloses any trace of their phagocytic clearance by the supporting Sertoli cells. This review
highlights lessons learnt from the cystic, diametric testes of some seasonally migrating elasmobranchs (e.g., spiny dogfish
and blue sharks) that offer unconventional investigative paradigms to study these phenomena as these organs readily disclose
a pronounced apoptosis gradient affecting exclusively spermatogonial clones that each are enclosed with their own Sertoli
cells in spherical structures called spermatocysts. This gradient is visible at a certain time of year in the spermatogenically
active shark, and peaks in mature spermatogonial cysts as clustered deaths with sporadic, and not massive secondary necro-
sis. Conversely, immature spermatogonial cysts in blue sharks reveal a characteristic periluminal display of single apoptotic
deaths. Tracing aberrations in the immunostaining patterns of the conserved cell cycle marker, proliferating cell nuclear
antigen, the gradual progression of the death process in individual or coalesced spermatogonia in contiguous cysts becomes
clear. The multiple apoptotic nuclear fragmentation morphologies inform also of a protracted death process involving three
different morphological routes of nuclear fragmentation (of which some are TUNEL-positive and other TUNEL-negative)
and concomitant chromatin compaction that culminate in freed apoptotic bodies (i.e., secondary necrosis). It is discussed that
the staggered spermatogonial deaths and accompanying intermittent secondary necrosis in mature blue shark spermatogonial
cysts may well relate to the low phagocytosis capacity of cyst’s Sertoli cells that are still functionally naive.
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Introduction

In the testis, immature spermatogonia undergo a species-
specific number of mitotic divisions before they proceed
through meiosis and give rise to round spermatids that
ultimately transform into spermatozoa. These maturational
developments, known as the process of spermatogenesis, is
self-sustaining and self-adjusting. Studies of the tubular tes-
ticular parenchyma of the common laboratory rodent reveal
that the sperm output resulting from the base-to-lumen
development of the germ cells in the epithelial wall occur
with a lower-than-expected efficiency [1, 2], with sporadi-
cally degenerating germ cells mainly implicated [3-5].
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The incidence of germ cell degeneration in the mam-
malian seminiferous tubule is variable, with some stretches
of the tubule (i.e., defined groupings of germ cells called
stages) revealing only one pyknotic cell per 200 tubules
examined [5]. However, not all germ cell deletions may
present as frank deaths since the deletion of immature sper-
matogonia in the rat tubules is even described as morpho-
logically inconspicuous [6]. It is also thought that dead germ
cells are rapidly and efficiently eliminated via phagocytosis
since routine histology of the tubules reveals no trace of
their phagocytosis [7-9]. The phagocytes within the tubules
are supporting somatic cells, called Sertoli cells, that each
cradle 30-40 germ cells in various stages of differentiation
in its tree-like cell body [10]. The latter report estimates that
Sertoli cells clear millions of apoptotic germ cells during
spermatogenesis. It is clear, however, that maintenance of
an orderly tissue architecture that is conducive for cellular
production and germ cell differentiation is an abiding char-
acteristic of the normal testis.


http://orcid.org/0000-0003-0127-6415
http://crossmark.crossref.org/dialog/?doi=10.1007/s10495-022-01733-0&domain=pdf

Apoptosis (2022) 27:454-464

455

How such diametrically opposite cellular processes can
proceed seamlessly during normal spermatogenesis in ver-
tebrates has been the subject much enquiry, including in the
study of cystic spermatogenesis in unconventional animal
models, such as elasmobranchs (e.g., sharks). The testes of
the latter and other anamniotes consist of anatomically dis-
crete, follicle-like spermatocysts, each containing a specific
intercellular bridge-connected germ cell stage (i.e., isoge-
neic clone) and its own complement of Sertoli cells. The
testes of some elasmobranch species (e.g., spiny dogfish and
blue shark) offer another advantage in that maturing cysts
occur in succession across the testicular diameter (Fig. 1).
It should also be kept in mind that because spermatogenic
development proceeds in a wave-like, linear fashion in con-
tiguous cysts, cysts immediately upstream may hold the
clues to earlier stages of any given developmental process
that have reached an advanced stage in cysts downstream.
The life—death balance in these cytoplasmically linked ger-
minal clones in the elongated diametric testis of seasonal
breeding elasmobranchs (e.g., spiny dogfish and blue shark)
has attracted much interest due mainly to the ready discrimi-
nation of the apoptosis-susceptible germ cell stages, owing
to a premeiotic (PrM) stage-related apoptosis gradient that is
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Fig. 1 Schematic illustration of the topographical arrangement of
successive spermatocyst stages in a cross-sectional view of the blue
shark testis, showing the apoptosis gradient that characterizes the
PrM region in spermatogenically active blue sharks. Histologically
this gradient presents as extensive MNC that peaks in mature PrM
cysts (B). In contrast apoptotic phenomena in smaller PrM cysts (A)
have a decidedly periluminal character showing crescents of com-

visible in a single testicular cross-section at a certain time of
year in the spermatogenically active individual (Fig. 1). The
gradient peaks in mature spermatogonial cysts, manifesting
as extensive multinucleate cell death (MNC). In contrast, a
subset of immature spermatogonial cyst stages in the blue
shark display a periluminal pattern of individual classic
apoptotic morphologies, including crescents of compacted
chromatin and pyknotic bodies. The aim of this review is to
summarize particularly the novel observations of testicular
apoptosis in the blue shark, which are evidence of different
morphological routes of nuclear fragmentation and concom-
itant chromatin compaction that culminate in the phenom-
enon of scattered, instead of massive secondary necrosis,
even in the fully condemned PrM cyst. The characteristic
periluminal display in the blue shark testis of multiple iso-
lated deaths in immature PrM cysts are routine observations
in the same cysts in free-ranging blue shark sampled from
both the Northwest Atlantic [11, 12] and Mediterranean pop-
ulations sampled at Bari, Italy (unpublished observations),
suggesting that it is likely a species-specific phenomenon.
The slowly progressing MNC death and subsequent sec-
ondary necrosis in condemned spermatogonial clones dur-
ing normal spermatogenesis in elasmobranchs are curious

pacted chromatin and pyknotic spots (open arrowheads) amongst the
Sertoli cell nuclei (filled arrowheads). Adjacent round bodies (circles)
only just reveal the last remains of these crescents, indicating the
transient nature of these morphologies. M meiotic cysts (i.e., primary,
and secondary spermatocytes), PoM postmeiotic cysts (i.e., round,
maturing and fully differentiated spermatids) (Colour figure online)
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exceptions to accepted dogma about the maintenance of tis-
sue integrity and homeostasis. It is generally thought that
the apoptotic cell is, as a general rule, cleared swiftly by
phagocytes, a process commencing already in the earliest
stages of apoptotic death while the plasma membrane is
still intact such as to prevent the release of noxious cellu-
lar contents that may occur at the secondary necrosis phase
[10, 13]. It has, however, also been countered that second-
ary necrosis during late apoptosis is the natural outcome of
fully developed apoptosis in animals [14]. This argument is,
in turn, rooted in observations that in vivo secondary necro-
sis occurs, among others, typically in tissues with ducts and
lumina during which the apoptotic bodies from the dying
epithelial cells are shed into the ducts and lumina, develop-
ments presumably due to delayed, non-availability or lower
efficiency of phagocytosis by non-professional (specialized)
phagocytes [14]. The question is therefore why apoptotic
death during elasmobranch spermatogenesis is not swift, but
rather protracted and associated with some incidences of
secondary necrosis.

Multiple modalities of death inform
about systematic nuclear fragmentation

Spermatogonia are patently the cell type undergoing cell
death in the wholly condemned mature PrM cyst of the blue
shark (Fig. 1) and in dogfishes [15, 16]. A similar frank
inference regarding the observed periluminal apoptosis in
the blue shark’s small PrM cysts seems much less straight-
forward in routine histology given their proximity to the
Sertoli nuclei. Moreover, such a pattern of death is never
seen in the spiny dogfish [17]. The simpler organization of
the elasmobranch testis renders it suitable for more sensitive
methods to explore the underlying molecular aspects of this
cell death and simultaneously verify the cell type involved
in the periluminal display of apoptosis. The fragmentation
of DNA was the first to be characterized as a biochemical
hallmark of apoptotic death [18] and subsequently linked
to chromatin condensation morphologies [19]. One conven-
tional assay to assess DNA fragmentation in situ is the ter-
minal dUTP nick end-labeling (TUNEL) method that pref-
erentially detects low molecular weight DNA fragmentation
that is the predominant type of fragmentation in apoptotic
deaths [20, 21].

As shown in Fig. 2, the pattern of TUNEL staining in
the smaller PrM cysts of the blue shark largely mirrors the
periluminal pattern seen with routine histology. However,
close inspection of the periluminal TUNEL staining reveals
that the ring-like perinuclear compacted chromatin and cres-
cents of chromatin are distinctly TUNEL-negative. Instead,
periluminal cell remnants of various sizes, with or without
pyknotic spots, are TUNEL-labeled. The odd occurrence of
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a TUNEL-negative nucleus on the cyst periphery, with cres-
cents of condensed chromatin clearly confirms these phe-
nomena as spermatogonial deaths. Total TUNEL-labeling
of the entire spermatogonial clone, as seen very sporadically
in the spiny dogfish, is never encountered in the blue shark.
TUNEL-positive spermatogonial corpses showing one or
two pyknotic masses are also consistently observed in larger
PrM cysts of the blue shark (Fig. 2B) and thresher shark
(Fig. 2C).

The differential staining with the TUNEL method is
meaningful when these observations are considered in the
light of the two-step process of DNA fragmentation dur-
ing apoptosis. The first phase is high molecular weight
(HMW) that is TUNEL-negative and that is usually, but not
always, followed by internucleosomal cleavage of DNA that
generates the shorter typically TUNEL-detectable double-
stranded breaks of these nucleosomal fragments [20, 22].
Systematic analyses of the course of experimentally induced
apoptotic death in vitro have determined that HMW frag-
mentation, is coincident with the early stages of chromatin
condensation (termed stage I), namely the collapse of chro-
matin outward against the nuclear periphery, also termed
perinuclear chromatin compaction [22]. Conversely, nucle-
osomal fragmentation is associated with the subsequent
advanced (stage II) chromatin condensation, namely the
formation of pyknotic or apoptotic bodies [23, 24]. Thus,
assuming that these molecular mechanisms are conserved,
then the differential TUNEL labeling observed here dur-
ing blue shark spermatogenesis has additionally highlighted
what appears to be a protracted process of apoptotic death
during spermatogenesis in these primitive vertebrates.

The periluminal apoptotic morphologies in the devel-
oping PrM cyst in the blue shark clearly indicate that it is
single spermatogonia that exit the cell cycle into apopto-
sis. However, TUNEL immunohistochemistry is seemingly
not sensitive enough to detect earlier signs of imminent
entry into death in the peripheral layers of cycling sper-
matogonia. A previous quantitative analysis of cell death
and proliferation in the blue shark testis [12] surprisingly
reported an overlap between immunolabelling of the peri-
luminal apoptotic morphologies with TUNEL and that of
the conserved cell cycle marker, proliferating cell nuclear
antigen (PCNA). However, PCNA immunohistochemistry
also anomalously labeled the odd clone member in other-
wise appropriately immunostained spermatogonial clones.
With formalin-fixed samples typically the primary mate-
rial for these analyses in wild-caught species, the properly
analyzed elasmobranch testis nevertheless offers interest-
ing investigative paradigms for the study of the waxing
and waning of the immunoexpression of a conventional
cell cycle marker such as PCNA in a spherical clone, and
whose expression is absent during M-phase. PCNA is a
conserved auxiliary protein to DNA polymerases o and €
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Fig.2 Comparison of TUNEL-
staining patterns of developing
PrM cysts in some elasmo-
branch species. A TUNEL
staining of small blue shark
PrM cysts also reveal a perilu-
minal character, except for some
classic apoptotic morphologies
(open arrowheads) that are not
TUNEL-labeled. A scattering of
subcellular (small arrows) and
cell-sized (asterisk) bodies, with
or without pyknotic spots, are
crisply TUNEL-stained. Inset:
On the rare occasion that it is
detected with the technique, the
entire spermatogonial clone in
the corresponding cyst stage in
the spiny dogfish is TUNEL-
positive, a sight never encoun-
tered in the blue shark testis.
TUNEL-staining may label a
scattering of spermatogonia in
mature PrM cysts of the B blue
shark and C thresher shark, but
notably spermatogonia that dis-
play one or two pyknotic spots
(asterisks). Bar=10 um (Colour
figure online)

in the replication fork [25, 26]. It is generally agreed that
its immunohistochemical staining intensity in situ reaches
peak levels in late G1 and for the duration of S-phase after
which its steadily diminishes through G2-phase to non-
detectable levels during mitotic division [27-29].

These landmarks have been mapped in cycling immature
spermatogonial clones in the blue shark [30]. Briefly, by
using the intense dark brown staining pattern (indicating
late G1-S-phase) and the PCNA-negative mitotic figures as
definitive “signposts” in a spherical cycling clone (i.e., the
cyst), it was determined that the protracted passage through

the four phases of the cell cycle manifested as variations in
the immunoexpression of PCNA in the different clone mem-
bers. Accordingly, clones or clone members in G2-phase
were uneven light brown stained/globular-like). The fortui-
tous sight of occasional clones engaged in the S-phase —
G2 transition confirmed the uneven light brown/ globular
appearance as depicting G2. The latter immunostaining pat-
tern was the dominant pattern seen in multiple layers of cysts
in the MNC testis condition. Thus, cell-cycle active blue
shark spermatogonial clones may either promptly proceed
from S-phase into G2 and M-phase, or they may become
synchronized in only G2-phase (see Fig. 9 in McClusky
[30]).
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More than one route of apoptotic nuclear
fragmentation

Following PCNA immunohistochemistry of formalin-
fixed cross-sections, normal looking PrM cysts with two
to three layers of spermatogonia reveal the anomalous
PCNA-labeling of a scattering of spermatogonia in addi-
tion to the periluminal immunostaining pattern, and also
in cysts with no periluminal death phenomena (Fig. 3).
Given that a few of the oddly PCNA-labeled spermato-
gonia are also ensconced amongst the periluminal Ser-
toli cell nuclei, this suggests that the anomalous PCNA-
labeling detects earlier stages of spermatogonial death
prior to the manifestation of apoptotic chromatin conden-
sation. It should be kept in mind that cysts immediately
upstream may hold clues to earlier stages of the apop-
totic death process that have reached an advanced stage in
cysts downstream. Accordingly, these earlier stages of the
death process entail the gradual redistribution of PCNA
in a normal looking strongly immunolabeled clone mem-
ber that has a distinct exaggerated globular appearance
(Fig. 3A), followed by an immunomorphology showing a
few larger cleared/““globular” areas (Fig. 3B) and eventu-
ally the emergence of one large increasingly PCNA-defi-
cient area (Fig. 3C) that may reveal blue cytological detail,
most likely chromatin threads (Fig. 3D). Given the strong
immunoexpression of PCNA in these isolated deaths, it is
argued that this reflects initially the entry into death at the
time of exit from S-phase, and PCNA immunoreactivity
is retained because of the slow progression of death (see
below).

The scattered anomalously PCNA-labeled dying sper-
matogonia and classic apoptotic morphologies that border
the cyst lumen reflect the deaths of single spermatogonia,
which is perhaps the closest link between them in this
in situ study of highly dynamic processes. Cognizant of
the slow progression of apoptotic death in a primitively
organized germinal compartment, it may be apparent then
that what initially seems chaotic is indeed structured and
biologically significant. Closer inspection reveals what
seem to indicate three different morphological routes of
nuclear fragmentation and concomitant chromatin com-
paction that culminate in freed apoptotic bodies (Fig. 3D,
E). The clearest indication of the existence of more than
one route to dismantle the lonesome dying spermato-
gonium’s nucleus is that which on the surface appears
as the PCNA-labeled compaction of the entire nucleus
into a single pyknotic mass, and which is not the case,
but rather internal nuclear fragmentation (see Fig. 3A,
E). This is contra the unlabeled progressive perinuclear
compaction of chromatin ultimately as crescents in an
otherwise definitive, opaque nucleus (Fig. 3D, E). The
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latter simultaneously reveals the transient nature of the
morphology showing crescents of condensed chromatin,
because these gradually diminish, leaving only the opaque
nuclear remnant at the luminal border (Fig. 3E). It is the
latter large remnant of the nucleus and the weakly PCNA-
labeled nuclear fragment with one or two pyknotic spots,
that are commonly TUNEL-labeled.

These light microscopic descriptions of nuclear fragmen-
tation during the apoptotic death process in single blue shark
spermatogonia strongly resembles the description of multi-
ple pathways of apoptotic nuclear fragmentation and ensu-
ing apoptotic bodies observed in experimentally induced
apoptosis in myelomonocytic tumor cells [31]. Moreover,
the morphology showing the large vacuole-like area and
eccentrically placed small pyknotic spots (see Fig. 3D)
strongly resembles that described as nuclear fragmentation
by budding in apoptosing thymocytes [32].

It is reasoned that the anomalous PCNA-labeling of nor-
mal-looking spermatogonia reflects the genuine detection
of this nuclear factor and its putative involvement in altered
nuclear architecture very early in the commencement of the
death process and this would agree with the protracted or
intermittent rates of cellular processes at this phyletic level.
The disassembly of the lamins, one of a number of structural
components of the nuclear scaffold or matrix, is thought to
be essential for the successful completion of nuclear apop-
tosis [33]. Their degradation in apoptosis in several cell
types is concomitant with the significant accumulation of a
number of proteins in the nuclear matrix fraction, including
PCNA [34]. The latter authors have argued that the retention
of the latter proteins probably alludes to the requirement of
an elementary protein scaffold for the process of chromatin
compaction. Interestingly, another school of thought asserts
that the nuclear matrix is markedly affected during apopto-
sis, based on the development of a large vacuous area in the
nuclear matrix during the course of apoptosis in vitro [35].
An overall synthesis may be that dissolution of the nuclear
scaffold, that normally connects the chromatin, is coincident
with a compartmentalization of PCNA and other nuclear
matrix proteins, all of which leave chromatin strands unsup-
ported and exposed in a vacuous area.

Staggered, protracted death
and intermittent secondary necrosis

In contrast to the immunomorphologically inimitable sper-
matogonial deaths around the time of exit from S-phase,
entry into death while engaged in the G2-M-phase passage
is very different, not least because of ready visualization of
excessively condensing chromatin strands and accompany-
ing anomalous PCNA-labeling. As shown previously [30],
G2-phase spermatogonia are readily discerned as showing
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an uneven light brown/globular appearance, a broad clas-  separation of the chromatin into distinct threads, Fig. 4A).
sification that also refers to the visualization of fine tortu- A light microscopically discerned anomaly in the latter
ous blue profiles in the nuclear architecture (i.e., increased  chromatin configuration is the hallmark of these G2-phase
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«Fig.3 A photomontage of the isolated anomalously PCNA-labeled dying
spermatogonia and the various periluminal apoptotic morphologies in oth-
erwise normal two- to three-layered PrM cysts. A Although normal look-
ing, this eccentric spermatogonium with a striking globular appearance
(blue asterisk), is probably the earliest sign of entry into death while the
rest of the clone is about to exit S-phase. B A shrunken, strongly orange
PCNA-labeled spermatogonium (blue asterisk) displays noticeably fewer
but larger “globular areas”. (Inset) Spermatogonia with large clear areas
(arrows) are unlabeled in TUNEL-stained sections. C=E The anomalously
PCNA-labeled spermatogonia (blue asterisk) that are often ensconced
amongst the Sertoli cell nuclei, increasingly display a PCNA-deficient
region that may or may not reveal bluish cytological detail. Some of these
oddly PCNA-labeled deaths are coincident with the periluminal apoptotic
deaths whose various stages of progression seem to indicate three different
morphological routes of nuclear fragmentation and concomitant chroma-
tin compaction that culminate in freed apoptotic bodies (secondary necro-
sis): route 1 — 4, PCNA-negative progressive perinuclear compaction of
chromatin into crescents in an otherwise definitive, opaque nucleus. The
crescents of chromatin gradually diminish, leaving only the opaque nuclear
remnant at the luminal border (4, see also Fig. 1): route 1" — 2, weakly
PCNA-labeled wholesale fragmentation of the nucleus into pyknotic
masses of various sizes (red asterisk); route 1”"—2", formation of multiple
eccentrically placed pyknotic masses next to a large vacuole-like nuclear
fragment against a PCNA-labeled background. This apoptotic morphol-
ogy could possibly represent a further stage of development of this anoma-
lously PCNA-labeled dying spermatogonium (?). Bar=10 pm (Colour fig-
ure online)

deaths, namely a dark blue blotchy nucleus due to unsched-
uled excessively condensing chromatin. This aberration
while in G2 is consistently and anomalously PCNA-immu-
nodetected. The magnitude of these G2-phase cell death phe-
nomena indicates a more synchronized, yet drawn-out course
of events, most likely aided by opened/fused intercellular
bridges that result in the clustering of dying spermatogonia,
all while the cyst maintains normal turgidity and cellular
organization (Fig. 4B). What seems like the chaotic cessa-
tion of the cyst’s expected spermatogenic advance (Fig. 4B),
becomes meaningful when cognizant that the course of the
clone’s demise is indeed systematic and in accordance with
the wave-like, linear fashion of spermatogenic development
in contiguous cysts. Thus, cysts immediately upstream dis-
play the early stages of the clustered death process that have
reached an advanced stage, manifesting as secondary necro-
sis in cysts immediately downstream. For example, whereas
a G2-cyst showing the initial stages of cell death reveals
only a few PCNA-demarcated, highly basophilic clusters
of spermatogonia (Fig. 4A), the adjacent cyst that is at a
further stage of demise (Fig. 4B) shows the latter plus com-
pletely coalesced spermatogonia that now lack basophilia,
and fragmentation of these clustered corpses. Accordingly,
the severely germ cell-depleted cyst reveals the conclusion
of apoptotic death and PCNA’s very different role there in
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the penultimate stage of apoptotic body formation (Fig. 4C).
Remarkably though, such cysts may still contain a sparse
population of normal looking spermatogonia. It is worth-
while to note the absence of secondary necrosis in the ear-
lier stages (Fig. 4A, B) versus its scattered occurrence, even
in a severely germ cell-depleted cyst, all of which explain
the designation of phenomena here as staggered death, and
the intermittent, and not massive, occurrence of apoptotic
bodies.

The crisp PCNA-labelling of the late stages of apoptotic
death are reminiscent of similar findings made about apop-
totic cells in other tissues, including the in vivo carcinogen-
exposed rat colon [36], regressed rat prostate [37] and human
brain [38]. The novel findings though of intense PCNA-
labelling of small fragments that is the penultimate stage
of the pyknotic (apoptotic) bodies, indicate the involvement
of PCNA in these late stages of apoptosis. These observa-
tions find support from earlier suggestions of the induction
of replicative foci and of DNA repair during apoptotic death
[34] and in vitro findings that nucleosomal fragments gener-
ated in late in apoptosis contain actively replicating DNA
structures within their internal regions [39].

The above spermatogenic stage-related PCNA immu-
nostaining patterns are further validated by the abrupt ces-
sation of immunoreactivity in spermatocyte cysts at both the
normal (Fig. 5A) and MNC-disrupted (Fig. 5B) transition
into meiosis.

An interesting corollary to the scattered secondary necro-
sis seen in severely affected mature PrM cysts is the massive,
uniform secondary necrosis that occurs after the conclusion
of spermatogenesis in the elasmobranch testis. After having
completed spermatogenesis, the cysts discharge their fully
differentiated spermatids, leaving the mature pole littered
with emptied cysts that only contain Sertoli cells. The entire
cyst’s Sertoli cell nuclei are stepwise fragmented in unison,
all of which culminates in the display of uniform secondary
necrosis (Fig. 6).

Secondary necrosis: an outcome with a naive
phagocyte?

It is clear then that the elasmobranch testis may display
massive secondary necrosis. However, the magnitude of
the phenomenon clearly correlates with the cell type that
needs to be phagocytically cleared. Given earlier notions
that secondary necrosis is typically associated with delayed,
non-availability or lower efficiency of phagocytosis [10, 14],
these observations in the blue shark testis suggest that the
staggered spermatogonial apoptotic death and associated
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Fig.4 Differential PCNA labeling of the route of staggered, clus-
tered spermatogonial deaths seen in contiguous G2-phase mature
PrM cysts in the MNC testis condition. A A hallmark of these deaths
affecting G2 spermatogonia (arrows) is the dark blue blotchy nucleus
due to unscheduled excessively condensing chromatin, a development
that is distinctly and anomalously PCNA-delineated (1). The for-
tuitous sight of a lone still recognizable G2-phase spermatogonium
(blue asterisked arrow) in a PCNA-delineated cluster confirms the
passage into death while in G2. Note also anomalous PCNA-labelling
of abortive mitosis (pink asterisk) as discerned from the frayed ends
of the highly condensed chromatin threads. (Inset) The correspond-
ing TUNEL-labeling of clustered deaths. B An adjoining turgid cyst

immediately downstream shows many more PCNA-delineated clus-
tered spermatogonial deaths plus further advances in the death pro-
cess, €.g., coalesced spermatogonia now lacking basophilia and being
fragmented (2), and Sertoli nuclei that have left their periluminal
location and are now interspersed amongst the clusters of spermato-
gonia. C Severely germ cell-depleted cysts further downstream reveal
the conclusion of the death process, namely the increasingly intense
PCNA-labelling of the nuclear fragments that are also becoming
smaller (3a — 3b). The appearance of pyknotic bodies (i.e., second-
ary necrosis, 4) is always coincident with the latter. Bar=10 pm (Col-
our figure online)
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Fig.5 The abrupt cessation of PCNA immunoreactivity in spermato-
cyte cysts at the normal and perturbed mitosis—meiosis transition. A
A cyst with a full complement of spermatocytes (spc) that is adjacent
to a final-stage PrM cyst (sg) reveals quite diminished PCNA immu-
nostaining. B A severely germ cell-depleted cyst that nevertheless
still recovered from the earlier MNC wave of death and subsequently
entered meiosis, is likewise completely devoid of PCNA-immunore-
activity despite the last remnants of PCNA-labeled clustered spermat-
ogonial death and its fragments. Bar=20 um

intermittent secondary necrosis may well relate to the phago-
cytosis capacity of PrM cyst’s Sertoli cells that are essen-
tially still functionally naive at this juncture of elasmobranch
spermatogenesis. It should be kept in mind that the elasmo-
branch spermatogonial clone’s own Sertoli cells are assem-
bled anew at the start of each round of spermatogenesis [30]
and are therefore functionally still immature [40] at the time
they are faced with a voluminous apoptotic cargo load.
Lastly, the non-involvement, during massive cyst break-
down, of nearby professional phagocytes from the testis-
affixed bone marrow equivalent of elasmobranchs (i.e.
epigonal organ) underscores the importance of the Sertoli
cell as the preferred phagocyte in these primitive vertebrates,
as is also the case in advanced vertebrates. The mammalian
Sertoli cell with its wide-ranging repertoire of anti-inflam-
matory functions [41], has been designated a specialized
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Fig.6 Hematoxylin and eosin-stained section showing the disposal
of the empty cyst with its bulky Sertoli cell nuclei post-spermiation
in the resorption zone of the thresher shark. The Sertoli cell nuclei
are gradually dismantled and cyst wall dissolved (single asterisks), all
of which culminate as massive secondary necrosis (double asterisks).
Bar=20 um

phagocyte [42]. It is therefore concluded that what appears
as wide-scale apoptotic death and prolonged phagocytic
elimination of corpses during ongoing spermatogenic devel-
opment in other cyst stages is probably due to the lower
efficiency of phagocytosis of one of the elasmobranch’s spe-
cialized phagocytes, namely its Sertoli cell.

Author contributions The corresponding author is solely responsible
for everything contained in this submission, including all figures/art-
work and manuscript text.

Funding Open access funding provided by UiT The Arctic University
of Norway (incl University Hospital of North Norway). No funding was
received to assist with the preparation of this manuscript.

Data availability None.

Declarations

Confict of interest The author has no competing interests to declare
that are relevant to the content of this article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will



Apoptosis (2022) 27:454-464

463

need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

12.

13.

14.

15.

16.

Huckins C, Oakberg EF (1978) Morphological and quantitative
analysis of spermatogonia in mouse testes using whole mounted
seminiferous tubules. I. The normal testes. Anat Rec 192:519—
528. https://doi.org/10.1002/ar.1091920406

de Rooij DG, Lok D (1987) Regulation of the density of sper-
matogonia in the seminiferous epithelium of the chinese ham-
ster: II. Differentiating Spermatogonia. Anat Rec 217:131-136.
https://doi.org/10.1002/ar.1092170204

Roosen-Runge EC (1973) Germinal-cell loss in normal meta-
zoan spermatogenesis. J Reprod Fertil 35:339-348. https://doi.
org/10.1530/jrf.0.0350339

Roosen-Runge EC (1977) The process of spermatogenesis in
animals. Cambridge University Press, Cambridge, UK

Kerr JB (1992) Spontaneous degeneration of germ cells in nor-
mal rat testis: assessment of cell types and frequency during the
spermatogenic cycle. J Reprod Fertil 95:825-830. https://doi.
org/10.1530/jrf.0.0950825

Allan DJ, Harmon BV, Kerr JFR (1987) Cell death in sper-
matogenesis. In: Potten CS (ed) Perspectives on mammalian
cell death. Oxford University Press, London, pp 229-258
Nakanishi Y, Nagaosa K, Shiratsuchi A (2011) Phagocytic
removal of cells that have become unwanted: implications for
animal development and tissue homeostasis. Dev Growth Differ
53:149-160. https://doi.org/10.1111/j.1440-169X.2010.01224.x
Nakanishi Y, Shiratsuchi A (2004) Phagocytic removal of apop-
totic spermatogenic cells by Sertoli cells: mechanisms and con-
sequences. Biol Pharm Bull 27:13-16. https://doi.org/10.1248/
bpb.27.13

Nagata S (2018) Apoptosis and clearance of apoptotic cells.
Annu Rev Immunol 36:489-517. https://doi.org/10.1146/annur
ev-immunol-042617-053010

Arandjelovic S, Ravichandran KS (2015) Phagocytosis of apop-
totic cells in homeostasis. Nat Immunol 16:907-917. https://doi.
org/10.1038/ni.3253

McClusky LM (2011) Testicular degeneration during spermato-
genesis in the blue shark, Prionace glauca: nonconformity with
expression as seen in the diametric testes of other carcharhi-
nids. J Morphol 272:938-948. https://doi.org/10.1002/jmor.
10958

McClusky LM (2013) The caspase-dependent apoptosis gradient
in the testis of the blue shark, Prionace glauca. Reproduction
145:297-310. https://doi.org/10.1530/rep-12-0216

Ren Y, Savill J (1998) Apoptosis: the importance of being eaten.
Cell Death Differ 5:563-568. https://doi.org/10.1038/sj.cdd.44004
07

Silva MT (2010) Secondary necrosis: the natural outcome of the
complete apoptotic program. FEBS Lett 584:4491-4499. https://
doi.org/10.1016/j.febslet.2010.10.046

McClusky LM (2005) Stage and season effects on cell cycle and
apoptotic activities of germ cells and Sertoli cells during sper-
matogenesis in the spiny dogfish (Squalus acanthias). Reproduc-
tion 129:89-102. https://doi.org/10.1530/rep.1.00177

Dobson S, Dodd JM (1977) Endocrine control of the testis in the
dogfish Scyliorhinus canicula L. 11. histological and ultrastruc-
tural changes in the testis after partial hypophysectomy (ventral
lobectomy). Gen Comp Endocrinol 32:53-71. https://doi.org/10.
1016/0016-6480(77)90082-X

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

McClusky LM (2012) Coordination of spermatogenic processes
in the testis: lessons from cystic spermatogenesis. Cell Tissue Res
349:703-715. https://doi.org/10.1007/s00441-011-1288-1
Wyllie AH (1980) Glucocorticoid-induced thymocyte apoptosis
is associated with endogenous endonuclease activation. Nature
284:555-556. https://doi.org/10.1038/284555a0

Wyllie AH, Morris RG, Smith AL, Dunlop D (1984) Chromatin
cleavage in apoptosis: association with condensed chromatin mor-
phology and dependence on macromolecular synthesis. J Pathol
142:67-77. https://doi.org/10.1002/path.1711420112

Lecoeur H (2002) Nuclear apoptosis detection by flow cytometry:
influence of endogenous endonucleases. Exp Cell Res 277:1-14.
https://doi.org/10.1006/excr.2002.5537

Gavrieli Y, Sherman Y, Ben-Sasson SA (1992) Identification of
programmed cell death in situ via specific labeling of nuclear
DNA fragmentation. J Cell Biol 119:493-501. https://doi.org/10.
1083/jcb.119.3.493

Earnshaw WC (1995) Nuclear changes in apoptosis. Curr Opin
Cell Biol 7:337-343. https://doi.org/10.1016/0955-0674(95)
80088-3

Susin SA, Daugas E, Ravagnan L, Samejima K, Zamzami N, Loef-
fler M, Costantini P, Ferri KF, Irinopoulou T, Prévost M-C, Broth-
ers G, Mak TW, Penninger J, Earnshaw WC, Kroemer G (2000)
Two distinct pathways leading to nuclear apoptosis. J] Exp Med
192:571-580. https://doi.org/10.1084/jem.192.4.571

Samejima K, Tone S, Earnshaw WC (2001) Cad/dff40 nuclease
is dispensable for high molecular weight DNA cleavage and stage
I chromatin condensation in apoptosis. J Biol Chem 276:45427—
45432. https://doi.org/10.1074/jbc.M 108844200

Moldovan G-L, Pfander B, Jentsch S (2007) PCNA, the maestro of
the replication fork. Cell 129:665-679. https://doi.org/10.1016/j.
cell.2007.05.003

Kelman Z (1997) PCNA: structure, functions and interactions.
Oncogene 14:629-640. https://doi.org/10.1038/sj.onc.1200886
Kurki P, Vanderlaan M, Dolbeare F, Gray J, Tan EM (1986)
Expression of proliferating cell nuclear antigen (PCNA)/cyclin
during the cell cycle. Exp Cell Res 166:209-221. https://doi.org/
10.1016/0014-4827(86)90520-3

Foley JF, Dietrich DR, Swenberg JA, Maronpot RR (1991) Detec-
tion and evaluation of proliferating cell nuclear antigen (PCNA)
in rat tissue by an improved immunohistochemical procedure. J
Histotechnol 14:237-241. https://doi.org/10.1179/his.1991.14.4.
237

Dietrich DR (1993) Toxicological and pathological applications
of proliferating cell nuclear antigen (PCNA), a novel endogenous
marker for cell proliferation. Crit Rev Toxicol 23:77-109. https://
doi.org/10.3109/10408449309104075

McClusky LM (2020) Simple, once-off mapping of various, recur-
rent immunostaining patterns of proliferating cell nuclear antigen
in spermatogonia at the immature pole of the testis of adult wild-
caught blue shark, Prionace glauca: correlations with changes in
testicular status. Mol Reprod Dev 87:1111-1123. https://doi.org/
10.1002/mrd.23429

Dini L, Coppola S, Ruzittu MT, Ghibelli L (1996) Multiple path-
ways for apoptotic nuclear fragmentation. Exp Cell Res 223:340-
347. https://doi.org/10.1006/excr.1996.0089

Thara T, Yamamoto T, Sugamata M, Okumura H, Ueno Y (1998)
The process of ultrastructural changes from nuclei to apoptotic
body. Virchows Arch 433:443—-447. https://doi.org/10.1007/s0042
80050272

Goldman RD, Gruenbaum Y, Moir RD, Shumaker DK, Spann TP
(2002) Nuclear lamins: building blocks of nuclear architecture.
Genes Dev 16:533-547. https://doi.org/10.1101/gad.960502

. Gerner C, Gotzmann J, Frohwein U, Schamberger C, Ellinger

A, Sauermann G (2002) Proteome analysis of nuclear matrix

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/ar.1091920406
https://doi.org/10.1002/ar.1092170204
https://doi.org/10.1530/jrf.0.0350339
https://doi.org/10.1530/jrf.0.0350339
https://doi.org/10.1530/jrf.0.0950825
https://doi.org/10.1530/jrf.0.0950825
https://doi.org/10.1111/j.1440-169X.2010.01224.x
https://doi.org/10.1248/bpb.27.13
https://doi.org/10.1248/bpb.27.13
https://doi.org/10.1146/annurev-immunol-042617-053010
https://doi.org/10.1146/annurev-immunol-042617-053010
https://doi.org/10.1038/ni.3253
https://doi.org/10.1038/ni.3253
https://doi.org/10.1002/jmor.10958
https://doi.org/10.1002/jmor.10958
https://doi.org/10.1530/rep-12-0216
https://doi.org/10.1038/sj.cdd.4400407
https://doi.org/10.1038/sj.cdd.4400407
https://doi.org/10.1016/j.febslet.2010.10.046
https://doi.org/10.1016/j.febslet.2010.10.046
https://doi.org/10.1530/rep.1.00177
https://doi.org/10.1016/0016-6480(77)90082-X
https://doi.org/10.1016/0016-6480(77)90082-X
https://doi.org/10.1007/s00441-011-1288-1
https://doi.org/10.1038/284555a0
https://doi.org/10.1002/path.1711420112
https://doi.org/10.1006/excr.2002.5537
https://doi.org/10.1083/jcb.119.3.493
https://doi.org/10.1083/jcb.119.3.493
https://doi.org/10.1016/0955-0674(95)80088-3
https://doi.org/10.1016/0955-0674(95)80088-3
https://doi.org/10.1084/jem.192.4.571
https://doi.org/10.1074/jbc.M108844200
https://doi.org/10.1016/j.cell.2007.05.003
https://doi.org/10.1016/j.cell.2007.05.003
https://doi.org/10.1038/sj.onc.1200886
https://doi.org/10.1016/0014-4827(86)90520-3
https://doi.org/10.1016/0014-4827(86)90520-3
https://doi.org/10.1179/his.1991.14.4.237
https://doi.org/10.1179/his.1991.14.4.237
https://doi.org/10.3109/10408449309104075
https://doi.org/10.3109/10408449309104075
https://doi.org/10.1002/mrd.23429
https://doi.org/10.1002/mrd.23429
https://doi.org/10.1006/excr.1996.0089
https://doi.org/10.1007/s004280050272
https://doi.org/10.1007/s004280050272
https://doi.org/10.1101/gad.960502

464

Apoptosis (2022) 27:454-464

35.

36.

37.

38.

proteins during apoptotic chromatin condensation. Cell Death
Differ 9:671-681. https://doi.org/10.1038/sj.cdd.4401010
Martelli AM, Falcieri E, Zweyer M, Bortul R, Tabellini G, Cap-
pellini A, Cocco L, Manzoli L (2002) The controversial nuclear
matrix: a balanced point of view. Histol Histopathol 17:1193—
1205. https://doi.org/10.14670/hh-17.1193

Hirose Y, Yoshimi N, Makita H, Hara A, Tanaka T, Mori H (1996)
Early alterations of apoptosis and cell proliferation in azoxymeth-
ane-initiated rat colonic epithelium. Jpn J Cancer Res 87:575-582.
https://doi.org/10.1111/j.1349-7006.1996.tb00262.x

Colombel M, Olsson CA, Ng P-Y, Buttyan R (1992) Hormone-
regulated apoptosis results from reentry of differentiated prostate
cells onto a defective cell cycle. Cancer Res 52:4313-4319
Yang Y, Mufson EJ, Herrup K (2003) Neuronal cell death is pre-
ceded by cell cycle events at all stages of Alzheimer’s disease. J
Neurosci 23:2557-2563. https://doi.org/10.1523/jneurosci.23-07-
02557.2003

@ Springer

39.

40.

41.

42.

Khodarev NN, Sokolova IA, Vaughan AT (1998) Association
between DNA cleavage during apoptosis and regions of chromatin
replication. J Cell Biochem 70:604—615. https://doi.org/10.1002/
(sici)1097-4644(19980915)70:4%3c604::aid-jcb16%3e3.0.c0;2-g
Callard GV, Betka M, Jorgensen JC (1994) Stage-related functions
of Sertoli cells: lessons from lower vertebrates. In: Bartke A (ed)
Function of somatic cells in the testis. Springer, NY, pp 27-54
Meinhardt A, Hedger MP (2011) Immunological, paracrine and
endocrine aspects of testicular immune privilege. Mol Cell Endo-
crinol 335:60-68. https://doi.org/10.1016/j.mce.2010.03.022
Penberthy KK, Lysiak JJ, Ravichandran KS (2018) Rethinking
phagocytes: clues from the retina and testes. Trends Cell Biol
28:317-327. https://doi.org/10.1016/j.tcb.2018.01.004

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1038/sj.cdd.4401010
https://doi.org/10.14670/hh-17.1193
https://doi.org/10.1111/j.1349-7006.1996.tb00262.x
https://doi.org/10.1523/jneurosci.23-07-02557.2003
https://doi.org/10.1523/jneurosci.23-07-02557.2003
https://doi.org/10.1002/(sici)1097-4644(19980915)70:4%3c604::aid-jcb16%3e3.0.co;2-g
https://doi.org/10.1002/(sici)1097-4644(19980915)70:4%3c604::aid-jcb16%3e3.0.co;2-g
https://doi.org/10.1016/j.mce.2010.03.022
https://doi.org/10.1016/j.tcb.2018.01.004

	Several routes of cell death to secondary necrosis in the elasmobranch testis
	Abstract
	Introduction
	Multiple modalities of death inform about systematic nuclear fragmentation
	More than one route of apoptotic nuclear fragmentation
	Staggered, protracted death and intermittent secondary necrosis
	Secondary necrosis: an outcome with a naïve phagocyte?
	References




