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Abstract

The best known cases of cell autotomy are the
formation of erythrocytes and thrombocytes (platelets)
from progenitor cells that reside in special niches.
Recently, autotomy of stem cells and its enigmatic
interaction with the niche has been reported from male
germline stem cells (GSCs) in several insect species.
First described in lepidopterans, the silkmoth, followed
by the gipsy moth and consecutively in hemipterans,
foremost the milkweed bug. In both, moths and the
milkweed bug, GSCs form finger-like projections
toward the niche, the apical cells (homologs of the
hub cells in Drosophila). Whereas in the milkweed
bug the projection terminals remain at the surface
of the niche cells, in the gipsy moth they protrude
deeply into the singular niche cell. In both cases, the
projections undergo serial retrograde fragmentation
with progressing signs of autophagy. In the gipsy moth,
the autotomized vesicles are phagocytized and digested
by the niche cell. In the milkweed bug the autotomized
vesicles accumulate at the niche surface and disinte-
grate. Autotomy and sprouting of new projections
appears to occur continuously. The significance of the
GSC-niche interactions, however, remains enigmatic.
Our concept on the signaling relationship between
stem cell-niche in general and GSC and niche (hub
cells and cyst stem cells) in particular has been greatly
shaped by Drosophila melanogaster. In comparing
the interactions of GSCs with their niche in Drosophila
with those in species exhibiting GSC autotomy it
is obvious that additional or alternative modes of
stem cell-niche communication exist. Thus, essential
signaling pathways, including niche-stem cell adhesion
(E-cadherin) and the direction of asymmetrical GSC
division - as they were found in Drosophila - can hardly
be translated into the systems where GSC autotomy
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was reported. It is shown here that the serial autotomy
of GSC projections shows remarkable similarities with
Wallerian axonal destruction, developmental axon
pruning and dying-back degeneration in neurode-
generative diseases. Especially the hypothesis of an
existing evolutionary conserved “autodestruction
program” in axons that might also be active in GSC
projections appears attractive. Investigations on the
underlying signaling pathways have to be carried out.
There are two other well known cases of programmed
cell autotomy: the enucleation of erythroblasts in the
process of erythrocyte maturation and the segregation
of thousands of thrombocytes (platelets) from one
megakaryocyte. Both progenitor cell types - erythroblasts
and megakaryocytes - are associated with a niche in
the bone marrow, erythroblasts with a macrophage,
which they surround, and the megakaryocytes with
the endothelial cells of sinusoids and their extracellular
matrix. Although the regulatory mechanisms may be
specific in each case, there is one aspect that connects
all described processes of programmed cell autotomy
and neuronal autodestruction: apoptotic pathways play
always a prominent role. Studies on the role of male
GSC autotomy in stem cell-niche interaction have just
started but are expected to reveal hitherto unknown
ways of signal exchange. Spermatogenesis in mammals
advance our understanding of insect spermatogenesis.
Mammal and insect spermatogenesis share some broad
principles, but a comparison of the signaling pathways is
difficult. We have intimate knowledge from Drosophila,
but of almost no other insect, and we have only limited
knowledge from mammals. The discovery of stem
cell autotomy as part of the interaction with the niche
promises new general insights into the complicated
stem cell-niche interdependence.

Key words: Stem cell-niche interaction; Male germline
stem cells; Spermatogenesis; Erythropoiesis; Stem cell
autotomy; Thrombopoiesis

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: A new mode of stem cell-niche interaction has
been observed in insects. Male germline stem cells (GSCs)
undergo autotomy by serial segregation of vesicles
from finger-like projections. These vesicles either accu-
mulate at the niche surface or are phagocytized by the
niche cells. Autotomized projections are apparently
replaced by newly sprouting ones. It is suggested
that the unprecedented dynamics of GSC autotomy
are involved in a not yet known form of information
exchange between GSCs and niche. Apoptotic pathways
and autodestruction programs could be involved in GSC
autotomy.
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EARLY OBSERVATIONS ON STEM CELL-
NICHE RELATIONSHIPS PRIOR TO THE
ESTABLISHMENT OF THE STEM CELL-

NICHE HYPOTHESIS

When, in 1978, Schofield™ put forward the hemato-
poietic stem cell (HSC)-"niche” hypothesis it was solely
based on the assumed requirements the niche must
fulfill, but he had no knowledge concerning the physical
identity of the niche: “The location of the stem cell
niche can, of course, only be a matter of speculation,
although there are several items of data which suggest
that they may well be in intimate association with
the bone”. It is astonishing how accurate some of his
predictions turned out to be. However, up to date the
HSC niche is not fully understood and is apparently
composed of a variety of different cell types: osteogenic
cells, endothelial cells, perivascular mesenchymal cells
and adipocytes®?®. Recently, Chasis et a/" pointed
out that the first description of a hematopoietic niche
actually took place 20 years earlier when, in 1958,
Bessis!® described erythroblastic islands. These
represent microenvironmental niches for erythropoiesis.
Erythroblasts, which represent oligopotent progenitors
derived from a small population of HSCs, are arranged
rosette-like around a reticular cell (macrophage)
where they proliferate and differentiate (Figure 1A).
Erythroblastic islands offer striking structural similarities
with another significant model system for research on
stem cell niche-interactions, the male germline stem
cells (GSCs) and its niche in insects (Figure 1B).

Due to its anatomical simplicity and the advanta-
geous genetic access, the male GSC-niche system of
Drosophila proved as an invaluable tool to study stem
cell-niche interactions on the molecular level™. In
insects the GSC niche is located in the apex of testicular
follicles and consists of the somatic apical cells (ACs)
(called hub cells in Drosophila) and the cyst stem cells
(CySCs). As in the case of the erythroblastic islands,
apical complexes were described long before Drosophila
became the model system. Figure 2 demonstrates the
testicular GSC-niche complex of butterflies published in
1889 by Verson" and in 1911 by Zick™®, respectively (The
first record of apical complexes stems from Spichardt™
published in 1886 from studies on butterflies). The
drawings in Figure 2, based on light microscopical
observations, indicate intricate physical relationships
between AC and GSCs which could not be clearly
resolved with the techniques available at that time. It is
remarkable that several of the early investigators already
suggested that the ACs might regulate the fate of the
GSCs: Zick™ in 1911 believed that the spermatogonial
pathway could only be entered after detachment of the
germ cells from the AC, and Buder™ and Schneider''!!
in 1915 postulated that ACs release an inhibitory
factor which prevents the differentiation of GSCs into
spermatogonia; Nelsen™ in 1931 considered the ACs
as an activation center which controls the mitotic activity
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Figure 1 Simple systems of the stem cell/progenitor-niche interaction:
isolated erythroblastic island and isolated apical complex from an insect
exhibit strong resemblances. A: Erythroblastic island from dissociated rat
bone marrow. A corona of erythroblasts (EB) has extensive cell-cell contact
with their niche, the central macrophage (MA) (from Bessis et af® with kind
permission of Springer Verlag, Berlin, Heidelberg); B: Isolated testicular apical
complex from Locusta migratoria. Germline stem cells (GSC) surround the
apical cell (AC), which represents the niche (besides the peripheral cyst stem
cells, which were removed) (From Dorn et al*®).

of the GSCs. Thus, main characteristics of a niche were
already hypothesized at the beginning of cell research.
Since the early investigations on butterfly apical
complexes developmental studies have ascertained
the identity of GSCs and the role of ACs as their niche
(together with CySCs). Electron microscopic studies
revealed complex physical interactions between ACs
and stem cells which points to a hitherto not elucidated
communication between these cells. Figure 3D demon-
strates the complicated structure of lepidopteran apical
complexes. In fact, enigmatic physical relationships
between male GSCs and their niche have been observed
in @ number of insect species. One of the most astoni-
shing phenomenons is the controlled autotomy of
GSC projections which are directed toward the ACs.
Examples of these cases are examined for their fun-
ctional significance in this review. They are compared
with other stem cell-niche systems where cell autotomy
takes place, such as enucleation of erythroblasts and
megakaryocyte fragmentation are discussed in respect
to the suggested “autodestruction program” of neurons.

GSC-NICHE INTERACTION IN THE TESTIS
OF THE MODEL INSECT DROSOPHILA
MELANOGASTER

The testis of Drosophila has become one of the most
successful models for the exploration of molecular stem
cell-niche interaction. Comprehensive reviews on this
matter have been published recently!**, A summary
of the structural and molecular relationships within the
apical complex of Drosophila is presented here and
compared with observations in other insects.

Figure 3A shows the apex of a testicular follicle of
Drosophila. A longitudinal section of the testicular follicle
shows the three cell types that constitute the germinal
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proliferation center. A small cluster of somatic cells,
the hub cells (i.e., ACs), is located in the follicular apex
(the hub). Hub cells, together with CySCs, represent
the niche for the row of bordering GSCs. Except for
the region where hub cells and GSCs contact one
another; each GSC is embraced by a pair of CySCs
whose tips also contact the hub cells. CySCs are of
somatic origin and, besides their niche function for
GSCs, represent stem cells that generate the cyst cells
by asymmetrical division. Hub cells only function as the
CySC niche. Prior to an asymmetric division of a GSC
(which produces a gonialblast that is directed toward
the periphery of the apical complex and a daughter
GSC that remains in contact with the niche) its two
associated CySCs undergo a synchronized division
resulting in a pair of daughter cells which encloses the
forming gonialblast and becomes the cyst wall. The
two cyst cells forming the wall no longer divide during
subsequent spermatogenesis although the cysts enlarge
considerably.

The fate of GSCs - maintenance, self-renewal
(asymmetric and symmetric division), frequency
of mitotic activity - is orchestrated by a multitude
of factors and processes: (1) Short-range signaling
between niche and GSCs. This was the first factor to
be elucidated and proved to be exemplary for other
stem cell-niche systems; (2) Niche-stem cell adhesion.
Adherens junctions were found to play a crucial role in
the regulation of signaling and asymmetric GSC division
in addition to its physical adhesion function; (3) Cell
intrinsic regulation. This has more recently come into
focus; and (4) Systemic regulation. This may affect all
aspects of niche-stem cell interaction, but is to date the
least understood.

Short-range signaling

GSC maintenance and self-renewal are supported by a
wide range of signals from the hub. The cytokine ligand
unpaired (Upd), secreted by the hub cells activates Janus
kinase-signal transducer and activator of transcription
(JAK/STAT) signaling in GSCs and CySCs™*>*!, Gonial-
blast differentiation is caused by lower levels of Upd. In
aging flies the number of GSCs and their proliferation
rate declines in correlation with declining Upd levels in
the hub cells. Upd secreted by hub cells also activates
the JAK/STAT signaling in CySCs. Whereas JAK/STAT
activation is sufficient for CySC maintenance and self-
renewal, GSC self-renewal requires additional signals.
Hub cells and CySCs both secrete glass bottom boat
(Gbb) and decapentaplegic (Dpp). Both ligands activate
the bone morphogenetic protein (BMP) signaling path-
way in GSCs. BMP represses the transcription of the
differentiation factor bag of marbles (Bam). Thus
inhibition of differentiation to gonialblasts contributes to
GSC self-renewal™’*®, Hub cells also produce the ligand
Hedgehog (Hh) that supports the self-renewal of CySCs
in addition to JAK/STAT activation. GSC maintenance
does not require Hh signaling™®*”. Gbb and Dpp
produced from CySCs contribute to the activation of BMP
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Figure 2 Early histological studies on testicular follicles in butterflies (Lepidoptera) that depict the complex structures of the apical complexes. A:
Testicular follicle of the silkmoth Bombyx mori which includes the apical complex (a, b, d). The limited light microscopical resolution caused some misinterpretation
concerning the identity of cell types: the central apical cell (a) was considered to be a “germ cell” (“Keimzelle”) with radial extensions. The germline stem cells were

described as clumps of protoplasm with nuclei (b, d) (from Verson™)

; B: Testicular follicle of the cabbage white butterfly Pieris brassicae. The relationship between

apical cell (Az) (also called Verson cell) and germline stem cells (Ps) is correctly described: The germline stem cells send projections toward the apical cell and their
tips penetrate the apical cell. A layer of cells surround the germline stem cells, the cyst stem cell which, however, were not identified as such (from Zick™).

in GSCs (besides Gbb and Dpp signaling from the hub
cells)™®., They are conceivably activated by STAT and/or
zinc-finger homeodomain protein 1 which is targeted
by STAT as is chinmo (chronologically inappropriate
morphogenesis)*?? (Figure 4).

Niche-stem cell adhesion, adherens junctions,
E-cadherin

GSCs and CySCs are both connected with hub cells
via adherens junctions™!, Hub cell-GSC connection
plays are crucial role in GSC behavior. Tight contact
of the GSCs with hub cells is correlated with high
levels of E-cadherin and B-catenin at the interface
(adherens junctions). Accumulation of both proteins
at the interface is dependent upon guanine nucleotide
exchange factor 26 (Gef26) for the Rap GTPase (RapO-
GEF)®*, The intracellular domains of the cadherin
molecules interact with cytoskeleton-associated proteins.
JAK/STAT signaling is required in GSCs to maintain
E-cadherin expression, niche anchorage and self-
renewal and in CySCs to control BMP expression™®, In
addition, the leukocyte-antigen-related-like receptor
tyrosine phosphatase has been proposed to regulate the
attachment of GSCs to the hub cells®®. It is responsible
for the proper localization of tumor suppressor Adeno-
matous polyposis coli 2 (Apc2) and E-cadherin and the
proper orientation of centrosomes in GSCs™*, The BMP
receptor complexes are localized to E-cadherin rich
adherens junctions at the stem cell-niche junction, which
might help restrict BMP signaling activity to the GSC
niche interface'”. Localized BMP signaling might be also
affected by BMP signaling modulators that accumulate in
the extracellular matrix such as the protein Magu (known
to be involved in life span extension and late age female
fecundity) which is transcribed in hub cells®® and the
heparin sulfate proteoglycans Dally (division abnormally
delayed) and Dally-like®®. Recently it was demonstrated
that the actin-binding protein profilin is required cell
autonomously to maintain GSCs, possibly facilitating
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localization or maintenance of E-cadherin to the GSC-
hub cell interface®”.

The age dependent loss of GSC is accompanied by a
decline in E-cadherin expression. Increased E-cadherin
expression slows down GSC loss™!,

E-cadherin is also required in CySCs to maintain
their adhesion to the hub. In addition, integrin-mediated
adhesion exists between the hub and CySCs, and is
limited by a negative regulator of STAT signaling®®?.

Integrins: In the Drosophila testis, competition
exists between GSCs and CySCs and among CySCs
themselves for occupancy of the hub®®®. Interestingly,
the CySCs with higher JAK/STAT signaling activity,
which can be achieved experimentally by removing the
function of the JAK/STAT negative regulator SOCS36E,
can outcompete normal CySCs and can also push GSCs
out of their niche. This JAK/STAT-regulated stem cell
competition is dependent on the cell adhesion protein
BPS integrin, but not E-cadherin. Integrin-mediated
cell competition is thus thought to play a crucial role in
balancing two stem cell populations in the same niche*?.,
Integrins are also required for positioning the hub in the
apical testis tip, but are dispensable for GSC or CySC
anchorage to the niche®". The extracellular domains of
integrins can bind directly to extracellular matrix (ECM)
proteins, such as laminin, but there is no ECM between
hub cells, GSCs and CySCs.

Gap junctions: The gap junction protein zero popu-
lation growth is required for GSC maintenance and
differentiation in Drosophila testes®, But it remains
to be seen whether the function of gap junctions in
the regulation of stem cell maintenance derives from
their adhesion role, intercellular molecular transfer or
electrical communication.

Cell intrinsic factors, hub cells
Upd levels in hub cells are regulated by IGF-II mRNA
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Figure 3 Schematized longitudinal sections through the apices of testicular follicles of four insect species. The order of the images from (A) to (D) is
arranged according to increasing complexity of the structural relationships between germline stem cells (GSCs) and their niche. It should be noted that the order is
not in congruence with the positions of the species in the natural insect system based on evolutionary progress. A: Drosophila melanogaster. The ACs (hub cells)
are located in a small terminal appendix of the follicle, the hub (HUB), where many of them border the testicular wall (TW). (The testicular wall consists of an outer
pigment layer resting on a basal lamina and a muscle cell layer sitting on an inner basal lamina.) The testicular wall does not provide a hemolymph-testis barrier.
A spermatogonial is constituted by two CCs which protect the spermatogonia against hemolymph. Both GSCs and CySCs contact ACs (Adapted from Hardy et
al®"); B: Locusta migratoria. Depicted is the rosette-like arrangement of GSCs and CySCs with the single AC in the center. The AC of this example includes two
phagocytized GSCs (see above). Besides GSCs also CySCs contact extensions of the star-like AC. A plug of CySC-like cells (CySC-L) is located below the apical
rosette. The wall of the spermatogonial cysts is composed of numerous CCs (Adapted from Sz6lldsi et af™* and Dorn et af*"); C: Oncopeltus fasciatus. The cellular
extensions of GSCs and segregated vesicles surround the surface of ACs. CySCs cover only the distal part of the apical rosette; they do not make contacts with
the ACs. Proximal to the rosette, remnants of degraded GSCs and probably young cysts amass (RDC). Cysts form at the lateral parts of the rosette (Adapted from
Schmidt et af*); D: Lymantria dispar. Note that the cellular extensions of GSCs protrude into the large singular AC. The extensions autotomize and the segregated
vesicles are phagocytized by the AC. Each GSC is affiliated with one CySC. During early larval development the AC is attached to the TW [comparable to the
situation in Drosophila, where ACs (i.e., hub cells) are lifelong attached to the TW], but separates with progressing development. The apical complex then adopts a
spherical organization. (Adapted from Klein®). AC: Apical cell (often called hub cell in Drosophila) (green); CC: Cyst cell (orange); CySC: Cyst stem cell (yellow); GB:
Gonialblast (purple); GSC: Germline stem cell (red); SPG: Spermatogonia (purple); TW: Testicular wall (grey).

binding protein (Imp) that binds to upd mRNA and gulating Bam"®!. Recently, the impact of epigenetic

protects it from degradation caused by short interfering factors on male GSCs has been analyzed. Nucleosome
RNAs. Imp itself is repressed by let-7 microRNA (miRNA) remodeling factor promotes STAT expression while
that is expressed at higher levels in aging male GSCs"®. repressing Bam thus contributing to the maintenance
epidermal growth factor (EGF) signaling negatively of GSCs™, Additionally chromatin-associated proteins,
regulates GSC division frequency in adults, but not such as no child left behind and PHD finger protein 7
in larvae, and promotes gonialblast differentiation are necessary for GSC maintenance'***!l, CySCs. JAK/
and enclosure of germ cells by somatic cyst cells. Stg STAT signaling in CySCs is suppressed by suppressor
(string, a Cdc 25 homolog-phosphatase) is essential for of cytokine signaling at 36E (Socs36E) which may
activating cyclin-dependent kinases and promoting the harmonize self-renewal of CySCs with that of GSCs!>**?,
cell cycle and is therefore required for proliferation and Ken (ken and barbie, a transcriptional repressor) also
maintenance of GSCs and CySCs. The transcriptional promotes CySC identity!**!. Restriction of proliferation
regulator lola (longitudinals lacking) is cell autonomously and maintenance of CySC identity are affected by
required for GSC (and CySC) maintenance®®”’. MiRNAs polycomb repressive complex 1 genes posterior sex
control the stem cell differentiation pathway by re- combs and suppressor of zeste two [Su(z)2]"“*.
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Figure 4 Short range signalling between the germline stem cells and
their niche, which consists of the hub cells and the cyst stem cells. The
hub cells secrete the ligand Upd, which activates JAK/STAT signalling in GSCs
and CySCs. Whereas JAK/STAT activation is sufficient for CySC maintenance
and self-renewal, GSC self-renewal requires additional signals. Hub cells and
CySCs secrete the ligands Gbb and Dpp, which activate BMP in GSCs. BMP
suppresses the transcription of Bam that inhibits the differentiation of GSCs
to gonialblasts. BMP activation in GSCs is also supports by Gbb and Dpp
produced by the CySCs. Gbb and Dpp in CySCs are conceivably activated by
STAT and/or Zfh1 and Chinmo. Hub cells also secrete the ligand Hh (hedge
hog), which supports CySC self-renewal in addition to, but independently of,
JAKISTAT activity. Hh binds to the transmembrane receptor PTC (patched) of
CySC, which releases Smo (smoothened) from repression. This leads to the
activation of the transcription factor Ci (cubitus interruptus), which activates
the transcription of target genes that support maintenance and self-renewal of
CySCs besides JAK/STAT activity. The Hh signalling pathway in CySCs may
also affect Zfh1 and, via Gbb/Dpp, influence BMP signalling in GSCs. Thus, Hh
signalling in the testis niche apparently has a dual role. CC: Cyst cell; GSCs:
Germline stem cells; CySCs: Cyst stem cells.
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The histone variant His2Av and the ATP-dependent
chromatin-remodeling factor Domino are also required
for GSC and CySC maintenance. Furthermore, in a
recent review Zoller et a* listed about 50 genes that
were found (or expected) to be involved in the direction
of CySC specification, CySC self-renewing divisions, cyst
cell differentiation, and soma-germline interactions.

Systemic factors

Numerous environmental factors, such as changing
seasons or periods of drought and rain, nutritional
conditions (irregular food availability or starvation), injury
or illness all affect tissue homeostasis. As a consequence
niche and stem cell activity must be adapted to these
changing demands. This is primarily accomplished via
systemic factors that may influence any of the regulatory
entities of the stem cell-niche complex.

Best known is the support of GSCs maintenance
by insulin signaling™*®*”’. The source of some insulin-
like peptides is the brain others are synthesized in the
fat body and other tissues probably including the GSCs
themselves. Effects of the nutritional status on GSC
maintenance are apparently exerted by insulin signaling
pathway!®. In the Drosophila female it has been
shown that the nutrient-sensing insulin/FOXO signaling
directly controls Notch activation in the GSC niche which
maintains the niche and GSC identity!*®.. In maintaining
embryonic stem cell pluripotency and the modulation of
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adult stem cell quiescence nutrient-sensing pathways
play an important role. They maintain energy production
by inhibition and stimulation of crucial processes like
oxidative phosphorylation and glycolysis. “This interplay
is key to the maintenance of stem-ness"™".

Recently it has been found that day-night cycles and
alterations in sleep can influence the daily dynamics of
GSC divisions in male Drosophila®". The GSC division
rate increases, when the sleep-promoting factor,
Sleepless, is lacking. This is mediated, in part, by the
GABAergic signaling pathway.

A systemic signal that presumably plays a decisive
role in testis development and spermatogenesis is
the steroid hormone ecdysone™. It is synthesized in
testicular tissue of many insects: Heliothis virescens™?,
Lymantria dispar™, Ostrinia nubilalis™, Spodoptera
littoralis™®, Melanoplus sanguinipes®’. However, its
significance in the regulation of male GSC proliferation
and self-renewal in Drosophila is not known.

Ecdysteroids play a role in female GSC regulation
in Drosophila. Ecdysteroids are synthesized by develop-
ing follicles of ovarioles and regulate directly GSC
maintenance, proliferation and self-renewal. Ecdysteroids
interact with the intrinsic epigenetic factor ISWI, a
chromatin remodeling factor®®. The survival of ecdysone-
producing follicles of ovarioles depends on the availability
of food which points to an interaction of the hormonal
with the nutrient-sensing signaling pathways™.

INCREASING COMPLEXITY OF
STRUCTURAL RELATIONSHIPS
BETWEEN MALE GSCS AND THEIR
NICHE IN DIFFERENT INSECT SPECIES:
DROSOPHILA MELANOGASTER,
LOCUSTA MIGRATORIA, ONCOPELTUS
FASCIATUS, LYMANTRIA DISPAR, AND
THE CASE OF LAMPYRIS NOCTILUCA

Insects with their long evolutionary history may be
expected to present great variations on a theme, in this
case the organization of GSCs and their niche. And in
deed, the Figure 3 exhibits an increasing complication
of the physical interactions of the cells of the apical
complex. However, the complexity of the structures is not
correlated with the systematic position of a given species.
In fact, whereas the hemipteran Oncopeltus fasciatus
(Figure 3C) shows an astonishingly irregular and dynamic
anatomy of GSCs!*®, another hemipteran, Corizus
hyoscyami, has a relatively “simple” apical complex
which harbors only one small AC, sparsely equipped with
cell organelles, surrounded by a corona of pear-shaped
GSCs (Klein personal communication). Nonetheless,
it appears self-evident that the enigmatic structures
expressed especially in the GSCs of Oncopeltus fasciatus
and the lepidopteran Lymantria dispar (Figure 3D) - as
well as in many other lepidopterans (Figure 2) - have a
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Figure 5 Fine structural organization (schematized) of the apical complexes (longitudinal sections) of four insect species. The order (A) to (D) is arranged
according to the order in Figure 3. A: Drosophila melanogaster. ACs are “light” and interdigitate richly between themselves. Their organelle equipment is scarce.
GSCs are “dark” due to many free ribosomes and characterized by “spongy bodies” which may represent nuage. Adherens junctions are expressed between ACs and
GSCs (marked by a rectangle) and between ACs and CySCs (encircled). CySCs are “light” and include few cell organelles (Adapted from Hardy et a®"); B: Locusta
migratoria. The single apical cell of an apical complex is “light” and harbors a complex organelle equipment: in particular a ring of mitochondria (M) and lysosomes (L)
around the nucleus, and stacks of sparsely granulated endoplasmic reticulum (SGER) at the cell periphery. Arrow marks a phagocytized and partly lysed GSC. ACs
and GSCs are connected by gap-like junctions (encircled). The “dark” GSCs include extremely irregularly shaped nuclei and nuage-like material (NU). Extensions of
the “light” CySCs reach to extensions of the star-shaped AC (marked by square) (Adapted from Dorn et af*"); C: Oncopeltus fasciatus. The ACs are rather small and
very “dark”. Cell organelles are inconspicuous besides Golgi complexes (GC) that face bordering GSC vesicles. The “dark” GSCs form cytoplasmic projections toward
the ACs that undergo progressing autotomy. In the course of vesicle segregation rough endoplasmic reticulum (RER) and mitochondria (M) increase. Later autophagic
vacuoles (AV) and myelin-like bodies (MY) are formed. Arrow points to a presumably newly sprouting cell projection. The “light’ CySCs are characterized by extensive
Golgi complex-like structures (GCL) that bare often associated with sparsely granulated endoplasmic reticulum (SGER) (Adapted from Dorn et af®); D: Lymantria
dispar. The single AC of an apical complex is “light” and exhibits a spherical organization: mitochondria (M), lysosomes (L) and rough endoplasmic reticulum (RER)
surround the nucleus: The cell periphery shows deep indentations caused by invading, autotomizing GSC projections (arrows). Segregated GSC vesicles are taken up
by the AC, and phagosomes (PH) accumulate in the cytoplasm. The “dense” GSCs exhibit projection formation and projection autotomy that closely resembles that of
Oncopeltus (see Figure 4C). GSC projections that indent the AC are often surrounded by extracellular granules (arrow heads). CySCs are “light”, and thin extensions
reach the surface of the GSCs (encircled) (Adapted from Klein®). AC: Apical cell (green); CC: Cyst cell (orange); CySC: Cyst stem cell (yellow); GB: Gonialblast
(purple); GSC: Germline stem cell (red); TW: Testicular wall (grey); AV: Autophagic vacuole; GC: Golgi complex; GCL: Golgi complex-like stricture; L: Lysosomes; M:
Mitochondrion; MY: Myelin-like body; NU: Nuage; PH: Phagosomes; RER: Rough endoplasmic reticulum; SGER: Sparsely granulated endoplasmic reticulum.

n[61]

specific function (see below), in reverse to the principle: cytoplasm includes “spongy bodies which may

no function without structure. We will briefly describe
the portrayed apical complexes and characterize the cell

types.

Drosophila melanogaster

Figure 3A demonstrates the rather “ordinary” organi-
zation of the apical complex and Figure 5A the fine
structural characteristics of its different components.
The niche consists of 8-16 small hub cells, which richly
interdigitate and are anchored to the testicular wall.
They are characterized by a “light” appearance and
scarcity of cell organelles. No mitoses were observed.
The GSCs are, in contrast, rather “dark” due to many
free ribosomes. They have a spheroidal shape but
are flattened where they contact the hub cells. Their
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represent nuage material that is typical for germ cells®®?,
Mitoses of GSCs were rarely observed by the above
authors, i.e., one mitotic GSC in 50 GSCs. E-cadherin-
mediated adherens junctions (Figure 4A) attach GSCs
to hub sells®!, The CySCs are rather “light” and have
inconspicuous organelle equipment. They also form
adherens junctions with GSCs (Figure 5A). Among the
76 CySCs observed by Hardy et af®! only two were in
mitosis.

Locusta migratoria

The longitudinal section through the follicular apex
(Figure 3B) shows that the apical complex has the shape
of a rosette with a singular AC in the center. The pear-
shaped GSCs reach deeply into the large star-like AC.
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The CySCs are irregularly arranged around the GSCs
and it is not clear how many CySCs are affiliated with
a GSC. The ACs touch the protrusions of the CySCs
between the GSCs. Remarkably, a plug of CySC-like cells
is located beneath the rosette formed by AC, GSCs and
CySCs. The CySC-like cells presumably participate in
the formation of the cyst wall which consists of a higher
number of cyst cells, up to 7 were counted on serial
sections™®,

In contrast to the hub cells in Drosophila the large
AC of Locusta (also “light”) shows a complex organelle
equipment (Figure 5B). Around the large centrally
located nucleus there is a broad ring of mitochondria
that also includes lysosomal bodies. The periphery of
the AC shows an abundance of sparsely granulated
endoplasmic reticulum, often arranged in stacks and
whorls that are also found in the cellular extensions that
reach deeply between the basal parts of GSCs. The AC
includes regularly one or two engulfed and more or less
lysed GSCs (Figures 3B and 5B). The GSCs, “darker”
than the ACs, show a polar organization. The nuclei
are located in broader peripheral parts of the cells and
present extremely irregular outlines. In the direction to
the AC, mitochondria aggregate and fibrous nuage-like
material is discernible. Free ribosomes are abundant.
AC and GSCs form gap-like junctions (Figure 5B) but
adherens junctions are not apparent'®®. No specific
junctions seem to exist between CySCs and GSCs.
CySCs and CySC-like cells have the same fine structural
characteristics but only the CySCs contact the AC. Both
cell types are rather “light”. Their cytoplasm is scant and
shows no specifications. In mature males, many dividing
GSCs, CySCs and CySC-like cells can be observed®.
Both, asymmetrical and symmetrical divisions occur at
the same time. Sometimes whole clusters of these cells
are seen in mitosis.

Oncopeltus fasciatus

The longitudinal section through the follicular apex of
Oncopeltus (Figure 3C) reveals an organization of the
apical complex similar to that of Locusta (Figure 3B),
however, with important cytological differences of the
different cell types. The niche is represented by a small
cluster of “dark” cells with a relatively thin cytoplasmic
lining. Small areas of the cytoplasm include a Golgi
complex in continuation with some strands of smooth
endoplasmic reticulum which is directed toward the
periphery where GSCs are bordering (Figure 5C).
Specialized cell-cell contacts were not seen'”. The
GSCs reveal an extraordinary structure and astonishing
dynamics. The GSCs have a polar structure, with a
lobular perikaryon oriented toward the CySCs and
prominent cytoplasmic projections toward the ACs
(Figure 5C), which are reminiscent of neurons. The
projections exhibit trabecular or septum-like ingrowths
that are most advanced at their tips, next to the ACs.
The process results in the segregation of free vesicles
that amass around the niche. During the autotomy of
the projection terminals, the number of mitochondria
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increases in these segments, lysosomal bodies and
autophagic vacuole-like vesicles become abundant
and rough endoplasmic reticulum is often arranged in
whorls (Figure 5C). Degradation processes proceed,
indicated by the presence of acid phosphatase and
TPPase, resulting in myelin - and autophagosome-
like bodies®®®. Autotomized vesicles aggregate at the
surface of the ACs (Figure 6A). They finally rupture and
release their content in the vicinity of the ACs. None of
the debris is taken up by the ACs. Remarkably, intact-
looking cytoplasm contains free ribosomes grouped in
clusters. These clusters break up in slightly advanced
stages of autotomy and the ribosomes are then evenly
distributed. It is suggested that they give rise to electron
dense granules of about 25 nm in diameter. These grana
are sometimes enclosed in projection terminals; grana
of lesser diameter occur free in the extracellular space
between projection terminals and ACs (Figure 6A). This
is of special interest, since morphologically similar grana
were reported to be present at the same location in a
number of apical complexes of different insect species
(see Lymantria dispar, below). It is not clear whether or
not these grana are taken up by ACs. After advanced
autotomy of GSC projections new projections sprout at
the “neck” of GSCs, where the projections arise from
the perikaryon (Figure 5C). In this “neck” area of the
cell there is an accumulation of mitochondria. CySCs
surround only the apical part of the apical complex (Figure
3C). The ratio CySCs:GSCs is roughly 1:1, and only
one cyst cell grows around a gonialblast. The cyst cell
does not divide any more after its generation by division
of a CySC but becomes highly polyploid as it enlarges
during spermatogenesis®’. Divisions of GSCs and CySCs
are rarely observed. Asymmetrical divisions of GSCs,
where the spindle axis is oriented perpendicularly to
the niche, were never observed. During symmetrical
GSC divisions, the cell projections are persistent. In the
process of gonialblast formation one of the GSCs, that
shows no structural difference to the remaining GSCs,
moves away from the niche toward the periphery. It
loses its projections as the cyst cell encloses it. The
spermatogonial cysts now move proximally. Cyst cells,
which are rather “light”, like the CySCs, develop striking
organelles, composed of multiple complexes consisting
of a meshwork of branching and anastomosing tubules
and budding off vesicles which partly enclose electron-
dense material. The Golgi complex-like structures
(about 2.8 ym long and 1.1 ym in diameter) are often
associated with sparsely granulated endoplasmic
reticulum. The mitochondria are exceptionally long and
branched. Cyst cells take up apoptotic spermatogonia’..
Follicular apices include regularly extensive clusters of
degenerating GSCs and spermatogonia (Figure 3C).

Lymantria dispar

The niche of the apical complex consists of only one large
AC (Figure 3D).The shape of the apical complex changes
during development. During the first three larval stages
the AC is attached to the envelope of the follicular apex,
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Figure 6 Structural relationships between apical cells and projections and autotomized vesicles of germline stem cells in Oncopeltus fasciatus and
Lymantria dispar. A: Electron micrographs. Oncopeltus fasciatus. Vesicles that are segregated from GSC projections accumulate at the surface of ACs. The vesicles
show signs of degeneration. Mitochondria are abundant and appear electron dense. (From Schmidt et af®). Upper inset: Intracellular granules in autotomizing GSC
projections. Lower inset: Extracellular granules (arrow) between autotomizing GSC projections; B: Electron micrograph. Lymantria dispar. Numerous autotomized
GSC projections protrude deeply into the AC (long arrows). Some of the segregated vesicles were apparently taken up by the AC and are being digested (arrow
heads). Double arrow points to extracellular granules between GSC vesicles and the AC. Upper inset: Extracellular granules at higher magnification. Lower inset:
Tubular indentations into the AC include electron dense material. (From Klein®). GSCs: Germline stem cells; AC: Apical cell.

and only the distal part of it is contacted by GSCs'®®. exhibits a fibrillar consistency (Figure 6B). A relationship
From third to forth larval stage the AC detaches from with the dense granules is unclear. The large nucleus
the follicle envelope and moves somewhat distally. Then of the GSCs is located in the peripheral part of the
it adopts a concentric organization, and the GSCs attach cells. The organelles in the perinuclear cytoplasm are
from all sides (Figure 6A). Each GSC is accompanied by inconspicuous. Symmetrical as well as asymmetrical
one CySC whose perikaryon covers the peripheral part divisions have been observed (see below). CySCs are
of the GSC and sends delicate projections to the AC, “light”. They divide apparently prior to the associated
separating neighboring GSCs. Whereas the symmetry of ~ GSC®®,

the apical complex changes during larval development

(from bipolar to rotationally symmetrical), the intricate Lampyris noctiluca

relationships between AC and GSCs are largely similar The glowworm represents a special case in as far as
until the pupal stage when signs of senescence become o niche cells (ACs) for the GSCs could be identified®”.

apparent and cyst formation seizes!®®., During early larval stages the gonadal follicles only
The large, “light” AC includes a centrally located include (“dark”) GSCs but no ACs and no CySCs; male
nucleus around which the cell organelles are concen- and female gonads can not be differentiated. The onset

trically arranged (at progressed developmental stages) of testis differentiation is marked by the appearance of
(Figure 5D). Mitochondria, rough endoplasmic reticulum “light” cyst progenitor cells (CPCs) segregated from the
and lysosomes are especially abundant. As a rule the apical part of the follicle wall®”®!, Whereas a cluster of
cell contains phagosomes, exceedingly numerous during theses cells is located and multiplies in the apex of the
early larval stages, with cell fragments of variable degree follicle, a cluster of dividing GSCs is located at the basal
of degradation (Figure 5D and 6B). The periphery of part of the follicle. The ratio of GSCs/CPCs is about 1/1.
the AC shows many Golgi complexes. The pear-shaped At that stage of development there are no associations
GSCs are “darker” than the AC apparently due to the between individual GSCs and individual CPCs. ACs are
presence of many free ribosomes. Striking are the cell never observed. In later larval development, CPCs form
projections of GSCs that deeply invade the AC. Similar cell projections, move toward and between the germ
to the GSC projections in Oncopeltus, GSC projections cells, which now may represent gonialblasts, contact
of Lymantria autotomize. But, unlike to Oncopeltus, and ensheathe them, thus forming spermatogonial
the separated vesicles are phagocytized by the AC cysts™®”. During transformation from CPCs to cyst cells,
(Figure 6B). The GSC projections contain whirls of the cells develop conspicuous stacks and whorls of
rough endoplasmic reticulum, many free ribosomes, smooth endoplasmic reticulum. It was speculated that
mitochondria and multivesicular bodies. Phagosomes the cyst cells may produce hormones, i.e., juvenile
of the AC include similar cell organelles before they are hormone or ecdysone. Since all GSCs/gonialblasts and

digested indicating their origin from GSC projections. CPCs engage in cyst formation at approximately the
The electron micrograph Figure 6B demonstrates the same time, a precise temporal regulation of GSC division
extremely complex interactions between GSCs and AC. and gonialblast differentiation seems obsolete and the

Extracellular space between GSC projections and AC function of a niche therefore not necessary. The absence
regularly contains electron dense granules of 25-38 nm of ACs has also been reported from several other insect
in diameter (Figure 6B inset 1). Tubular invaginations of ~ species’®.

the AC also contain electron dense material which often In summary primarily electron microscopic studies

Raishidenge ~ WJSC | www.wjgnet.com 930 July 26,2015 | Volume 7 | Issue 6 |



Neuron

Neurotubule
Neurofilament

Autophagosome

o [
.'./ croph
~ Apical cell

Autophagosome

Figure 7 Comparison of autotomizing germline stem cell projection with
autodestruction of an injured axon. A: Sequence of vesicle formation of a
GSC projection in Oncopeltus fasciatus. The area of projection formation is
characterized by an accumulation of mitochondria (blue). At the base of the
projection ribosomes form small clusters (yellow), mitochondria are infrequent.
Rough endoplasmic reticulum (rER, orange) and lysosomes (brown) are scarce.
With progressing vesicle segregation mitochondria become more frequent and
swollen, ribosomes form no longer clusters, rER becomes more prominent and
lysosomal bodies increase. Segregated vesicles show many autophagosomes
and myelin bodies. They accumulate at the surface of the apical cells (green)
and disintegrate. Arrows point to newly sprouting projections (adapted from
Do et al™); B: Sequence of progressive axonal fragmentation after injury. First
neurotubules and neurofilaments break down. Then mitochondria accumulate
and lysosomes (brown) become more abundant. Finally vesicles which mainly
includ autophagosomes and myelin bodies are segregated and taken up by
macrophages. Arrows points to newly sprouting axon (adapted from Lingor et
al™™, Beirowski et al"™; Kerschensteiner et af™™"). GSC: Germline stem cell.

revealed the enigmatic relationship between GSCs and
their niche in numerous insects. Identification of the
different cell types and their interactions were facilitated
by the profound differences in electron density between
the components of the apical complex: GSCs, ACs and
CySCs. In almost all species studied, the ACs and the
CySCs were “light” and the GSCs “dark”. Oncopeltus is
an exception: here, ACs are “very dark” whereas GSCs
are “dark” and the CySCs “light”. But, whereas the “light”
and “dark” marking facilitates identification of the cell
types, the functional significance of these characteristics
remains unclear. In contrast, the intriguing processes
of GSC autotomy and the interaction of autotomized
GSC vesicles with niche cells (ACs) point to a to date
unknown form of communication between GSCs and
their niche. Next we will examine the process of GSC
autotomy and compare it with morphologically similar
processes in other systems: axon autodestruction,
erythropoiesis and thrombopoiesis.

THE AUTOTOMY OF GSC PROJECTIONS:
ARE THERE COMPARABLE PROCESSES
IN OTHER CELL TYPES?

Autotomy of GSC projections in Oncopeltus fasciatus
and Lymantria dispar

In both species the autotomy process follows an
apparently standardized pattern (see above). Figure 7A
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gives a schematized view of the process in Oncopeltus.
At the base of the cell projections the cytoplasm exhibits
similar organelle equipment as the GSC perikaryon:
scattered mitochondria, few strands of rough endoplasmic
reticulum, many free ribosomes, often forming typical
clusters and few lysosomes. The fractionation of the
projections that leads to vesicle formation starts with the
sequential ingrowth of the plasma membrane from the
periphery (described by Schmidt et af** in Oncopeltus).
With progressing vesiculation of a projection, mito-
chondria and rough endoplasmic reticulum that often
form concentric whorls, become more abundant, clusters
of ribosomes dissolve and the ribosomes are scattered
evenly. Mitochondria and vacuoles accumulate. With
progressing projection segregation mitochondria become
swollen and show signs of degradation and the number
of lysosomal bodies increase. Finally, autophagosomal
activity becomes evident'® and secondary lysosomes
and myelin-like become abundant. The terminal vesicles
then completely segregate from the GSC projections.

In the case of Oncopeltus the separated vesicles
amass at the surface of the ACs, where they eventually
rupture and release their contents. In the case of
Lymantria the GSC projections are embedded in the
AC and the segregated vesicles are phagocytized and
digested by the AC (Figure 6B).

The process of projection segregation of GSCs
exhibits remarkable similarities with degenerative
processes of axons that take place either after injury, in
neurodegenerative diseases or during developmental
axon pruning. In the following it will be discussed
whether an autodestruction program that may underlie
the axonal destruction processes could possibly also be
active in the process of GSC autotomy.

INJURY-INDUCED AXON DESTRUCTION
(WALLERIAN DESTRUCTION)

AND THE HYPOTHESIS OF AN
AUTODESTRUCTION PROGRAM

Programmed cell autotomy seems to be a rather rare
process. It is best known in axon degeneration that
occurs after nerve injury in vertebrates and invertebrates
(Wallerian degeneration), developmental neuron pruning
and as pathological symptoms of neurodegenerative
diseases (multiple sclerosis, Parkinson’s disease and
others)™. Other examples of programmed cell autotomy
are the formation of blood platelets and erythrocytes in
mammals which are discussed later. Wallerian degene-
ration (Figure 7B) shares morphological similarities with
axon degeneration during normal brain development
(axon pruning) and with the “dying back” degeneration
in neurodegenerative diseases.

Recent studies on the degeneration of injured axons
strongly suggest that an active autodestruction program
exists akin to apoptosis, and that the autodestruction
pathway may be conserved between fly and humant™72,
The sequence of progressing autodestruction of the
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stumps of transected giant nerve fibers in the cockroach
Periplaneta americana, for instance, follows closely the
segregation of GSC projection terminals in Oncopeltus
(Figure 7): swelling of mitochondria, accumulation of
myelin bodies, accumulation of lysosomal vacuoles and
sequential segregation of vesicles'”?. Vesicle formation
at the axon stump starts like in GSC projections with cell
membrane ingrowths. Whereas the distal nerve stump
degenerates, the proximal stump produces sprouts
that have been interpreted as axonal regeneration.
This resembles the expected outgrowth of new GSC
projections after exhaustive vesicle segregation (Figures
5C and 7A).

Although still little is known concerning the signaling
pathway directing the autodestruction program,
some progress has been reported recently. The Wids
gene protects severed axons from degeneration.
It encodes dNmnat (nicotinamide mononucleotide
adenylyltransferase 1). Nmnat is a critical enzyme in
the NAD+ biosynthesis pathway and is essential for
many cellular processes”*. Nmnat is likely essential for
normal axon maintenance. Down regulation of Nmnat
in the wing nerve of Drosophila leads to robust dying
back fragmentation that markedly resembles Wallerian
degeneration, whereas upregulation of Nmnat protects
axon degeneration. The function of WIdS/Nmnat may
involve its essential role in NAD+ biosynthesis. The
question arises if the mitochondria are the site of Nmnat-
mediated action and mechanism". Also the ubiquitin
proteasome system (UPS) plays a crucial role in axon
and dendrite maintenance and neuropathology, but
the precise effects of WIdS/Nmnat and the effect of the
UPS vary depending upon the situation, an acute injury,
developmental pruning or disease context (for review
see Fang et al’").

The UPS is a potent regulatory mechanism used to
control protein stability in numerous cellular processes,
including neural development”®, Many neurode-
generative diseases are featured by the accumulation
of UPS-associated proteins, suggesting the UPS
dysfunction may be crucial for pathogenesis. Recent
experiments have highlighted the UPS as a key player
during synaptic development. Recent discoveries center
on the role of UPS in synapse remodeling and draw
attention to the potential link between synaptic UPS
dysfunction and the pathology of neurodegenerative
diseases: Parkinson, Alzheimer, Huntington’s disease!’>.
In Drosophila, the E3 ubiquitin ligase RPM-1 (disease
resistance protein) targets DLK1 (delta homolog 1)
which acts in the mitogen activated protein kinase
(MAPK) cascade consisting of the MAPK MKK4 and
the p38 kinase pMK3 or the MAPK c-Jun N-terminal
kinase. Thereby RPM-1 regulates the organization
and stabilization of presynaptic terminals and axon
termination in mechano-sensory and motor neurons'”®.

Regeneration of injured neurons can restore function,
but most neurons regenerate poorly or not at all. The
failure to regenerate in some cases is due to a lack of
activation of cell-intrinsic regeneration pathways. These
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pathways might be targeted for the development of
therapies that can restore neuron function after injury
or disease. Hammarlund et a/l’”! showed that the
DLK-1 MAPK pathway is essential for regeneration in
Caenorhabditis elegans motor neurons. Loss of this
pathway eliminates regeneration, whereas activating
it improves regeneration. Further, these proteins also
regulate the later steps of growth.

Osterloh et al’® demonstrated that the ortholog
genes sterile alpha and TIR motif-containing protein 1
(Sarm 1) in mouse and dSarm (sterile alpha/Armadillo/
Toll-Interleukin receptor homology domain protein) in
Drosophila promote cell autonomous axon destruction.
The genes otherwise involved in innate immune
response, are also players in a highly conserved axon
destruction pathway. dSarm and Sarm 1 exhibit a
punctate localization in neuronal cell bodies and a
broad localization in neuritis of Drosophila and mouse
respectively. An early event in the axon self-destruction
pathway is the increase of intra-axonal calcium
levels followed by a calcium-dependent cytoskeletal
breakdown?.

There is evidence that WIAS enhances physiological
functions of the mitochondria and that axonal mitocho-
ndria are required for WIdS-dependent axon protection.
WIdS/Nmnat activity enhances mitochondrial motility
and Ca®" buffering and that the mitochondrion is an
organelle necessary for WIdS/Nmnat-mediated axonal
protection”*%,

DEVELOPMENTAL AXON PRUNING,
DYING-BACK DEGENERATION AND
NEURODEGENERATIVE DISEASES

Developmental axon pruning occurs at a large scale
during metamorphosis of holometabolous insects,
including Drosophila, where the process was studied in
detail. Metamorphosis and axon pruning are controlled
by ecdysone. Interestingly, in the mushroom body of the
fly brain glia cells participate actively in axon pruning.
Ecdysone stimulated axons extrinsically activate glial cells
to infiltrate the axon branches and eliminate varicosities
actively. They induce the fragmentation of axons, and
engulf the fragments'®®. The process resembles the
interaction of GSCs with the AC in Lymantria (Figure
6B). In both cases, the perikarya survive whereas
the autotomy of cell projections/axons proceeds,
and fragments are taken up by the AC and glia cells,
respectively. In Oncopeltus, the GSC projections also
autotomize but the severed and degrading vesicles are
almost never phagocytized. It has been suggested that
new projections sprout from the perikarya of Oncopeltus
comparable to the sprouting of new neurites from pruned
neurons. The neuron-glia interaction has an indispensable
role in the pruning process of neurons in the mushroom
body. The pruning proceeds in a neuron-autonomous
manner. It resembles the interaction between phagocytes
and apoptotic cells®®®, It was shown that dendrite-
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Figure 8 Symmetric and asymmetric germline stem cell division in
Lymantria dispar. Both symmetric and asymmetric GSC divisions occur in
this insect species. Both are preceded by the division of the single cyst stem
cell that is associated with a GSC (A to C). Asymmetric division is depicted in
D1a to D1d. One of the daughter cells is oriented toward the AC and still forms
projections, whereas the other daughter cell has no contact with the AC and is
devoid of projections (D1b). Then this daughter cell “swivels” round toward the
AC (D1d) and adopts a similar position as daughter cells have after a symmetric
GSC division (D2a to D2c). In each case, the daughter cell that doesn’t form
projections becomes the gonialblast (E to H) (from Klein®). GSCs: Germline
stem cells; AC: Apical cell.

specific remodeling of Drosophila sensory neurons is
controlled by two intracellular mechanisms: the ecdysone
pathway and ubiquitin-proteasome system™. It should
be noted that components of the ubiquitin-proteasome
pathway has been linked to apoptosis®*.

A dying-back degeneration of axons can be induced
in culture of mice neurons by removing nerve growth
factor from the chamber. In the process, several distal
ends of axons atrophy and undergo fragmentation while
the neuronal somata survive. The controlling events are
obviously confined to neurites and occur autonomously
from the soma™!. Many neurological deceases are
accompanied by neurodegeneration. Although different
factors might contribute to axon pathology in each case,
what is clear is that the end result is always the same,
the axon degenerates in a process that resembles
Wallerian degeneration™®,

Wallerian degeneration is an evolutionary highly
conserved process that is central to neurite autotomy
occurring either regularly in developmental remodeling
of neurons or pathologically in neurological diseases
and experimental manipulations. The mechanism
of serial autotomy of GSC projections in Oncopeltus
and Lymantria (and probably butterflies in general)
resembles closely axon autotomy described above.
Molecular studies are necessary to uncover whether
similar signaling pathways are involved.

CONSEQUENCES OF GSC AUTOTOMY
ON SIGNAL EXCHANGE WITH THE
NICHE AND GSC DIVISION (SYMMETRIC
VS ASYMMETRIC DIVISION)

Until recently it was accepted that adult male GSCs in
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Drosophila only undergo asymmetric divisions™”. GSCs
attached to hub cells by adherens junctions provide a
polarity cue that orients stem cells. The centrosome is
oriented toward the hub cell-GSC interface throughout
the cell cycle. The mother centrosome is always located
close to the hub cells whereas the daughter centrosome
moves to the opposite side. Consequently, GSC spindle
orientation is predetermined during interphase!®®. The
correct centrosome orientation toward the hub cells
requires the adherens junction which is composed of
E-cadherin and B-catenin, centrosomin, and Apc2.
Apc2 is believed to connect astral microtubules to the
adherens junction/actin cytoskeleton network formed
between hub cells and GSCs thereby anchoring the
centrosome™®, Centrosome orientation prior to mitosis
is accomplished by Par-1 (a serine/threonine kinase
that regulates polarity in many systems) that regulates
cydlin A localization™. Recently “symmetric renewal” of
male GSCs in Drosophila has been observed®!, In this
process, GSC division starts like a typical asymmetric
mitosis (the mitotic spindle is perpendicularly oriented
toward the hub surface) but then the still interconnected
pair of cells “swivel” such that both cells contact the hub.
Studies on other insect testes revealed still different
modes of GSC divisions and gonialblast differentiation.

Unique processes have been described in male
GSCs of Lymantria (Figure 8). GSCs undergo either
symmetrical divisions (the spindle is oriented parallel to
the AC surface) or asymmetrical divisions (the spindle
is oriented perpendicularly to the AC surface). Both
types of mitosis can result in gonialblast formation
but, surprisingly, after asymmetrical division GSC and
daughter cell - interconnected by a fusome - “swivel”,
comparable to the process in Drosophila described by
Sheng et al*"' in 2011, and both contact the AC. Whereas
the mother GSC maintains its intense interaction with
the AC, the daughter and presumptive gonialblast
does not form cell projections. Finally, the daughter cell
moves further to the periphery and differentiates to a
gonialblast. Alternatively, after symmetrical division the
daughter cell is again characterized by the lack of cell
projections, develops to a gonialblast in a similar fashion
as in the case of asymmetric GSC division®. Each GSC
is associated with one CySC. CySC division precedes
GSC division and the mitotic spindle is always oriented
parallel to the AC surface. The mechanism destining the
centrosome location is not known and adherens junctions
between GSCs and AC have not been described - and
are not likely to exist, given the complex relationship
between GSCs and AC. Consequently, the regulation
of spindle orientation must differ in Lymantria from
Drosophila.

Also in Oncopeltus adherens junctions could not
be identified in electron microscopic studies”®”. In this
species, only symmetrical divisions of GSCs have been
observed. GSC projections persist during division.
Gonialblasts are formed when GSCS migrate toward the
periphery of the apical complex. Its projections elongate,
become thin and gradually degenerate before one cyst
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cell encloses the gonialblast®. Locusta shows both
symmetrical and asymmetrical divisions®, But again,
besides tight junction-like connections, no adherens
junctions have been detected between GSCs and AC. It
should be mentioned, however, that GSCs and AC are
extremely difficult to separate, either enzymatically or
mechanically, in Locusta™".

In summary, the mechanism for spindle orientation
appears variable in insect male GSCs. But up to date,
Drosophila is the main species studied in this respect in
the evolutionary highly diversified group of insects.

Interactions between GSCs and ACs in the testes
of various insects are diverse and it is evident that the
mode of short range signaling between stem cell and
niche differ in distinct species from that in Drosophila. In
Oncopeltus, ACs are surrounded by vesicles segregated
from GSC projections (Figure 6A). This poses the
questions: how is the communication and information
exchange organized between GSCs and AC? and how
is the sequential projection autotomy, progressing
degradation, and sprouting of new projections pro-
grammed? There are no studies on the molecular level
concerning these questions. However, the ancient
conserved axon destructing Wallerian pathway bears
many similarities with GSC projection autotomy. Further,
the outgrowth of new projections near the perikaryon of
Oncopeltus GSCs parallels the outgrowth of new neuritis
after Wallerian axon destruction. As described above,
developmental axon pruning and neurite dying-back in
neuronal diseases all appear to be governed by a related
axon-autonomous program that carries characteristics
of apoptotic processes. Extensive fragmentation of
megakaryocyte projections takes place during platelet
formation as described below. Also in this case apoptotic
processes take place, i.e., fragmentation of the nucleus.
The segregation of platelets, however, appears to follow
a different pattern than Wallerian axon fragmentation
and GSC projection autotomy. In the latter cases,
concentrically transverse ingrowing plasma membrane
that finally fuses, cuts off vesicular fragments. Pinching
off platelets apparently involves transverse microtubule
arrangement and vesicle widening at the constriction
zone (see below).

In Lymantria, segregation of GSC projection
terminals resembles that in Oncopeltus. Thus, the
underlying cell autotomy program is expected to be
similar as in Oncopeltus. But in Lymantria and several
other butterflies (see above) the AC embraces the GSC
projections and engulfs and digests separated vesicles.
In Locusta, ACs almost constantly include one or two
phagocytized GSCs. The interactions of GSCs and ACs
(their niche) are puzzling in Oncopeltus as well as in
butterflies. We speculate that the AC sends signals
that promote GSC autotomy and that in return the
AC receives information concerning the surrounding
GSC population. In response to that information the
AC may regulate GSC self-renewal and maintenance.
Unfortunately, none of these aspects have yet been
tested. In about all insect apical complexes studied
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by electron microscopy, “dark” granules have been
described in the interface between AC and GSCs (Figure
6). In Lymantria, the AC shows tubular invaginations
filled with “dark” material of unknown fate. Due to the
phagocytic processes and material exchange early
investigators suggested a trophic role of ACs®?. We
believe that these processes are part of the information
exchange and signaling pathways. In erythroblastic
islands, after release of the reticulocyte, the pyrenocyte
is phagocytized by the central macrophage. This is
mandatory for continued erythropoiesis (see below).
This indicates that the involvement of phagocytic
processes in stem cell-niche interaction is existent but
needs further investigation.

STEM CELL/PROGENITOR AUTOTOMY
IN ERYTHROCYTE AND PLATELET
FORMATION

Erythroblastic islands and enucleation of erythroblasts
In vivo, erythropoiesis occurs in specific units, the eryth-
roblastic islands in the bone marrow of mammals®.
Erythroblastic islands were also described in the
spleen, yolk sac and fetal liver. They harbor a central
macrophage that arises from a resident monocyte
precursor with a unique immunophenotypic signature®.
The central macrophage, representing the niche, is
surrounded by one or more synchronously maturing
cohorts of erythroid cells that undergo four or five
divisions between proerythroblast and orthochromatic
erythroblast stage. In their fine structural study Allen
et al'® describe gap junction-like contacts between
the macrophage and erythroblasts and possible reci-
procal vesicular activity. Several molecules indicate
adhesive interactions within the erythroblastic islands™:
(1) Erythroblast macrophage protein (Emp) forms
macrophage/erythroblast attachments via hemophilic
binding; (2) a4p1 integrin in erythroblasts and vascular
cell adhesion molecule-1 in the central macrophage
mediate receptor/counter receptor cell-cell interactions;
(3) Macrophage « integrin and erythroid intercellular
adhesion molecule-4 are expected to contribute to the
island integrity; and (4) Other macrophage adhesion
glycoproteins, i.e., CD69 and CD 163, have been
detected™ although their erythroid binding partners
are unknown. It is expected that adhesive connections
between erythroblasts and macrophages play a crucial
role in signaling pathways as they do in Drosophila
testes. The central macrophage secretes soluble factors,
cytokines, that promote proliferation and maturation of
erythroblasts (insulin-like growth factor-1 and others)
and also negative regulatory factors [transforming
growth factor-g1 (TGF-B), TNF-a, ILG and others]™
(Figure 9).

The most striking event in mammalian erythrocyte
maturation is the enucleation of orthochromatic eryth-
roblasts at the last stage of erythroblast differentiation.
It results in multilobulated non-nuclear reticulocytes and
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Figure 9 Erythropoiesis in mammal bone marrow (schematized). The
erythroblastic island consists of a central macrophage (MA) that functions as
the niche, and the peripheral erythroblasts (EB), that represent stem/progenitor
cells. Erythroblasts undergo an enucleation process (arrow) that results in
the pyrenocyte (PC) that mainly consists of the erythroblast nucleus, and
the nucleus-free reticulocyte (RC). The pyrenocyte is phagocytized by the
macrophage (PH, phagosome), whereas the reticulocyte develops to the
erythrocyte (EC) (adapted from Chasis et af*; Keerthivasan et af*®).

pyrenocytes which mainly consist of the nucleus and the
enwrapping plasma membrane. Enucleation is regulated
by retinoblastoma protein (Rb) but other signaling
molecules, e.g., p38 MAPK (p38) and Rac-1 GTPase,
have been found to be involved in the enucleation®”.
Interestingly, sorting of protein and vesicle trafficking
in the orthochromatic erythroblast in concert with
nuclear positioning are essential for the enucleation
process®®®l, The pyrenocytes express phosphatidylserine,
a recognition signal similar to apoptotic cells, on their
surface that signals macrophages to engulf and digest
them. The taken up DNA is digested by DNase II from
the macrophage™. The lack of DNase II in DNase
I knockout mice is lethal in utero due to embryonic
anemia. Digestion of engulfed pyrenocyte nuclei is vital
for continued erythropoiesis!*®”,

Already in the 1990ties Hanspal et af****? found that
the interaction between erythroblasts and macrophages
is needed for normal erythroblast proliferation and for
enucleation. The authors showed that this interaction is
mediated by Emp that prevents apoptosis of developing
erythrocytes. Nonetheless, erythroblasts cultured in
vitro in the absence of macrophages undergo complete
differentiation including nuclear extrusion!****!, Although
erythropoietin was used to start erythroblast ampli-
fication (and other factors were eventually added)
erythropoiesis proceeded apparently normal without
macrophages, however, at a much lower pace as it
does in erythroblastic islands®®®. Thus the question
arises: have macrophages merely a trophic function? As
mentioned above, genetic manipulations of macrophage
activity resulted in lethality due to anemia. It may
be speculated that in these cases erythropoiesis was
(only) insufficient (but not completely) suppressed. The
“true” function of island macrophages is to optimize
and accelerate erythrocyte production allowing effective
erythrocyte supply and rapid adjustment to the actual
need. Erythrocyte homeostasis might be largely
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regulated by systemic factors that convey the need or
surplus of erythrocytes and affect short-range signaling
within the erythroblast island which determines the
pace of erythrocyte production.

We suggest that spermatocyte production in insect
testes is regulated in a similar way. The example of
Lampyris shows that no ACs are needed for GSC differen-
tiation per se. The apparent reason: all GSCs differentiate
at the same time and the process does not need any
temporal regulation. Onset of GSC differentiation
and production of CC progenitors occurs during larval
development of Lampyris and is expectedly put in
motion by the release of morphogenetic hormones, e.g.,
ecdysone and juvenile hormone, representing systemic
signals’®’.

Another conspicuous interaction shared by the
niche of erythroblastic islands and the niche of butterfly
testes are spectacular phagocytic processes. In the
case of erythroblastic islands, macrophages engulf the
pyrenocytes; in the case of butterflies, ACs phagocytise
large vesicles segregated from GSC projections. DNA
taken up by macrophages plays a role in signaling, as
described above. And there are also vesicle interactions
with expected receptor exchange. In butterflies, the vivid
autotomic activity of GSCs and the phagocytotic uptake
of the autotomized vesicles are not understood. We
propose that it represents an interaction/communication
between niche and stem cell hitherto unknown. Note-
worthy, whereas autotomy of GSC projections also takes
place in Oncopeltus the segregated vesicles are not
taken up by ACs, but degenerate in a distinct pattern
as described above. We suggest that the degenerating
vesicles provide specific signals that are recognized
by the AC. Interestingly, the ACs of Locusta include,
as a rule, one or two phagocytized GSCs (see above).
Phagocytosis here may play a similar role as it does in
Lymantria. The variations in stem cell-niche relation
seem highly variable in insect testes, and the analysis of
species beyond Drosophila might provide new insights.

Platelet formation by megakaryocyte fragmentation
The probably most spectacular case of programmed
cell autotomy is the shedding of 5000-10000 platelets
from one megakaryocyte. Platelets are characterized
by the absence of a nucleus and by the accumulation of
three types of granules: (1) Dense (or delta) granules,
with a diameter of 150 nm, contain ADP or ATP, Ca and
Serotonin. They are secreted to recruit other platelets;
(2) Alpha-granules, with a diameter of 200-400 nm,
contain P-selectin, platelet factor 4, TGF-B1, platelet-
derived growth factor, fibronectin, B-thromboglobulin,
von Willebrand factor (VWF), fibrinogen, coagulation
factors V and XIII. They are responsible for adhesion
and healing processes; and (3) Lambda granules, with
a diameter of 175-250 nm, resemble lysosomes. They
contain several hydrolytic enzymes that are able to
eliminate circulating platelet aggregates (for review see
Rendu et al*®™") (Figure 10).

Megakaryocytes mature from megakaryoblasts
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Figure 10 Thrombopoiesis (platelet formation) in mammal bone marrow
(schematized). Platelets are produced by a most spectacular form of cell
autotomy performed by the megakaryocyte (MK). Maturation and fragmentation
of the megakaryocyte is orchestrated by the vascular niche which consists of
the endothelial cells (EC) of sinusoids and the extracellular matrix (MA) of the
endothelium. The megakaryocyte is located at the outer surface of the sinusoid
epithelium and sends pseudopods through the pores of the endothelium into the
lumen of the sinusoids (arrows). The pseudopods branch and form proplatelets
(PPL). These are released into the sinusoids (rPPL) followed by the release
of platelets (PL). Nu, polyploidy nucleus of the megakaryocyte (Adapted from
Patel et af"™).

via promegakaryocytes in the bone marrow. Mega-
karyoblasts reside in the osteoblastic niche where
osteoblasts secrete the cytokine thrombopoietin (TPO)
that regulates megakaryopoiesis and thrombopoiesis,
i.e., platelet formation, as well™®., Stromal cell derived
factor-1 from stromal fibroblasts and fibroblast growth
factor-4 direct megakaryocyte interaction with the bone
marrow stroma and regulate cytokine-independent
megakaryocyte maturation®”’. A number of cytokines
[interleukin-3 (IL-3), IL-6, IL-11, IL-13, leukemia
inhibiting factor (LIF), stem cell factor, and others]
affect megakaryopoiesis which was mostly tested in
in vitro systems!®®'! In the process of maturation,
the precursors of the megakaryocytes migrate from
the osteoblastic to the vascular niche along an oxygen
gradient to the higher oxygen of the vascularized
compartment of the bone marrow™. During maturation
megakaryocyte progenitors undergo endomitosis, up
to 128 times. Reaching the endothelium of the marrow
sinusoids the strongly enlarged megakaryocytes
form cytoplasmic projections that protrude through
endothelial pores into the lumina of the sinusoids. There,
the projections presumably (as inferred from in vitro
observations) branch repeatedly forming formidable trees
of proplatelets which segregate and release the platelets
into the lumina of the sinusoids. The vascular niche that
promotes platelet formation and shedding consists of
the endothelial cells and the extracellular matrix of the
endothelium™?,

The dynamic interactions of megakaryocytes with
different extracellular matrix proteins seem to orchestrate
their maturation in specific sites™™'!l. In the vascular
niche such proteins include collagen type 1V, fibronectin,
laminin, fibrinogen and VWF. (VWF is secreted by endo-
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thelial cells and megakaryocytes into the blood and has
a function in adhesion and aggregation of platelets.)
In mice (in vitro) fibrinogen binding to the fibrinogen
receptor ambfs, which is expressed in megakaryocytes,
is essential for proplatelet formation. However, the role
of the interaction in humans is not fully understood™'”.
Astonishingly, in vitro studies have shown that the
cytokine TPO alone is required for thrombopoiesis and
that extracellular matrix and other cytokines are not
essential, although they may have regulatory functions in
vivo that accommodates platelet homeostasis!'**!. This is
reminiscent of the niche function in erythroblastic islands
and testes of insects where stem cell differentiation can
proceed without niche but is adjusted to the actual need
by niche interaction.

The process of proplatelet formation and platelet
shedding is highly complicated and still not fully under-
stood!™*****], Electron microscopic studies on cultured
megakaryocytes demonstrated that prior to proplatelet
formation mature megakaryocytes have already a well-
developed demarcation membrane system!''®), This
elaborate membrane system is - as commonly believed
- formed by invaginations of the plasma membrane,
shows open cisternae and is at first randomly distributed
throughout the cytoplasm. Randomly scattered a-gra-
nules and some dense granules are also present.
Preparing for active platelet shedding, the peripheral
demarcation membranes dilate and align at the cell
periphery. Cytoplasmic sheets unfold and cell projections
extend. The extensions display a beaded appearance
with constriction points separating discrete platelet-like
territories. A bundle of longitudinal microtubules runs
through the center of the extensions. At the constriction
zone transverse microtubules are observed near the
longitudinal microtubules. Also, a vacuole of increasing
size is formed at the constriction zone which may lead
to the detachment of the platelet fragment. These
observations of Cramer et al™*® suggest that vesiculation
and microtubule force attribute to autotomy. Other
studies emphasize even more the role of microtubules in
platelet segregation!'*>''"), Before proplatelet formation,
microtubules align into bundles beneath the surface of
megakaryocytes and, at projection formation, fill the
cortex of outgrowing cones. Cell organelles are in direct
contact with microtubules and are transported along
these elements. Microtubules coil at the end of the
projections, but their exact role in platelet segregation
remains unresolved.

It should be mentioned that in an opposing view the
membrane boundaries of platelets are not provided by
involutions of the megakaryocyte plasma membrane but
by vesicles from Golgi complexes. So-called proplatelets
constitute within the megakaryocyte whose plasma
membrane finally ruptures and releases the platelets.
Extensions of the megakaryocyte with proplatelets
and segregation of terminal platelets are considered as
artifacts by some authors™**189),

It is, however, the prevailing view that platelets segre-
gate from ends of the megakaryocytes extensions that
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offer a beaded structure, in as much platelet-sized and
platelet-structured proplatelets are connected by string-
like connections with longitudinally running microtubules
(Figure 10). Interestingly, the process of platelet
assembly is accompanied by some characteristics
associated with apoptosis: cytoskeletal reorganization,
membrane condensation and chromatin condensation.
Microtubules and F-actin play supposedly a major
role in proplatelet formation and fragmentation. The
kinetics of platelet release in vitro corresponds to the
onset of apoptosis in the megakaryocyte. Maximal
platelet production and megakaryocyte apoptosis are
closely related events!'*****!, Molecular evidence of
apoptotic processes in megakaryocytes provided the
detection of caspase 3. Before the platelet formation
caspase 3 shows a punctuate cytoplasmic distribution
(in a presumably inactive state) and a diffuse staining
pattern (in a presumably active state) in senescent
megakaryocytes. It was concluded, that proplatelet
formation is regulated by caspase activation limited to
only cellular compartments™®. Further evidence for an
involvement of apoptotic processes in platelet formation
comes from the presence of the antiapoptotic protein
BclxL which is upregulated during megakaryocyte
differentiation but absent during late megakaryopoiesis.
Bclxl overexpression causes a strong decrease in
proplatelet formation™*. Other apoptotic-related genes
such as TGF-B1 and SMAD proteins are expressed
during thrombopoiesis which supports the significance
of apoptotic signaling in the process!'**. Besides, NO in
conjunction with TPO facilitates platelet production!***.,
Nagata et al''* report that estradiol synthesized in
megakaryocytes triggers proplatelet formation by
autocrine action. Few transcription factors were reported
to play major roles in thrombopoiesis. GATA-1, which
interacts with friend of GATA-1 controls proliferation
during megakaryopoiesis, and NF-E2 regulates platelet
biosynthesis™" >,

Cell autotomy in the process of erythrocyte
formation (i.e., enucleation) and platelet generation (by
megalokaryocyte fragmentation) appear to follow quite
different strategies. However, in both cases apoptotic
processes play a prominent role. This offers parallels to
the autodestructive processes in neurons (see above).
Concerning GSC autotomy, no attempts have been
made to demonstrate apoptotic processes in GSC
projections. Schmidt et af** described apoptosis of GSCs
and spermatogonia in Oncopeltus but its significance
- apart from removal of surplus spermatogonia -
remains obscure. Dying germ cells in Drosophila
revealed mixed morphologies of apoptosis and necrosis
that may indicate an alternative developmental cell
death pathway™. The role of the cytoskeleton in cell
autotomy is little understood although it may play a
major role in all cases. Concerning megakaryocyte
fragmentation, the cytoskeleton is obviously decisively
involved in platelet segregation. Neurofilaments and
microtubules are the first cell organelles that break down
in axonal autodestruction following intracellular calcium
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increase after nerve injury. The role of the cytoskeleton
in GSC autotomy is not known but is conceivably
important and should be analyzed.

COMPARISON OF THE INSECT AND
MAMMAL SPERMATOGENESIS

Testes of insects offer a rather simple architecture. One
testis is composed of one to many testicular follicles,
blind ending tubules that join into a common seminal
duct. GSCs and niche exhibit a globular arrangement,
mostly in the form of a rosette at the apex of a testicular
follicle, representing the apical complex. Spermatogonial
cysts move distally during spermatogenesis. The
follicular epithelium that envelopes the apical complex
and cysts is mostly thin and has, so far, not been
considered as part of the niche for GSCs. However, as
pointed out above, in @ number of species, the envelope
synthesizes and releases the steroid ecdysone at some
point of development™, Although effects of ecdysone
on spermatogenesis have been reported, a specific
function or signaling pathway has not been elucidated.
Nonetheless, it parallels the production of steroids,
androgens, in Leydig cells of the testes of mammals.
Mammalian testes exhibit a complex epithelial
organization (for review see Yoshida™"). The long
seminiferous tubules are convoluted and both ends open
into the rete testis. Figure 11 shows the organization
of a seminiferous tubule. The high epithelium of the
tubules consists of the larger Sertoli cells, and the smaller
spermatogonia and spermatocytes. The epithelium
rests on a basement membrane, and below it stretches
peritubular myoid cells. Located in the interstitial between
the seminiferous tubules are Leydig cells, macrophages,
lymphoid epithelial cells and connective tissue. Blood
vessels form a network around the tubules and run in the
interstitial spaces. Besides the germ cells all mentioned
cell types and structures may be part of the GSC niche.
The complexity of the niche, which doesn't offer spatial
specifications, is reflected by the difficulty to define
GSCs. They represent obviously a small population of
spermatogonia. According to de Rooij et af**! and Russell
et al'**'*, spermatogenesis progresses uniformly all
over the inner surface of the seminiferous epithelium,
and stem cells are scattered all over. But how are
GSCs identified? First, they are located in the basal
compartment of the epithelium. All neighboring Sertoli
cells form tight junctions at a distinct height separating a
basal compartment which has contact with blood vessels
and an adluminal compartment without blood contact.
Thus, a blood-testis-barrier is installed at the level of
tight junctions. Located in the basal compartment are
“undifferentiated spermatogonia” (Aundgiff), comprising
singly located spermatogonia (As) and such that have
undergone up to four mitotic divisions. The mitotic
spermatogonia form syncytia due to incomplete cyto-
kinesis. As have contact with the basement membrane
and a subpopulation of them might represent yet-to-
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Figure 11 Organization of the mammalian testicular germline stem cell
niche (adapted from Yoshida™"). The seminiferous tubules exist of large
sertoli cells (SC) and spermatocytes (SPC). The putative germline stem cell
(GSC) is located at the basement membrane (BM) at an interstitium. It is in
close vicinity of a blood vessel (BV) and leydig cells (LC). Myoid cells (MC)
that line the BM are thought to be “specialized” MC (sMC) below the GSC. The
basal part of the SC that surrounds the GSC presumably performs a specialized
“domain” acting as (the main) part of the complex niche. The niche allegedly
consists of several additional entities besides the specialized SC domain: the
BM, the sMC, the BV, the LC and probably others (see text). Tight junctions
(arrow) between SCs establish a blood-testis barrier: GSCs and spermatogonia
are exposed to the vascular system, whereas primary spermatocytes (SPC)
and the following stages of Spermatogenesis proceed behind the barrier.
dSPT: Differentiating spermatid; SP: Spermatozoon; N: Nucleus of SC; Red:
GSC; Light green: SC; Dark green: sSC domain surrounding the GSC; Purple:
Spermatogonia and different stages of spermatogenesis; Dark blue: sMC; Light
blue: MC; Light red: BV; Orange: LC; Grey: BM.

be-identified GSCs. At the transition from mitotic to
meiotic divisions, spermatogonia move to the adluminal
compartment and are now called spermatocytes. From
there on spermatogenesis takes place behind the blood-
testis-barrier. Round spermatids move to the luminal
surface where they elongate. The accumulation of stags
of spermatogonia and spermatocytes among the Sertoli
cell epithelium results in a multilayered organization of
the seminiferous tubules.

Since As are spread all over the tubules the question
arises: which mechanisms provide uneven features
within the basal compartment to specify the niche
microenvironment for stem cells? Yoshida et a/**”
demonstrated that Aundgif (and possibly GSCs) are
preferentially localized to the area adjacent to the
interstitium at branching points of blood vessels of
medium thickness. Yoshida et af**!! suggests that Sertoli
cells and myoid cells in this region might be “specialized”.
Theoretically, all parts of the niche could control stem
cells directly by short-range signaling. Systemic signals
could arrive via blood directly at the GSCs or indirectly
by modulating the short-range signaling of other parts of
the niche. The niche region might not be fixed.
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Several signaling factors are known to have effects
on spermatogenic cells (Figure 12). Most important
is glial cell line-derived neurotrophic factor (GDNF), a
member of the TGF-p superfamily™*". The ligand GDNF
is expressed in Sertoli cells and its receptor c-Ret and
co-receptor GFRal is expressed in the least mature
subsets of Aund, the putative GSC*****!, Thus, via GDNF
signaling Sertoli cells control self-renewal, survival, and
maintenance of GSCs. Another receptor highly expressed
in GSCs is colony stimulating factor 1 receptor. Its ligand
is expressed in Leydig cells of the interstitium and a
subset of myoid cells™*”), It is suggested that CSF1 may
cooperate with GDNF in supporting the self maintenance
of GSCs. The tyrosine kinase receptor c-kit and its
ligand KitL, which is expressed in Sertoli cells, have been
recently shown to be involved in proliferation, survival
and migration of spermatogonia. However, only KIT(-)
spermatogonia have stem cell activity. Several factors
have effects on GSCs in vitro: FGF, EGF and LIF, in the
presence of GDNF, support the proliferation of GSCs!**®,
LIF is probably also involved in the maturation of
gonocytes into spermatogonia™®*®, But a possible function
in vivo is uncertain. The transcriptional regulator Ets
related molecule has been detected in nuclei of Sertoli
cells of adult testes. It is assumed that it regulates Sertoli
cell function that mediates germ cell self-renewal*”.

Stem cells and spermatogonial populations express
a6 and Bl-integrin®® which mediates the attachment
to the basement membrane via binding of laminins,
probably as a heterocomplex with a6-integrint*!. Its
significance in signaling in vivo is not known; GSCs
lacking B1-integrins fail to develop spermatogenic colonies
after transplantation*?. E-cadherin is expressed in Aundit
but is dispensable for the normal functioning of stem
cells™,

Despite the profound differences between the
organization of the insect Drosophila and the mammal
mouse testis, several important common principles can be
observed. In both cases, the stem cell-niche complex is
exposed to blood: in insects hemolymph freely surrounds
the testicular follicles whose envelope allows the passage
of larger molecules™¥, In mammals blood vessels run
through the niche of GSCs and release molecules in the
vicinity of GSCs. In several adult stem cell-niche systems
blood vessels and endothelial cells are an integral part
of the niche: the HSC niche and the vascular niche of
platelet producing megakaryocytes (see above), the
neural stem cell (NSC) niche the B1 NSCs within the
ventricular-subventricular zone sends out a basal process
ending in a specialized end-foot that contacts blood
vessels; blood-borne factors and endothelial-derived
factors may act on B1 cells in this domain™*!, intestinal
stem cell and probably other niches!*****”), Recently, it has
been reported that an important function of endothelial
cells in glioblastoma multiforme is to create a niche
that helps to promote self-renewal in cancer stem-like
cells™*®, In liver regeneration, endothelial cells establish
an instructive vascular niche, which through elaboration
of paracrine trophogenes stimulates organ regeneration,
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Figure 12 Short range signalling between germline stem cell and its
niche. GDNF is the most important signal produced by the “specialized”
basal compartment of SC. Its receptor - c-RET (transmembrane tyrosine
kinase receptor) and co-receptor GFRa1, which functions as a glycosy-
Iphosphatidylinositol-anchored docking receptor that is needed for GDNF to
bind with c-RET - is expressed in GSC, and SFK and Akt pathway are initiated.
They control self-renewal and maintenance of GSCs. GSCs also express
CSF1R (colony stimulating factor 1 receptor). Its ligand CSF1 is synthesized in
“specialized” MCs (sMC) and in leydig cells (LC). Thus, CSF1 may cooperate
with GDNF in supporting self-maintenance. Integrins attach the GSCs to the
BM and may also contribute to signalling. Red: GSC; Light green: SC; Dark
green: sSC domain surrounding the GSC; Purple: Spermatogonium (SG); Dark
blue: sMC; Light blue: MC; Light red: BV; Orange: LC; Grey: BM.

in @ manor similar to endothelial-cell-derived angiocrine
factors that support hematopoiesis™*.

Meiotic divisions of spermatogonia in mammals
and all mitotic and meiotic divisions after gonialblast
formation in insects take place behind the blood-testis-
barrier. Whereas tight junctions between neighboring
Sertoli cells establish the barrier in mammals, it is the
cyst cells that isolate the developing germ cells from the
hemolymph in insects. There is little information on the
necessity for a compartment in which spermatogenesis
is protected from blood-borne factors.

Mouse and Drosophila differentiating germ cells share
another astonishing potency: they can generate GSCs,
in vivo. In mice “spermatogonial progenitors committed
to differentiation” can generate functional GSCs that can
repopulate germ cell-depleted testes when transplanted
into adult males. GDNF and FGF2 are able to reprogram
in vitro spermatogonial progenitors for reverse differen-
tiation™***", Amazingly, posttransplantation homing
GSCs have to perform multiple steps: attachment to
the Sertoli cell surface, retrograde translocation to the
basal compartment across tight junctions, migration to
the presumptive stem cell niche, survival, proliferation,
and self-renewal within the niche, expansion of the
transient amplifying spermatogonia and differentiation
into sperm™, g1-intergin, which is expressed in
spermatogonial cells, plays an essential role in GSC
homing"*?. In Drosophila testes spermatogonia under-
going transit-amplifying divisions can be reverted to
stem cell identity by conditionally manipulating Jak-STAT
signaling™?. In the process, the spermatogonia, which
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are enclosed in cysts and interconnected by fusomes,
have to break up their connections, and the cyst wall has
to disintegrate in order to release the dedifferentiating
germ cells. These germ cells populate the orphaned niche
and reestablish normal spermatogenesis. Spermatogonial
dedifferentiation can be genetically induced by conditional
loss of STAT or misexpression of the differentiation factor
Bam within the testes. This causes the differentiation
of all GSCs and free niche space. If normal signaling is
restored differentiating spermatogonia revert to stem
cells, as described above, adhere to hub cells and
function normally™****, Remarkably, dedifferentiation of
oogonia has also been shown in the Drosophila ovary!**?.

CONCLUSION

This review summarizes the current knowledge of a
novel mode of interaction between GSCs and their
niche, the ACs, in insects. In several insect species
(Oncopeltus, Lymantria and other moths) male GSCs
undergo autotomy of cell projections, which are directed
toward the ACs. The segregated GSC vesicles degrade
at the surface of the niche cells or are phagocytized by
them. This unique stem cell-niche relationship has been
compared with known examples of stem cell/progenitor
autotomy (i.e., erythrocyte and thrombocyte formation)
and autotomy of neurons in developmental axon pruning
or neurodegenerative processes. In all the cases
described, apoptotic signalling is involved. Studies on
injury-induced axon destruction (Wallerian degeneration)
suggest that an active autodestruction program exists
akin to apoptosis and that the autodestructive pathway
maybe conserved between fly and human*7?, we
propose that this pathway also exists and is active in
male GSCs of Oncopeltus, Lymantria and other species.
The analysis of signal exchange between autotomized
GSC vesicles and niche cells is expected to reveal a new
mechanism of stem cell-niche interaction.
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