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ARTICLE INFO ABSTRACT

Keywords: Here we show that a labyrinth channel compartment and slit diaphragms, which are the histological structures
Renal system nephrology enabling insect nephrocytes ultrafiltration, are established during embryogenesis first by the garland nephrocytes
Nephrocytes (GCNs). The later pericardial nephrocytes, which represent the majority of functional nephrocytes in larvae and
Pericardial cells adults, lack these characteristic features at the embryonic stage. During larval development, a subpopulation of
}Dls:;lo —_— the pericardial cells survives and matures into functional nephrocytes (PCNs) displaying a fully differentiated slit
Endocytosis diaphragm and a labyrinth channel compartment. Likely the embryonic pericardial cells have primary functions
Ageing other than ultrafiltration (e.g. in production and secretion of ECM constituents). We also show, for the first time,
Drosophila that PCNs in the adult fly undergo dramatic histological degeneration upon ageing. The slit diaphragms disap-
Nephrocyte pear, the labyrinth channel system degenerates and the lysosomal compartment becomes highly enriched with
Slit diaphragm electron-dense material. When using nephrocytes as a model for genetic screening purposes or to investigate the
Ultrastructure specific role of genes involved in endocytosis, histological changes occurring upon ageing need to be taken into
Pericardial cells account when interpreting structural data.
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However, important proteins delivered by the haemolymph flow in-

1. Introduction
1.1. The Drosophila renal system

The haemolymph of insects circulates in the open body cavity with
direct contact to tissues and organs and contains a heterogeneous mix-
ture of nutrients, hormones, unwanted metabolites, free but unused or
degraded ligands and matrix proteins released from intact or degraded
extracellular matrix (ECM). Cells of the insects’ immune system, the
haemocytes, represent a substantial constituent of the haemolymph.
Continuous movement of the haemolymph is achieved by the activ-
ity of the visceral and somatic muscles, which are directly suspended
by the haemolymph, and by the pulsatory activity of the heart tube,
which continuously pumps haemolymph from the posterior to the ante-
rior (Lammers et al., 2017; Shahrestani et al., 2017). Additional pump-
ing activity is provided by the accessory hearts (Pass et al., 2015),
which represent specialised muscles ensuring haemolymph streaming
in the antenna, wings or legs.
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clude matrix proteins such as Collagen IV (viking) (Pastor-Pareja and
Xu, 2011) or Pericardin (Drechsler et al., 2013) and antimicrobial sub-
stances that act during parasite defence. Components present in the
haemolymph are secreted by different cells including pericardial cells
(Fife et al., 1987), midgut cells (Palli and Locke, 1987b), epidermal
cells (Palli and Locke, 1987a) and fat body cells (Palli and Locke,
1988). Palli and Locke analysed the origin of 26 polypeptides present
in the haemolymph of larva of the Lepidopteran Calpodes. Fourteen of
the 26 proteins were synthesised and secreted by adipocytes, amount-
ing to about 90% of the total haemolymph protein (Palli and Locke,
1988). Thus, the fat body cells represent the major source for secreted
haemolymph proteins in general. A recent proteomic analysis of the fly
haemolymph showed the presence of more than 500 different proteins
and that the loss of nephrocytes led to an increased concentration of
SPARC which finally lead to cardiomyopathy (Hartley et al., 2016).
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The haemolymph contains wanted and unwanted constituents, and
a major task for the organism is the removal or recycling of the un-
wanted material. In insects, this task is achieved by two tissues, the
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mammalian nephrocyte proteins (Helmstédter et al., 2012) and, in prin-
ciple, as a highly versatile model for human nephrotic syndromes
(Helmstidter and Simons, 2017; Hermle et al., 2017).

nephrocytes and the Malpighian tubules, which constitute the excre-
tion system of the fly. Two classes of nephrocytes filter haemolymph;
they are the garland cell nephrocytes (GCNs) and the pericardial cell
nephrocytes (PCNs; also known as pericardial cells) (Fig. 1). GCNs have
been established as an important model for investigating endocytosis
and nephrocyte filtration in insects (Aggarwal and King, 1967; Akbar
et al., 2011; Koenig and Ikeda, 1990; Kosaka and Ikeda, 1983; Tutor
et al., 2014; Weavers et al., 2009), for the expression and analysis of

The second type of nephrocytes present in the Drosophila embryo
are the pericardial nephrocytes (PCN) (Fig. 1A, C, E-J). About 110-130
mononucleated pericardial cells differentiate during embryogenesis
(Albrecht et al., 2006; Ward and Skeath, 2000). During larval devel-
opment a population of around 40-50 pericardial cells display en-
larged nuclei and polytenisation (Kambysellis and Wheeler, 1972; Rizki,
1978). The  majority of the  embryonic  pericardial
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Fig. 1. Nephrocytes in Drosophila. (A) A stage 16 embryo focussed on the embryonic heart tube that is lined with pericardial cells. A subset of the embryonic pericardial cells represent
the source of the subsequent pericardial nephrocytes (PNC). (B) A stage 16 embryo focussed on the embryonic garland cells that differentiate into the garland nephrocytes (GNC). In the
third instar larvae, all pericardial cells tightly associate with the cardiac tube and are embedded in the cardiac ECM meshwork (C, E - anterior heart region and F - posterior heart chamber
region). The garland nephrocytes (D and inset) are attached to the proventriculus region and arranged in a necklace-like fashion. Pericardial nephrocytes are maintained during pupal
development (G) and locate along the heart tube in the adult fly (H). SEM images of the anterior (I) and posterior (J) heart region illustrate that the pericardial cells are embedded in the
cardiac ECM meshwork.(A, B, D and H) Animals carrying a construct of the part of the third intron of the hand gene cloned into a lacZ reporter P-element. Staining was performed using
an anti-B-Gal antibody (A, B) or by X-Gal histochemical staining (D and H). (C and G) Animals carrying a construct of the complete third intron of the hand gene cloned into a GFP reporter
P-element. In (C), staining was performed using an anti-GFP antibody. In (G), direct GFP fluorescence was monitored. (E, F, I and J) represent SEM images.Abbreviations: am = alary
muscle, ¢ = gastric cacae, cb = cardioblasts, cmc = cardiomyocytes, DAB = Diaminobenzidine, ECM = Extracellular Matrix, gc = garland cells, pc = pericardial cells, pnc = pericardial
nephrocyte, pv = proventriculus, rg = ring gland, sm = somatic muscle, wh = wing heart.
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cells remain small, display attenuated expression of marker genes (e.g.
handC-GFP) and show deformed nuclei, which presumably indicates
on-going cell death (Sellin et al., 2006). The persisting pericardial cells
are wrapped into the cardiac ECM fibre network that connects the heart
tube and the alary muscles. This particular architecture is maintained
into adulthood (Fig. 1). Larval pericardial cells (Fig. 1C, E, F and Fig.
4A-E) are found preferentially in close association with the posterior
heart chamber, where the three pairs of functional ostia are situated
(Chen et al., 2016; Curtis et al., 1999; Molina and Cripps, 2001). There-
fore, haemolymph flows around the pericardial cells before entering the
heart tube, which may support the efficient filtering and removal of un-
wanted products from the haemolymph by the pericardial cells.

1.2. Ultrastructure, labyrinth channel compartment and slit diaphragms

Ultrastructural analyses of garland and pericardial nephrocytes in
various insects have provided robust evidence of high endocytic activ-
ity in larval and adult nephrocytes involved in the uptake of unwanted
products from the haemolymph (Bowers, 1964; Brockhouse et al., 1999;
Crossley, 1972; Crossley, 1985; Lehmacher et al., 2012; Mills and King,
1965; Sanger and McCann, 1968). The basement membrane covering
garland or pericardial nephrocytes serves as a barrier and filtration sys-
tem for haemolymph content before it reaches the cell membrane for
endocytosis (Fig. 4A & D). The most pronounced ultrastructural feature
of insect nephrocytes is the presence of a labyrinthine channel system
formed from extensive membrane invaginations (Fig. 4A & B). These in-
vaginations separate the cell membrane from the basement membrane
and collectively form a large channel compartment where endocyto-
sis occurs. At each invagination, a junctional complex, first described
as a desmosome, links the plasma membrane (Brockhouse et al., 1999;
Crossley, 1972). This linker structure, now known as a slit diaphragm,
acts as a second barrier that size-restricts the passage of large molecules
into the channel system (Fig. 4B). Uptake assays with probes of differ-
ent molecular mass showed that molecules up to 70kDa could pass the
slit diaphragm filtration barrier of GCNs and PCNs (Hermle et al., 2017;
Zhang et al., 2013a). Therefore, the cut-off size in insect nephrocytes is
similar to glomerular filtration in mammals (Hamano et al., 2002).

This nephrocyte filtration barrier shares many similarities with the
vertebrate slit diaphragm established by podocytes in the nephrons of
the kidney (Weavers et al., 2009; Zhuang et al., 2009). Podocytes dis-
play foot processes (pedicels) that extend to capillaries of the glomeru-
lus. A filtration barrier is formed between the pedicels, the so-called
slit diaphragm (Wartiovaara et al., 2004). Similarities between the in-
sect and vertebrate filtration slit apparatuses are seen at the ultrastruc-
tural, functional and molecular levels. Nephl and Nephrin are major
constituents of the vertebrate podocyte slit diaphragm. Mutations in
nephl or nephrin lead to nephrotic syndrome, which is caused by de-
tachment of podocytes from the basement membrane and a malformed
or missing slit diaphragm (Donoviel et al., 2001; Putaala et al., 2001).
Drosophila harbours two Nephl orthologues: Dumbfounded (Duf) (also
known as Kin of irre (Kirre)) and Roughest (Rst). In addition, there
are two Nephrin orthologues: Sticks and Stones (Sns) and Hibris (Hbs).
Sticks and Stones (Sns) and Dumbfounded (Duf/Kirre) are expressed
throughout the insect’s lifetime in both nephrocyte types (garland and
pericardial cells), and Duf and Sns proteins colocalise at the nephrocyte
slit diaphragm in garland nephrocytes (Weavers et al., 2009; Zhuang et
al., 2009). Mutations in duf or sns cause a wide spectrum of develop-
mental defects due to the broad function of the proteins in several im-
portant biological processes (e.g. during myoblast fusion) (Abmayr and
Pavlath, 2012). Most notably, mutant flies develop nephrocytes lacking
the slit diaphragm and labyrinth channel compartment (Weavers et al.,
2009; Zhuang et al., 2009), which are therefore non-functional.

1.3. Aim of this work
Nephrocyte ageing has not been analysed in detail. This work fo-

cuses on the ultrastructural analysis of PCNs in D. melanogaster at
different develop-
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mental stages. We complete and extend previous ultrastructural stud-
ies on pericardial nephrocytes, which mainly concentrated on cells at
late larval stages (Brockhouse et al., 1999; Crossley, 1972; Crossley,
1985; Fife et al., 1987; Tepass and Hartenstein, 1994) or on pericar-
dial cells of adult insects from various taxa (Bowers, 1964; Chagas and
Caetano, 2003; Crossley, 1972; Mills and King, 1965; Nogueira et al.,
1995; Poiani and da Cruz-Landim, 2007; Sanger and McCann, 1968).
Less attention has been paid to the ultrastructure of embryonic PCNs.
We asked if none, one, two or all three of the molecularly distinguish-
able PCNs differentiate a labyrinth channel compartment and slit di-
aphragm during late embryogenesis or whether the odd-skipped express-
ing subpopulation (the only one that is assumed to survive into adult-
hood (Das et al., 2008a,c) develops ultrafiltration structures only later
during larval development. Furthermore, we present ultrastructural in-
vestigations of PCNs at larval and adult stages, including an in-depth
analysis of PCN ultrastructure degeneration upon ageing. This study is
intended to serve as a reference for future functional studies on nephro-
cyte function. When using nephrocytes as a model for genetic screening
purposes or to investigate the specific role of genes involved in endocy-
tosis, histological changes occurring upon ageing need to be taken into
account when interpreting structural data.

2. Materials and methods
2.1. Drosophila stocks

Fly strains used in this study were white!''8, handC-GFP and
handC-lacZ (Sellin et al., 2006).

2.2. Immunohistochemistry

Wandering third instar larvae were dissected and stained as pre-
viously described (Drechsler et al., 2013). The following antibodies
were used: rabbit anti-Duf (1.1000), rabbit anti-Amn (1:100) and rab-
bit anti-GFP (1:2000, Abcam). Secondary antibodies were anti-mouse
Cy2/Cy5 and anti-rabbit Cy3/Cy5 (1:100 Dianova/Abcam). Anti-Amn
was described previously (Ivy et al. 2015). Anti-Duf was raised in rab-
bit against a synthetic polypeptide corresponding to amino acids 32-46
of Kirre/Duf (KSKKNKSSQSSHHGD) and will be described in detail else-
where.

2.3. Transmission electron microscopy

Embryos (white!18) were fixed in 2% glutaraldehyde (Sigma, Ger-
many) and 1% osmium tetroxide in cacodylate buffer (pH 7.4, Sciences
Service, Germany) for 2h at 4°C. Post-fixation was performed in 1% os-
mium tetroxide for 1h at 4°C. Subsequently, embryos were dehydrated
in a graded ethanol series and permeabilized in three successive steps
by applying 100% acetone (2x5min), a mixture of 100% acetone and
Epon 812 (1:1) overnight at room temperature (RT), Epon 812 for 4h
then overnight, each time at RT. Finally, embryos were embedded in
Epon 812 (Fluka, Buchs, Switzerland) and polymerised for 48h at 60 °C.
Larvae were processed as described in Lehmacher et al. (2012) with mi-
nor modifications. Briefly, abdomen of larvae were prepared and fixed
for 4h at RT in 2% glutaraldehyde (Sigma, Germany)/4% paraformalde-
hyde (Merck, Germany) in artificial haemolymph, subsequently washed
in 0.5M cacodylate buffer pH 7.4, post-fixed for 2h at RT in 1% os-
mium tetroxide in 0.5M cacodylate buffer pH 7.4 (sciences services,
Germany), dehydrated stepwise in a graded ethanol series and embed-
ded in Epon 812. Pupae were taped down and the puparium removed.
The cuticle of the insect was perforated with a needle. Adults were first
anaesthetised with carbon dioxide; then the ventral body side and head
were removed with a razor blade. Fixation was performed in a mix-
ture of 1% glutaraldehyde and 4% formaldehyde in 0.5M cacodylate
buffer pH 7.4 (sciences services, Germany) overnight at 4 °C. Specimens
were then post-fixed in 1% osmium tetroxide in 0.5M cacodylate buffer
pH 7.4 (sciences services, Germany) for 1-5h at RT, dehydrated in a
graded ethanol series and permeabilized in three successive steps by
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applying 100% acetone (2x5min), a mixture of 100% acetone and
Epon 812 (1:1) overnight at RT, Epon 812 for 4h and afterwards
overnight, each time at RT. Finally, embryos were embedded in Epon
812 and polymerised for 48h at 60 °C. Ultrathin sections (70nm), were
on an ultramicrotome (UC6 and UC7 Leica, Wetzlar, Germany),
mounted on copper slot grids. Sections were stained for 30min in 2%
uranyl acetate (sciences services, Germany) and 20min in 3% lead cit-
rate (Roth, Germany). TEM images were acquired with a Zeiss 902 on a
Zeiss 120kV transmission electron microscope.

2.4. Scanning electron microscopy (SEM)

Preparation of Drosophila tissue for SEM has been previously de-
scribed (Hiisken et al., 2015). After preparation, tissue was incubated
in 100% ethanol then critical point dried (Balzer Union CPD010, Wies-
baden, Germany). Subsequently, tissue was glued onto aluminium studs,
covered with a platinium coat using a Polaron E5000 Sputter Coater,
and examined on a Zeiss Auriga SEM.

3. Results and discussion
3.1. PCNs at late embryogenesis

The population of 110-130 pericardial cells fall into different classes
distinguishable by their position relative to the heart tube and by the
expression of specific marker genes (Fig. 2A & B): dorsally located peri-
cardial cells co-expressing even-skipped and tinman (EPCs, two per ab-
dominal hemisegment, Fig. 2C), ventrally located pericardial cells ex-
pressing tinman (TPCs, four per abdominal hemisegment, Fig. 2D & E)
and laterally located cells expressing odd-skipped (OPCs, four per ab-
dominal hemisegment, Fig. 3A-C) and (Ward and Skeath, 2000). To
date, functional differences have not been described for the differ-
ent subsets of embryonic pericardial cells with a few exceptions, eight
of the even-skipped/tinman-expressing dorsally located embryonic peri-
cardial cells lose Tinman expression and differentiate into so-called
wing hearts, organs that are crucial for proper development of the
wings (Lehmacher et al.,

heart cross-section

eve and tin positive pnc
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2009; Togel et al., 2008, 2013). Very recently it has been shown that the
most anterior EPCs form a novel cardiac outflow component, the out-
flow hanging structure (Zmojdzian et al., 2018).

We extend our previous ultrastructural studies on heart development
(Lehmacher et al., 2012) and analyse the developing labyrinth channel
system and slit diaphragm in nephrocytes (Figs. 2 & 3). Accordingly, we
conducted an in-depth investigation of the ultrastructure and histology
of three subpopulations of pericardial cells present in the late embryo.
We utilised the same embedded embryos for subsequent analysis of the
garland nephrocytes situated in the proventriculus tissue for compari-
son. These embryonic garland cells are known to develop an extensive
ramified labyrinth channel system formed by membrane invaginations
and slit diaphragm at the entry of membrane invaginations (Weavers
et al., 2009). Therefore, we gathered ultrastructural data available for
PCNs and GCNs from the same animals at a specific developmental
stage. Images captured for the embryonic garland cells are shown in Fig.
3D-E.

3.1.1. Dorsolateral pericardial cells (Even-skipped/Tinman expressing)

The two Even-skipped-expressing pericardial cells (EPCs) present in
a hemisegment arise from the P2 progenitor present in the cardiogenic
mesoderm (Carmena et al., 1998; Han and Bodmer, 2003). All EPCs ex-
press Pericardin, a structural cardiac ECM protein (Togel et al., 2008),
Even-skipped and Tinman (Azpiazu et al., 1996). At the ultrastructural
level, EPCs at stage 16/17 show a large ramified rough endoplasmic
reticulum (rER) network and occasionally coated vesicles from the en-
docytic pathway are visible. However, the characteristic histological
features of mature nephrocytes, fully differentiated slit diaphragms and
an extensive labyrinth channel system, are not seen in embryonic EPCs
(Fig. 20).

3.1.2. Ventral pericardial cells (Tinman expressing)

A specific function for the ventral pericardial cells (TPCs) has, to
our knowledge, yet to be identified. Four cells per hemisegment arise
throughout symmetric cell division (Ward and Skeath, 2000). These
cells express Pericardin (own data); therefore, they contribute to the
synthesis and secretion of Pericardin and perhaps other matrix pro-
teins. At the ultrastructural level, we

BE

Eve/Tin

Fig. 2. Embryonic pericardial cells. (A) An ultra-thin cross-section through the heart region of a stage 16/17 embryo. All three molecularly defined types of pericardial cells, schematically
represented in (B), are seen in a single section. Dotted lines outline the borders of cardiomyoblasts and the pericardial cells. (C) A cross-section through a dorsolaterally located EPC
(Even-skipped and Tinman-expressing pericardial cells). (D) A cross-section through a ventrally located TPC (Tinman expressing pericardial cell). (E) Membrane invaginations (arrow) are
seen very rarely in TPCs. All pictures shown are TEM images.Abbreviations: cc = cardiomyocyte, lu = lumen, n = nucleus.
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Fig. 3. Embryonic pericardial and garland cells. (A) An ultra-thin cross-section through a laterally located OPC (Odd-skipped expressing pericardial cells). (B and C) High magnification
examples of embryonic OPCs displaying membrane invaginations and signs of slit diaphragm formation (C, arrow). For comparison, a cross-section through garland cells is shown (D).
Four cells are visible in this section. At higher magnification (E), formation of a labyrinth channel system (black arrows) and slit diaphragm (white arrows) becomes apparent. All pictures
shown are TEM images.Abbreviations:? ? =? ? -vacuole, cv = coated vesicle, ER = endoplasmatic reticulum, n = nucleus.

see a large network of rER (rough endoplasmatic reticulum), several
vacuoles and, rarely, membrane invaginations. Although speculative,
this might be taken as an indication for pino- or phagocytic activity (Fig.
2E).

3.1.3. Ventrolateral pericardial cells (odd-skipped expressing)

The four Odd-skipped-expressing cells (OPCs) in a hemisegment
originate from different cell lineages. The anterior two OPCs arise from
an asymmetric cell division, each sharing a progenitor with two corre-
sponding cardiomyoblasts. The posterior OPCs arise from a symmetric
cell division (Han and Bodmer, 2003; Popichenko and Paululat, 2004;
Ward and Skeath, 2000). All OPCs express Pericardin and thereby these
cells contribute to matrix protein production. We see very rarely that
late embryonic OPCs differentiate structures that might be either endo-
cytic events or the begin of labyrinth channel differentiation (Fig. 3B-C)
that, once slit diaphragms are formed, serve as filtration barriers.

3.1.4. Garland cells

The 15-20 garland cells in Drosophila melanogaster are clustered and
encircle the proventriculus in a necklace-like arrangement (Figs. 1B & D,
3D- F). Garland cells originate with a single nucleus but eventually fuse
to form bi-nucleated mature garland cells (Zhuang et al., 2009). They
display all the characteristic structural details representative of nephro-
cytes as shown previously (Weavers et al., 2009). For comparison with
pericardial nephrocytes at the same developmental stage, we analysed
the ultrastructure of the garland cells from same animals. Compared to
the embryonic pericardial cells, the embryonic garland cells display a
differentiated labyrinth channel system connected with the body cavity
via membrane invaginations. Accumulation of electron-dense material
at the entry of the invaginations indicates the formation of the slit di-
aphragm (Fig. 3F). We also observe a ramified network of rER, coated
vesicles and early and late endosome. We hypothesised that the garland
cells in the late embryo are already designated as nephrocytes and may
already be functional and highly endocytic.

3.2. PCNs in third instar larvae and pupae

At late stage embryogenesis, about 110-130 Pericardin-positive peri-
cardial cells belonging to the three subpopulations described above, are
visible (Alvarez et al., 2003; Sellin et al., 2006). The majority of the cells
disappear, and 40-50 pericardial cells from the Odd-skipped-expressing
cluster remain in the third instar larvae (Das et al., 2008c; Kimbrell et
al., 2002; Mandal et al., 2004; Rizki, 1978; Sellin et al., 2006). These
cells differentiate into the pericardial nephrocytes (PCNs) with a large
centrally located nucleus and zonal distribution of endocytic vesicles at
different stages of the endocytic pathway (Fig. 4A-E). Third instar lar-
vae PCNs are covered by a thin layer of ECM (see Fig. 4C). We have
previously shown that PCNs in third instar larvae are connected to the
heart tube and to the alary muscle through a ramified meshwork of
ECM fibres (Lehmacher et al., 2012). The PCN cell membrane shows in-
vaginations that form the large interconnected labyrinth channel system
(Fig. 4B). This has been suggested by several authors to be the site of
endocytosis (Mills and King, 1965). Even 50 years earlier, with no ul-
trastructural data, the phagocytic activity of insect pericardial cells was
documented (Hollande, 1916). In agreement with these classical results,
we found coated vesicles in statu nascendi, where budding occurs at the
invaginations of the cell membrane at the tips of the labyrinth system
(Fig. 4D). Early endosome fusion and formation of alpha- and beta-vac-
uoles appear. Typical multi-vesicular bodies are not found at this devel-
opmental stage, but endocytosed vesicles are visible occasionally.

Membrane invaginations, the entry into the labyrinth channel sys-
tem, are characterised by the membrane-membrane interconnecting
slit diaphragm. Slit diaphragms are formed between cells in the ver-
tebrate podocytes and by the membrane invagination of single PCNs
in Drosophila, in both cases by the same highly conserved proteins
(Helmstidter and Simons, 2017). Interestingly, we also found the slit
diaphragm inside the labyrinth channel system (Fig. 4B), within the
same channel. Although speculative at the moment, this might be due
to the development of the labyrinth channel system. Potentially, ex-
isting slit diaphragms could be internalised upon further development
of the labyrinth
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Fig. 4. Pericardial nephrocytes in the third instar wandering larvae and pupae (approximately 40h APF). (A) A cross-section through a single pericardial cell in a third instar larva. The
nucleus is located centrally. (B) The pericardial cell cortex is characterised by a labyrinth channel system. A highly regular pattern of membrane invaginations with slit diaphragm (arrows)
is visible. (C) Slit diaphragm sectioned peripherally appears as bars (arrow), indicating the membrane invaginations have a valley-like appearance. (D) At the bottom of the labyrinth
channel invaginations, coated vesicles (arrows) are seen. (E) Occasionally, we found multi-vesicular structures (arrow). (F, G, H) In pupae, about 40h APF, pericardial cells display char-
acteristic slit diaphragm and labyrinth channel features (arrows) as well as all types of endosomal vacuoles. All pictures shown are TEM images.Abbreviations:? ? =? ? -vacuole,? ? =? ?

-vacuole, n = nucleus.

channels. The occurrence of multiple consecutive slit diaphragms can
also be induced experimentally in garland nephrocytes, e.g. by
RNAi-mediated down-regulation of Coq2, which is the Drosophila 4-hy-
droxybenzoate polyprenyltransferase involved in coenzyme Q biosyn-
thesis (Hermle et al., 2017). An alternative explanation is supported by
previous observations from Crossley (1985). Tangential sections of Cal-
liphora erythrocephala adult nephrocytes showed a fingerprint-like pat-
tern of slit diaphragms with a zipper-like appearance. Similarly, a fin-
gerprint-like pattern of the slit filtration apparatus has been demon-
strated for garland nephrocytes using SNS and Duf immunohistological
staining (Hermle et al., 2017). We cannot rule out that the consecutive
appearance of slit diaphragms reflects multiple sections of the same lon-
gitudinal (fingerprint)-structure (Fig. 4C). We were also able to identify
pericardial nephrocytes in developing pupae at about 35-40h after pu-
parium formation (APF). PCNs display all of the characteristics of active
nephrocytes, with alpha-, and beta-vacuoles (Fig. 4F), slit diaphragms
and a ramified labyrinth channel system (Fig. 4G & H). The appearance
of characteristic vesicles at different stages of the endocytic pathway in-
dicates that the pericardial nephrocytes are active scavenger cells in the
pupae.

3.3. Ageing-associated morphological changes of nephrocytes in adult flies

Garland and pericardial nephrocytes have become popular model
systems to investigate the endocytic pathway components and slit di-
aphragm differentiation. As scavenger cells, they process and store
waste products. We speculate that these cells undergo individual ageing
dependent on the type and amount of material they have internalised,
stored or processed. To address this question, we asked what the in-
dividual histological differences are that potentially occur in the adult
pericardial nephrocytes upon ageing of the fly. Therefore, we investi-
gated the ultrastructure of PCNs from one and six-week-old adult fe-
males and males.

In young flies, the nephrocyte cytoplasm is typically composed of
two distinct regions: the peripheral or cortical region and a central per-
inuclear region (Koenig and Ikeda, 1990) (Fig. 5). The cortical com-
partment is characterised

by invaginations of the plasma membrane. Slit diaphragms are located
at the openings of the tubules. The cortical compartment is the main
endosomal region and contains numerous variably-sized vacuoles and
branching interconnected tubules (Koenig and Ikeda, 1990). The re-
gion contains a zone with early endosomes and clathrin-coated vesicles
formed under the invaginated lacunas. The early endosomal belt is fol-
lowed by the late endosomal layer, which contains large electron-lu-
cent vesicles with one or more electron-dense cores (so-called alpha-vac-
uoles) (Lérincz et al., 2016) sometimes observed to be connected to the
tubular system (Koenig and Ikeda, 1990; Kosaka and Ikeda, 1983). The
cortical region is followed by the central perinuclear region, which is en-
riched with dark beta-lysosomes, abundant rER arranged as tubular cis-
ternae, which can fill large sections of the PCNs, and Golgi (Koenig and
Tkeda, 1990). This characteristic nephrocyte-specific zonation is clearly
mirrored in our ultrastructural analyses of the third instar larvae and
one-week-old adult female and male Drosophila PCNs (Figs. 4A, see 5A1
& A2, 7A & B), but begins at the pupal stage.

In contrast, inspection of TEM sections revealed that the subcor-
tical zonal regions of female and male PCNs seems to be clearly re-
duced as well as the zones of? ?- and? ?-vacuoles but they are still dis-
tinguishable (Fisg. 5C1-3, 6M & N and 7D & E). Interestingly, our ul-
trastructural study furthermore revealed that significant morphological
PCN differences are detectable in peer individuals and even within the
same individual. These differences are prominent in two-week-old adult
Drosophila (Fig. 5B1-3). Therefore, we exemplarily illustrated three
overview TEM images of different PCNs per age (Fig. 5). In
one-week-old adult female PCNs, nephrocyte-zonation shows almost no
variability in terms of its characteristic arrangement of endocytic vesic-
ular stages and organelles. The early endosomal belt is located in the
most peripheral area of the PCN followed by the region of the late
endosomal layer enriched with its characteristic alpha-vacuoles (Fig.
5A1-3). Its’ perinuclear region varied in terms of abundance of flat-
tened rER and the amount of characteristic dark beta-vacuoles, which is
mainly dependent on the illustrated PCN region and its metabolic state.
However, in one-week-old male PCNs, we observed a narrower cortical
zone and an accumulation of large beta-vacuoles (up to 3um in diame-
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Fig. 5. Ageing-associated ultrastructural changes of pericardial nephrocytes in adult females. Electron micrographs showing overviews of one-week-old (A1-A3), two-week-old (B1-B3)
and six-week-old (C1-C3) PCNs. Due to PCN variability, we illustrate three exemplarily overview images of different PCNs at all stages. A1, B1 and C1 are sections at the equatorial level,
cutting the nucleus, A2, A3, B2, B3, C2 and C2 are section at the perinuclear level.Note clear nephrocyte-specific zonation (indicated by dotted lines in A1, A2 and B2, B3) and widespread
rER in young nephrocytes and a reduction of the subcortical zonal regions with? ?- and? ?-vacuoles still visible in six-week-old PCNs (best seen in C2 and C3). Autophagy is already
increasing in two-week-old stages (B1 to B3), whereas four-weeks later autophagic processes are dominant. The nephrocytes in older flies typically display large cytoplasm free regions
(asterisks in C2 and C3).Abbreviations:? ? =? ? -vacuoles,? ? =? ? -vacuoles, edv = vesicles containing electron-dense material, ml = multi-lamellar structures, n = nucleus, rER = rough

endoplasmaic reticulum.

ter) containing electron-dense cores of irregular size and location (best
seen in Fig. 7B, C & C’’). The presence of multi-lamellar structures and
single-membrane vesicles with electron-dense material indicates late au-
tophagic vacuoles such as autophagolysosomes and amphisomes (Nixon,
2007). This morphological difference between young female and male
PCNs could be an indication of gender-based differences in the ageing
process. To substantiate this observation, a more detailed analysis will
be necessary.

Most striking is the observation that only one week later, in
two-week-old female adult PCNs, enormous morphological variability
in sequence, composition and expansion of nephrocyte-zonation became
visible (best seen in Fig. 5B2 & B3). The occurrence of almost all stages
of the autophagic pathway is, to some extent, already present in the
central perinuclear region at two-weeks old PCNs (Fig. 6L). This re-
gion includes pre-autophagic structures, double-membrane-limited au-
tophagosomes, autophagosomes containing multiple smaller compart-
ments, autophagolysosomes with electron-dense intraluminal material,
multi-lamellar structures, late autophagic vacuoles and lysosomes. Of
particular note is the abundance of smaller dark, electron dense, ir-
regular inclusions following the late endosomal belt (Fig. 5B1-3). Re-
gions of abundant rER of one-week-old adult Drosophila as shown in
Fig. 5A1 & A2 are not detectable. The cortical zone is in part diverse
(Fig. 6F-H) but as demonstrated in Figs. 5B1-3 and 6F, the main compo-
nents of the cortical region of the two-week-old adult Drosophila show
ultrastructural composition comparable to the one-week-old stage. In
most cases main portions of the labyrinthine channel system and the
slit diaphragms are intact, which is comparable to younger PCN stages
(Fig. 6I). However, in a large proportion of the pericardial cells, the

highly organised nephrocytic cortical zone is significantly disrupted
at this age (Fig. 6G & H). In some areas, the zonation between the
early and late endosomal belt is completely absent, and only a few
smaller-sized alpha-vacuoles are visible (Fig. 6G). Furthermore, the
labyrinthine system and the early endosomal vesicles are not formed
properly (Fig. 6H-L). This morphological change is accompanied by a
disarrangement of the junctional complex of the slit diaphragms (Fig.
6J) or their complete loss (Fig. 6K).

In PCNs of six-week-old adult female Drosophila, autophagy is the
dominant process which is evident by the many autophagic vacuoles,
including large immature autophagosomes surrounded by double-mem-
branes containing small vesicles and vacuoles (Fig. 6N), numerous
multi-lamellar structures (Fig. 6Q) and late autophagic vacuoles such
as autophagolysosomes and amphisomes. In particular, we found huge
electron-lucent areas (Fig. 5C2 & C3), which in some cases fill more
than half of the PCN. In many PCNs, we found autophagic vacuoles are
situated against the outermost cell membrane. The nephrocyte-specific
cortical region with its characteristic labyrinth channel system is not de-
tectable (Figs. 5C & 6 M) and slit diaphragms are disturbed or absent in
these PCNs (Fig. 60 & Q). PCNs showing the characteristic cortical re-
gion with normal slit diaphragms and lacunae very often form tubules
with U-shaped loops that do not continue toward the perinuclear re-
gion (Fig. 6N & N). A decrease or absence of alpha-vacuoles is seen.
The so-called ‘transitional zone’, which separates the cortical and perin-
uclear region, and contains numerous mitochondria, vacuoles and Golgi
centres, is missing in these old adult PCNs. Instead, in many cases, in-
creased autophagic vacuoles are detectable (Fig. 6N).
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Fig. 6. Ultrastructure of different ageing stages of PNCs of adult female Drosophila. One-week-old (A-E), two-week-old (F-L) and six-week-old (M-Q) adult female PCNs. (A) Overview of
cortical region of a one-week old nephrocyte. Solid-lined insert is enlarged in A” and shows intact slit diaphragms covered with extracellular matrix (ecm), dashed-lined insert demon-
strating invaginated slit diaphragms. Early endosomes (arrowhead) and late endosomal? ? -vacuoles are visible. (B and C) early endosomal region (B, arrows: ee, early endosomes) with
special emphasis on the tubular system (C, arrow). (D) Ultrastructure of the transitional mitochondria-rich region and (E) the rER-rich perinuclear region. (F-H) Electron micrographs
of the cortical region of three different two-week-old adult PCNs, indicating high morphological variability. (I) Cortical region with intact slit diaphragms (arrow) and tubules (t) of the
labyrinthine system. (J) Disordered junctional complex (arrow) of the slit diaphragms without following tubules. (K) Vacuolated cortical region and missing slit diaphragms. (L) Perinu-
clear region with different types of autophagic vacuoles including multiple multi-lamellar structures (ml) and autophagolysosomes (apl). (M and N) Cortical region of six-week-old adult
female PCNs. Various stage autophagic vacuoles are widespread, filling the entire PCN up to the outermost region (M) or only the perinuclear region. (N) Note huge double-membrane
limited multi-vesicular vacuole (asterisks) with tubulated cortical region and few? ? -vacuoles. Insert is enlarged in N’ showing intact slit diaphragms and loop-shaped tubules. (O) Slit
diaphragms are no longer formed, mitochondria (m), autophagic vacuole (av) are seen. (P) Autophagic vacuoles (av) reaching the outermost region of the PCN with slit diaphragms ab-
sent. (Q) Perinuclear region showing different stages of autophagy including multi-lamellar (ml) and multi-vesicular (mv) structures.Abbreviations:? ? =? ? -vacuoles, av = autophagic
vacuoles, ECM = Extracellular Matrix, ee = early endosome, m = mitochondria, ml = multi-lamellar structures, mv = multi-vesicular structures, rER = rough endoplasmic reticulum, sd

= slit diaphragm, t = tubules; v = vesicles.

In male six-week-old specimens, we found a significant increase in
electron-dense inclusions filling almost the entire PCN (Fig. 7D-F). The
presence of multi-lamellar structures and single-membrane vesicles con-
taining smaller compartments or dark material indicates that late au-
tophagic vacuoles are abundant. In some areas, we could not find any
slit diaphragms (Fig. 7G). Nevertheless, we could observe a cortical zone
with abundant early endosomes and alpha-vacuoles and intact slit di-
aphragms (Fig. 7F & F’). Autophagic activity is increased by some condi-
tions such as oxidative stress, nutrient limitations or growth factor with-
drawal (Nagy et al., 2015). The extent, to which these conditions are
responsible for the increase in autophagy, loss of intact zoning and the
presence of intact slit diaphragms in aged PCNs, particularly in younger
male individuals, must be studied in detail.

Detailed comparative analyses of female and male specimens shows
that the one-week-old pericardial nephrocytes harbour an intact slit
diaphragm and a cortical labyrinth channel system that appears very
regular with a distinct luminal diameter (Figs. 6 & 7). The ECM cov-
ering the PCN displays a homogenous appearance. We see a spacious
ER channel system, mainly located near

the centre of the cell. Mitochondria are intact, and all stages of en-
docytic vesicles are visible. In contrast, PCNs of six-week-old females
(Fig. 6M-R) and males (Fig. 7D & E) display a wide range of degen-
erative processes. This includes the breakdown of the labyrinth chan-
nels (which appear bloated or shrunken), absence of membrane invagi-
nations and slit diaphragm. Occasionally we observed malformed, en-
larged mitochondria lacking regular cristae structures. Furthermore nu-
merous vesicles are detectable, especially larger ones, containing dark
electron-dense material of unknown origin. Often we observed large
multi-lamellar bodies, which seem to represent a characteristic feature
of older PCNs. Differences between males and females were in the range
of individual variations.

We postulate that these variations at the ultrastructural level re-
flect individual ageing. It seems reasonable to us that each PCN in a
single individual animal receives and stores different types of meta-
bolic products and toxic substances and thus appear slightly different
in its ultrastructure. Degeneration of nephrocyte histology is also seen
when cells are stained for slit diaphragm proteins (Fig. 8). Nephro-
cytes from younger flies stained with antisera to either
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Fig. 7. Ultrastructural analysis of ageing male adult PCNs. Electron micrographs showing one-week-old (A-C) and six-week-old (D-G) PCNs. (A) Overview image of one-week-old adult

male PCN with a distinct cortical region, sectioned at the equatorial level. (B) Overview image of one-week-old adult male PCN with a distinct cortical region and the nuclear perinu-
clear region (dotted white line). (C) Note high autophagic activity in the perinuclear region signified by autophagolysosomes (apl) indicated by electron-dense intraluminal material and
multi-lamellar structures (ml) enlarged in C”’. The cortical region is characteristically filled with early (ee) and? ? -vacuoles (a) and slit diaphragms show intact morphology (C’, arrow).

(D) Overview and detailed electron micrograph of six-week-old adult male PCN, sectioned at the equatorial level with nuclear visible. (E) Overview and detailed electron micrograph of
six-week-old adult male PCN, sectioned at the perinuclear level. Note that most of the PCN is filled with black electron dense material. (F) The cortical belt contains early endosomes
(ee) and? ?-vacuoles (??), and in part, intact slit diaphragms enlarged in F’. (G) In widespread regions, no slit diaphragms have developed.Abbreviations:? ? =? ? -vacuoles, ee = early

endosome.

Dumbfounded (Duf) or Amnionless (Amn) showed uniform staining,
where Duf was expressed at the very edge of the nephroycte surface
and Amnionless was sub-surface (Fig. 8). This association reflect the his-
tology of the human glomerulus and upper renal tubules were slit di-
aphragms give way to proximal renal tubule cells that express very high
levels of Amnionless on their apical surface. In older flies (6 weeks old,
an age approximating ‘late middle age’), the staining for Duf and Amn
became far more disrupted, with large areas of the cell surface devoid of
Duf staining (Fig. 8A-B), and the cell interior showing signs of accumu-
lated Amn immunoreactivity (Fig. 8C). Detailed analysis of the relation-
ship between Duf and Amn indicated the spatial patterning of the two
proteins which is highly regulated in younger nephrocytes and becomes
severely disrupted in older cells (Fig. 8D and E), consistent with loss of
slit diaphragms seen at the ultrastructural level (Fig. 8F, G).

4. Conclusion

Pericardial cells may have different functions at different develop-
ment stages. During embryogenesis, they lack the characteristic features
of nephrocytes, which are the slit diaphragm compartment and a ram-
ified labyrinth channel system. Therefore we postulate that the embry-
onic pericardial cells have primary functions other than ultrafiltration,
e.g. production and secretion of ECM constituents as shown by several
authors (e.g. (Drechsler et al., 2013)). However, in the third instar lar-
vae, the pericardial cells have a fully developed labyrinth channel and
slit diaphragm, indicating their function as active nephrocytes. Their
main function therefore might change during development, being an
important source for ECM components during the embryonic stage and
later on fulfilling their nephrocytic function. A second function of the
embryonic pericardial cells is to provide the source of progenitor cells
that later differentiate into larval and adult structure, such as the an-
terior heart ,hanging structure “(Zmojdzian et al., 2018) and the wing
heart (Togel et al., 2008, 2013). This applies for the anteriormost EPCs
in the embryo.

The embryonic OPCs differentiate into functional nephrocytes and
they are, together with the garland nephrocytes, essential for longevity
of the fly. This has been demonstrated by the identification of genes
that regulate nephrocyte functionality. One such gene is the Kriippel-like
family (KLF) transcription

factor dKIf15 (previously known as Bteb2), which regulates garland and
pericardial cell nephrocyte differentiation much like KLF15 in verte-
brate podocytes (Fan et al., 2017; Ivy et al., 2015). In dKIf15 mutant em-
bryos, nephrocytes are initially specified by the expression of PCN and
GCN markers. Later, during larval development, most nephrocytes die,
and adult specimens lack all, or the majority of, scavenger cells. Surviv-
ing nephrocytes lack slit diaphragms and the labyrinth channel compart-
ment. Moreover, these cells often display a ‘poly-cellular’ phenotype,
presumably indicating that in the absence of the dKIf15, polytenisation
is disrupted and cytokinesis, which is blocked in wild-type nephrocyte
differentiation, occurs. The dKIf15 mutant insects survive but are highly
sensitive to toxic stress, to which they respond with a shortened lifespan
(Ivy et al., 2015). Increased sensitivity to toxic stress has been linked to
non- or less-functional nephrocytes (Das et al., 2008b; Ivy et al., 2015;
Zhang et al., 2013b). For example, disruption of either nephrocyte dif-
ferentiation or function does not lead to immediate lethality in flies but
causes increased sensitivity to toxic stress associated with a significantly
reduced lifespan (Zhang et al., 2013b). Ultrafiltration and endocytic up-
take require the activity of several gene products. Recently, a set of 29
genes that share homologies to human genes known to induce mono-
genic steroid-resistant nephrotic syndrome (SNRS) have been function-
ally tested in GNCs. Impaired endocytic activity was seen for 16 genes,
including genes encoding proteins of the slit diaphragm complex (e.g.
Pyd), ECM receptors (e.g. LanB1) and CoQ10 synthesis pathway, which
demonstrates the suitability of Drosophila nephrocytes as a model for hu-
man disease (Hermle et al., 2017).

Whether pericardial cells execute a direct or indirect measurable in-
fluence on heart performance or adult morphogenesis is still under dis-
cussion. Heart rate is described as normal in animals that lack func-
tional nephrocytes (Das et al., 2008b; Ivy et al., 2015; Weavers et
al., 2009). In contrast, Lim et al. (2014) recently provided evidence
for a role for pericardial cells in maintaining normal cardiac function
in a paracrine manner. Flies in which ROS levels have been signifi-
cantly reduced by pericardial cell-specific over-expression of Catalase
display deterioration in heartbeat rhythmicity, increased frequency of
irregular heartbeats and an increased arrhythmia index (Lim et al.,
2014). An additional, but less well-analysed function of pericardial
cells is the secretion of extracellular matrix constituents (and maybe
other haemolymph proteins). In the em-
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Fig. 8. Dumbfounded and Amnionless protein expression in pericardial nephrocytes and ultrastructure of slit diaphragm degeneration within ageing Drosophila. (A) Confocal Z-pro-
jections of pericardial nephrocytes from adult Drosophila of different ages (1, 3 or 6 week of age) stained with antisera to the slit diaphragm protein Dumbfounded (Duf). There
was uniform array-like surface expression of Duf in 1 and 3 week old nephrocytes, whereas surface expression becomes patchy in older flies (arrows). (B) Single confocal slices
of Duf-stained nephrocytes from 1 or 6 week old flies. Surface expression is uniform in younger nephrocytes but there are areas of Duf-negative staining at the surface of
older nephrocytes (arrow). (C) Confocal Z-projections of pericardial nephrocytes from adult Drosophila of different ages (1 or 6 week of age) stained with antisera to the slit
diaphragm protein Dumbfounded (Duf) and Amnionless (Amn). Older nephrocytes where Duf staining is disrupted (arrow) show concomitant loss of
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Amnionless expression (asterisk). (D) Single confocal slices of Duf and Amn-stained nephrocytes from 1 or 6 week old flies. The arrow identifies a region where Duf immunoreactivity has
accumulated within the nephrocyte below the cell’s surface. The asterisk identifies a region where Amnionless is expressed at the cell surface despite there being no associated Duf. (E)
Quantification of the fluorescence signal for anti-Duf and anti-Amn immunoreactivity across the cell surface at the midpoint of pericardial nephrocytes from young (1 week) and older
(6 week) flies. (F) Ultrastructure of one and six week old nephrocytes focussed on the slit diaphragms. In older nephrocytes a continuous degeneration and disruption of slit diaphragm
arrangement and ultrastructure is seen. Flags label some of the remaining slit diaphragm structures. (G) Number of intact slit diaphragm per um nephrocyte membrane. For one-week-old
nephrocytes five cells from two animals were analysed, for six-week-old nephrocytes ten cells from two animals were analysed. Two of the ten cells have no intact slit diaphragm at all,
which is the reason for the high variability of the data. All specimens shown were females.

bryo, PCNs are the major resource for Pericardin production and secre-

tion. Pericardin, a collagen IV-like structural ECM protein, is released Funding
by pericardial cells and recruited to the cardiac matrix, where it plays
an essential role in maintaining cardiac integrity. The absence of Peri- This work was supported by grants from the Deutsche Forschungsge-

cardin causes destabilisation of the cardiac matrix and is associated with meinschaft to A.P. (DFG PA 13-1, SFB 944 TP7, SFB 944 Z-Project), the

luminal heart collapse and heart failure (Drechsler et al., 2013; Wilmes DAAD (ProCope program), from the State of Lower-Saxony (ZN2832),

et al., in press). as well as the British Heart Foundation to P.H. (FS/13/17/29905).
Here we show, for the first time, that PCNs in the adult fly un-

dergo dramatic histological degeneration upon ageing (schematically il-

lustrated in Fig. 9). The slit diaphragms disappear, the labyrinth chan- Acknowledgements

nel system degenerates and the lysosomal compartment is highly en-

riched with electron-dense material, which are most likely waste prod- We acknowledge Kerstin Etzold, Birgit Hemmis and Werner Man-
ucts stored in the old pericardial cells. Upon ageing, nephrocytes were gerich for their invaluable assistance with TEM and REM analyses. Fur-
rendered non-functional, they store waste material but they fail to un- thermore, we thank former students Sara Timm, Kristina Rauf, Anjilie
dergo renewal. Thereby we speculate that the ultrastructural changes in Baller and Meike Frantzheld for their help. We also thank Flybase for
the older nephrocytes reflect a continuous degeneration process of PCNs generous support over many years. Many thanks to FlyBase for support-
that finally lead to a collapse of the animals” scavenger system. The in- ing our research community (Drysdale et al., 2008).

dividuals fail to withstand toxic stress and finally die.
Competing interests

The authors declare no competing or financial interests.

1 week 6 weeks

Fig. 9. Schematic representation of ageing-associated morphological changes of pericardial nephrocytes in adult flies. The scheme illustrates the typical ultrastructure of pericardial
nephrocytes from one and from six week old individuals. Schemes were drawn based on transmission electron microscope pictures. Ultrastructural details from several analysed cells were
combined to demonstrate the characteristics of pericardial nephrocytes.Abbreviations: ap = autophagosome, av = autophagic vacuole, cv = clathrin vesicle, ECM = Extracellular matrix,
edii = electron-dense irregular inclusion, ee = early endosome, late av = late autophagic vacuole, lc, = labyrinth channel, m = mitochondria, ml = multi-lamellar structures, mv =
multi-vesicular structures, sd = slit diaphragm.
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