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Regression of the Epithelium in Late Previtellogenic
Follicles of Podarcis sicula: A Case of Apoptosis
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ABSTRACT

We investigated the reorganization of the follicular epithelium at the end of

previtellogenesis in the lizard Podarcis sicula. In particular, we determined the mechanism of
intermediate and pyriform cell regression and the fate of their different subcellular constituents.
Morphological and biochemical analyses revealed the presence of hallmarks of apoptosis such as
nuclear changes, chromatin condensation, protein scaffolds, RNA synthesis, and DNA fragmenta-
tion. It was therefore concluded that the remodelling of the follicular epithelium is associated with
programmed cell death. Evidence was also obtained that during regression, the cytoplasmic con-
stituents of intermediate and pyriform cells are transferred into the oocyte while the remnants of
the nuclei are recycled by the small cells. The functional significance of these events is discussed.
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In Podarcis sicula, as in most Squamata (Hubert,
"77; Klosterman, ’87; Andreuccetti, 92), the follicu-
lar epithelium of previtellogenic oocytes is poly-
morphic, being characterized by the presence of
three distinct cell types: small, intermediate and
pyriform cells. The small stem cells are gathered
immediately below the connectival theca; the in-
termediate cells are located close to the zona pel-
lucida, while the large, flask-shaped pyriform cells
are located in the inner portion of the epithelium
(Filosa, *73; Andreuccetti et al., ’79).

The small cells differentiate during primary fol-
licle formation, constituting a homomorphic and
unilayered epithelium. When the follicle reaches
about 150 um in diameter, the membrane of the
small cell fuses with the oocyte membrane to form
an intercellular bridge. This event triggers the de-
velopment of the cell into an intermediate cell and,
following a further differentiation, into a pyriform
cell (Andreuccetti et al., ’78). The progression of
such processes of proliferation and differentiation
of the small cells will determine an increase in
the total number of follicle cells that parallels the
increase in surface occurring in the growing oo-
cyte (Filosa et al., ’79).

The intermediate and pyriform cells play a fun-
damental role in oogenesis since they synthesize
various materials then transferred to the oocyte
via intercellular bridges. RNAs (Motta et al., '95)
and probably also a large variety of different sub-
cellular components (Taddei, *72; Andreuccetti et
al., ’79) reach the oocyte, thus significantly con-
tributing to its growth. The intermediate and py-
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riform cells, however, are destined to degenerate
as vitellogenesis approaches. In fact, in follicles
ranging 1,600-2,000 um, the epithelium gradu-
ally regresses to a homomorphic condition that
persists throughout vitellogenesis (Filosa, 73).

In the present work, we investigated the mecha-
nism of degeneration of intermediate and pyriform
cells to clarify the fate of these cells at the end of
previtellogenesis. In particular, since tissue re-
modelling has been associated with programmed
cell death (Ellis et al., ’91), we examined at the
morphological and biochemical level the possibil-
ity that these follicle cells regress by apoptosis.

The presence of the hallmarks of apoptosis was
investigated in fully differentiated and regress-
ing epithelia (follicles ranging 300-1,600 um and
1,600-2,000 pm, respectively). The appearance of
the characteristic morphological alterations, such
as chromatin condensation and membrane blebbing
(Wyllie, ’81) was examined at the light and elec-
tron microscope. In addition, we determined the
transcriptional activity in the epithelial cells by
autoradiography, since apoptosis is accompanied
by the activation of several specific genes (Fesus
et al., '91; Schwartzman and Cidklowski, ’93). In
particular, the tissue transglutaminases would be
responsible for the reorganization of the cytoplasm
proteins and the formation of scaffolds highly re-
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sistant to detergents (Piacentini et al., '91). The
nucleases instead would be responsible for the
cleavage of the DNA in fragments, most often of
internucleosomal size (Arends et al., ’90; Earnshaw,
’95). The presence of scaffolds in the epithelial cells
was determined by the technique previously de-
scribed by Piacentini et al. ("91) while the occur-
rence of DNA fragmentation was analyzed by nick
translation according to Gold et al. ("93). Finally,
since the nucleases are expected to cut but not to
digest the DNA (Arends et al., ’90), we measured
the nuclear DNA content of the follicle cells by
cytophotometry.

MATERIALS AND METHODS
Animals

Adult female specimens were collected near Naples
and maintained in the laboratory under natural con-
ditions of light and temperature. They were supplied
with water and meal worrns ad libitum.

Light microscopy

The ovaries, dissected out from anesthetized ani-
mals, were fixed in ethanol and acetic acid (3:1, v/v),
processed for embedding in wax, serially sectioned
and stained with haemathoxylin-eosin, trichromic
stains or pyronin as described by Mazzi ('77).

Electron microscopy

Ovaries were fixed in a phosphate-buffered so-
lution of formaldehyde and glutaraldehyde (pH
7.4; Karnowsky, ’65), postfixed in 2% osmium
tetroxide, dehydrated and embedded in Epon 812.
Ultrathin sections were stained with uranyl ac-
etate and lead citrate ard observed under a Phil-
ips model 301 electron microscope (Eindoven, The
Netherlands).

Tritiated uridine incorporation

Each female received an i.p. injection of 200 uCi
of tritiated uridine (specific activity 5 Ci/mmol;
Amersham International, UK), Ovaries were dis-
sected out 24 hours following injection of radiola-
bel. For autoradiography, slides were washed in
ice-cold 5% trichloroacetic acid, coated with NTB2
emulsion (Kodak, Rochester, NY) and incubated
for 1 month at 4°C. They were developed in Uni-
fix and D19 (Kodak) and stained with haematoxy-
lin. Labelling specificity was verified in slides
previously treated for 1 h at 37°C with a 1 mg/ml
solution of pancreatic RNAse A (Maniatis et al.,
’82). Grain counts were corrected for background
and statistically analysed by ANOVA.
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Nuclear DNA content

Manually isolated follicular epithelia were fixed
in ethanol:acetic acid (3:1 v/v), rinsed in 45% ace-
tic acid and squashed. Nuclei were stained with
Feulgen and the nuclear DNA content was evalu-
ated by cytophotometry using a two-wavelength
method (Patau, ’52; Motta et al., ’91).

In situ nick translation (ISNT)

ISNT was performed as described in Gold et al.
(’93). Ovaries were fixed in 2% paraformaldehyde
in 0.1 phosphate buffer and embedded in wax. Sec-
tions were incubated in 10x nick translation buffer
(Maniatis et al., ’82) containing a mixture of dATP,
dDTP, dCTP and digoxigeninated dUTP and 5 U
of DNA polymerase 1. The reaction was stopped
in TE buffer. Sections were then treated with PA-
digoxigenin antibody at a dilution of 1:250. Reac-
tion was visualised by NTB/BCIP. All reagents
were purchased from Boehringer (Mannheim,
Germany).

Scaffold isolation

Epithelia were treated according to Fesus et al.
(’89). Briefly, the follicular cells were lisated in a
buffer containing 0.2 mM PMSF, 0.4 mM iodoac-
etamide and 0.5% Triton X-100. Following cen-
trifugation, the pelleted nuclei were dissolved
using 6 M guanidine-HCI. Protein scaffolds were
collected by centrifugation and boiled for 5 min-
utes in 2% SDS solution containing 0.05 mM pB-

Fig. 1. Changes in the organization of the follicular epi-
thelium during previtellogenesis. a: Follicle 1,000 um in di-
ameter. Polymorphic and multilayered epithelium with small
(arrowheads), intermediate (small arrows) and pyriform cells
(PC). T, connectival theca. b: Follicle 1,200 pm in diameter.
The intermediate cells (IC) are bell-shaped, show a large
nucleus and nucleolus (arrowheads) and a cytoplasm contain-
ing ribosomes and mitochondria. The pyriform cell (PC) shows
a conspicuous nucleus (N) and nucleolus and a cytoplasm en-
gulfed with mitochondria. The intercellular bridge (IB) crosses
the zona pellucida (ZP). QOo, oocyte. ¢: Follicle 1,700 um in
diameter. The small cells (arrowheads) form a bilayer below
the connectival theca (T). d: Follicle 1,600 pm in diameter.
The regressing cells (arrows) show shrunken cytoplasm and
large intercellular spaces. The nuclei, apparently intact, show
large nucleoli. e: Follicle 1,600 pm in diameter stained with
pyronin. The nucleolus of the regressing cell (arrow) shows a
reduced affinity for staining as compared with those of the
surrounding healthy cells (arrowheads). f: Follicle 1,800 um
in diameter. The epithelium is typically bilayered and com-
posed mostly by small cells (S8C). g: Follicle of about 2,000
pm in diameter. The epithelium is mainly composed of small
cells, A few large cells can still be recognized (arrows) to-
gether with cells with clearly pyenotic nuclei (arrowheads).
a, ¢, d, g: trichromic stain; e, pyronin stain. Magnification =
a, c—e, g: x600; b: x2,600; f: x1,500).
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mercaptoethanol. The suspension was observed
either directly under a phase-contrast microscope
(Leitz, Wetzlar, FRG) or following air-drying and
staining on a slide.

RESULTS

The follicular epithelium of oocytes ranging
300-1,600 um in diameter is typically polymor-
phic and multilayered with clearly distinguishable
small, intermediate and pyriform cells (Fig. 1a,b).
The small cells, either concentrated in the outer
region or located close to the zona pellucida, show
a small, round nucleus surrounded by a scarse
cytoplasm. The intermediate cells show a typical
bell shape, a large nucleus and a conspicuous
nucleolus. Their cytoplasm displays an increased
number of subcellular components. The pyriform
cells have a large body containing a vesicular
nucleus and a prominent nucleolus. Their cyto-
plasm is engulfed with mitochondria, Golgi bod-
ies, ribosomes and different vesicles. All the cells
lay close to each other and no evidence of cell de-
generation is found.

In follicles ranging 1,600-1,800 um in diameter,
the epithelium undergoes a reorganization. The
intermediate and pyriform cells become distinctly
separated by an increasing number of small cells
that also form a thick layer below the basal lamina
(Fig. 1c). A few cells scattered throughout the epi-
thelium show clear evidence of alteration: the cy-
toplasm has shrunken and is surrounded by a
large, empty space (Fig. 1d). In these cells, the
morphology of the nucleus is apparently unaltered
but the nucleolus may show a reduced size and
affinity for pyronin staining (Fig. le).

In follicles ranging about 1,800 um in diameter,
the epithelium is thinner and bilayered with a few
largest cells laying against the zona pellucida (Fig.
1f). In follicles about 2,000 um in diameter, the
epithelium is composed of a single layer of small
cells with a few scattered large cells. Several cells
with pycnotic nuclei are also present (Fig. 1g).

In follicles larger than 1,600 um, at the elec-
tron microscope, several intermediate and pyri-
form cells show clear evidence of alterations. The
nucleus appears irregularly outlined (Fig. 2a) and/
or may show a progressive condensation and mar-
gination of chromatin (Fig. 2b,c). The nuclear
membrane may be swollen (Fig. 2b) and show a
reduced number of pore complexes, especially in
correspondence with the dense aggregates of chro-
matin. The cytoplasm contains a large variety of
organelles but these appear less abundant than
in the previous stages (Fig. 2a,b). By contrast,
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vacuoles of varying size and contents are present
in large number (Fig. 2b,d). In both intermediate
and pyriform cells, the intercellular bridges are
still open and filled with different subcellular com-
ponents that apparently are being transferred to-
ward the oocyte (Fig. 2a—d; see also Motta et al.,
’95). The cytoplasm in many follicle cells is so re-
duced that the cell membrane lies close to the
nuclear membrane (Fig. 2c¢).

In follicles ranging 1,800—2,000 um in diameter,
cells in late stages of degeneration become more
frequent. Electron-dense vesicles containing rem-
nants of chromatin and nuclear membrane are
found together with vesicles containing mitochon-
dria, glycogen, rough endoplasmic reticulum, or
lipid droplets. These vesicles are often embedded
in the cytoplasm of the small cells (Fig. 2e,f).

In follicles ranging 300-1,600 um (Fig. 3a), in-
termediate and pyriform cells actively incorporate
tritiated uridine and show significantly labelled
nucleoli, nucleoplasm and cytoplasm. Significant
labelling is also present on the oocyte cytoplasm.
In follicles larger than 1,600 um (Fig. 3b,c), a sig-
nificant labelling is present only in the nucleo-
plasm and the cytoplasm of follicle celis and in
the oocyte cytoplasm. A low but significant label-
ling is also present in the nucleoplasm and cyto-
plasm of the regressing follicle cells (Fig. 3c).

The cytophotometrical analysis (Fig. 3d) reveals
that the nuclear DNA content does not differ in
follicle cells obtained from small (1,200 um) and
large (1,800 um) follicles. In both cases, in fact,
the DNA contents range between 105 and 165 ar-

Fig. 2. Morphological alterations in epithelial cells from
follicles 1,600-2,000 um in diameter. a: Pyriform cell show-
ing an irregularly outlined nucleus (N), a large nucleolus (Nu)
and a few dense clumps of chromatin (small arrows) border-
ing the nuclear envelope. The cytoplasm contains a few mito-
chondria and a large multivesicular body (large arrow). An
open intercellular bridge (IB) is still evident across the zona
pellucida (ZP). Note the presence of empty intercellular
spaces (asterisks). b: Pyriform cell with chromatin condensed
in marginally located patches (small arrows). The nuclear
envelope shows several blebbings (arrowheads). Small
vesicles (V) and mitochondria (M) are evident in the cyto-
plasm. ¢: An intermediate cell with reduced volume of cyto-
plasm. The cell membrane lays in close contact with the
nuclear envelope (arrowheads). Clumps of chromatin are also
evident {(arrows). d: A regressing pyriform cell (PC) show-
ing an irregularly shaped nucleus (N) and large vacuoles
(arrowheads) containing different materials, e, f: Small cells
(SC) containing large vacuoles, probably remnants of regress-
ing cells. Fragments of cisternae and large clumps of elec-
tron-dense materials are present as well as multivesicular
bodies (arrows). Magnification = a—c: x 4.500; d: x 3,000; e,
f: x 7,000.
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Fig. 3. Biochemical events oceurring in degenerating fol-
licle cells. a—¢: Variation in gene expression as revealed by
in vivo incorporation of tritiated uridine. a: Follicle 1,400
um in diameter. A significant labelling is present on the
nucleolus (arrows), the nucleoplasm (arrowheads) and the
cytoplasm of the follicle cells and also on the ococyte (Oo)

cytoplasm. b: Follicle 1,700 um in diameter. Labelling is
present on the nucleoplasm (arrowheads) and cytoplasm
of follicle cells and on the cytoplasm of oocyte. The nucleoli
of the intermediate and pyriform cella are unlabelled (ar-
rows). c: Follicle 1,700 um in diameter. Significant label-
ling is present on the cytoplasm of a follicle cell undergoing
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bitrary units (AU), with averages of 134 + 18 AU
in small follicles and 136 + 14 AU in large fol-
licles. These mean values correspond to the 2C
nuclear DNA content measured in typically dip-
loid erythrocytes (135 + 13 AU) or fibrocytes (130
+ 8; data not shown).

Protein scaffolds are obtained only in samples
prepared from epithelia dissected out from previ-
tellogenic follicles larger than 1,600 pm with a
regressing epithelium. At the phase-contrast mi-
croscope, the scaffolds appear as small, empty
sacks showing an irregular shape (Fig. 3e). When
the suspension containing the scaffolds is dried
on a slide and stained, the scaffolds show high
affinity for eosin (Fig. 3f).

Following in situ nick translation, several la-
belled epithelial cells are commonly found in fol-
licles ranging 1,500-1,800 um in diameter. About
200 nuclei of both intermediate and pyriform cells
may be positive in each follicle (Fig. 3g,i). In fol-
licles larger than 1,800 um, a significant label-
ling is observed over almost all the nuclei of the
large cells (Fig. 3h,]). No labelling is present on
follicle cells from follicles smaller than 1,500 um.

DISCUSSION

From these results, it is evident that the remod-
elling of the epithelium in large previtellogenic fol-
licles involves the degeneration of intermediate
and pyriform cells and that the process occurs
via programmed cell death. The degenerating
cells, in fact, show the typical features of apop-
tosis: the shrinkage of the nucleus and of the cy-
toplasm, the condensation and margination of
chromatin, a blebbing of the nuclear membrane
and an extensive vacuolization of the cytoplasm.
During the final stages, the nuclear material be-
comes clearly pycnotic and dispersed in a series
of dense vesicles. Vesicles containing organelles
can also be seen.

degeneration (arrow). d: Nuclear DNA content (in arbitrary
units, AU) in cells from small (1,200 pum) follicles as com-
pared with cells from large (1,800 um) follicles. Significant
differences cannot be noticed. e, £ Activation of a tissue
transglutaminase as revealed by the formation of protein scaf-
folds. Scaffold at the phase-contrast microscope (e) and fol-
lowing air drying on a slide and staining with eosin (f). g-1:
DNA fragmentation in apoptotic cells as revealed by in situ
nick translation. Significant labelling can be observed in fol-
licles ranging 1,500-1,800 pm (g, i) on nuclei of both inter-
mediate (arrows) and pyriform (arrowheads) cells. In follicles
larger than 1,800 um (h, 1) labelling is present on most large
cells (arrows). Magnification = a, b: x 500, ¢: x 350; e: x 450; £-h:
x 250;1: x 1,300; 1: x 750),
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Both intermediate and pyriform cells maintain
a significant level of mRNA, but not of rRNA syn-
thesis during regression (see also Motta et al., ’95).
This reveals that significant changes of the me-
tabolism occur as the cells approach degeneration.

The recovery of scaffolds only in the epithelial
cells of large follicles demonstrates that the pro-
cess of remodelling also involves a significant re-
organization of the cytoplasmic proteins. These
structures, resistant to detergent and chaotropic
factors, would play an essential role in avoiding
the leakage of materials outside the regressing
cells, thus preventing the onset of inflammatory
processes (Piacentini et al., ’91). In P. sicula, the
cells in degeneration are scattered among healthy
cells and no leucocytes are present either in the
epithelium or in the theca.

As expected, the early phases of apoptotic re-
gression of intermediate and pyriform cells do not
involve any significant decrease in the nuclear
DNA content. The nucleases, however, are acti-
vated and consequent DNA fragmentation occurs
as it is revealed by the in situ nick translation
technique. Both “domain” and “internucleosomal”
fragmentation may occur in apoptotic cells, usually
in temporal sequence (Gold et al., ’93), although the
absence of internucleosomal fragmentation has
been often reported (Cohen et al., '92; Falcieri et
al., ’93; Cinti et al., ’95). In our species, the re-
duced number of regressing cells present in the
epithelium (see Fig. 3g-1) does not allow an in-
vestigation by gel electrophoresis of the presence
of megabase or oligonucleosomal fragments (un-
published results).

The occurrence of apoptosis in systems under-
going remodelling is certainly not surprising:
much evidence has already been obtained from a
large number of different tissues, including granu-
losa cells in mammals (Hughes and Gorospe, 91).
The degeneration of intermediate and pyriform
cells via apoptosis, however, is interesting if it is
considered that these cells are nurse cells con-
nected with the oocyte via an intercellular bridge.
Why, when their function is completed, do these
follicle cells degenerate via apoptosis and are not
simply reabsorbed by the oocyte?

This event is apparently occurring for the cyto-
plasm. The ultrastructural observations indicate
that most of the cytoplasm and of the organelles
are released into the oocyte. During regression,
the cell volume appears significantly reduced
while the intercellular bridges remain open and
are filled with organelles. A passage of vesicles,
mitochondria and other organelles toward the
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oocyte is supported by previous observations
(Andreuccetti et al., '79; Andreuccetti, ’92; Motta
et al., '95) while the transferring of RNA was re-
cently demonstrated in long-term experiments of
in vive administration of tritiated uridine (Motta
et al., "95).

The nuclear materials apparently have a dif-
ferent fate. In fact, nuclear remnants cannot be
found in the intercellular bridges or in the corti-
cal region of the oocyte. By contrast, electron-
dense vesicles containing pycnotic chromatin and
fragments of nuclear membrane are present in
several small cells. The different fate of the
nuclear materials may be explained, taking into
account the considerable impact that this mate-
rial may exert on the differentiating oocyte. DNA
fragments released into the ococyte cytoplasm, in
fact, may interfere with the regular completion of
meiosis following the germinal vesicle breakdown.
Nuclear materials, therefore, are first degraded
and fragmented in apoptotic bodies that are then
engulfed by the small cells.

This DNA would then probably play a funda-
mental role in sustaining the active proliferating
phase of these small cells during the last stages
of previtellogenesis. It i3 not clear, however, how
the apoptotic bodies are engulfed into the small
cells since signs of endocytosis were never found.

Which factor(s) is involved in the control of dif-
ferentiation and regression” of intermediate and
pyriform cells is not yet clear. The process is cer-
tainly under genetic control as demonstrated by
the occurrence of apoptosis, a genetically directed
process, and by the persistence of RNA synthesis.
In other systems, it was demonstrated that ter-
minal differentiation and aging are also related
to the expression of the tissue transglutaminase
(Tacher and Rice, ’85; Thomazy and Fesus, '89).
In P sicula, this enzyme is apparently expressed
only during late previtellogenesis as the finding
of scaffolds suggests. We can therefore postulate
that degeneration of intermediate and pyriform
cells is in some way also related to the expres-
sion of this enzyme.

In conclusion, in Podarcis sicula the intermedi-
ate and pyriform cells initially support the oocyte
growth by assuming the role of nurse cells. Later,
at the end of previtellogenesis, they complete their
life cycle and undergo apoptosis, thus indicating
that the remodelling of the epithelium is associ-
ated with programmed cell death. The cytoplas-
mic materials from the regressing cells are
recovered by the oocyte while the nuclear rem-
nants are recycled by the small cells that become
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the only constituents of the follicular epithelium
during vitellogenesis. The different fate of the cel-
lular constituents could be a fundamental event
that sustain the differentiation of both epithelium
and oocyte.
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