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ABSTRACT
Pore-linked filamentswere visualized in spreads of anuran spermatocyte nuclel using transmission el ectron microscope.
We used Odontophrynus diplo and tetraploid species having the tetraploid frogs reduced metabolic activities. The
filaments with 20-40 nm width are connected to a ring component of the nuclear pore complex with 90-120 nm and
extend up to 1um (or more) into the nucleus. The filaments are curved and connect single or neighboring pores. The
intranuclear filaments are associated with chromatin fibers and related to RNP particles of 20-25 nm and spheroidal
structuresof 0.5um, withvariations. The aggregates of several neighboring poreswith thefilamentsare morecommonly
observed in 4n nuclei. We concluded that the intranuclear filaments may correspond to the fibrillar network described
in Xenopus oocyte nucleus being probably related to RNA transport. The molecular basis of this RNA remains
elusive. Nevertheless, themorphol ogical aspectsof the spheroidal structuresindicatethey could correspond to nucleolar
chromatin or to nucleolus-derived structures. We also specul ate whether the complex aggregates of neighboring pores
with intranuclear filaments may correspond to pore clustering previously described in these tetraploid animals using

freeze-etching experiments.
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INTRODUCTION

The importance of the study of nuclear pore complexes
(NPCs) and of intranuclear filamentsin nucleocytoplasm
transport has been predicted to have many potential ap-
plications for gene expression control and antiviral ther-
apies. Also, evidences were presented postulating that
thefusion of certain nucleoporinsto certain proteins may
contributetotumorigenesis(Nigg 1997). NPCsarestruc-
tures embedded in the nuclear envelope (NE) that me-
diate the transport of macromolecules and particles be-
tween nucleus and cytoplasm during interphase. The ar-
chitecture of the NPC was extensively studied inamphib-
ian oocyte nuclei through different electron microscopy
methodologies (Franke and Scheer 1970, Unwin and
Milligan 1982, Scheer et al. 1988, Akey 1989, Ris 1989,
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1991, Jarnik and Aebi 1991, Goldberg and Allen 1992,
Panté et al. 1994, Panté and Aebi 1996, Allen et &l.
2000). Vertebrate NPCs have an outer diameter of about
125 nm. Basicaly it hasa cylindrical shape located be-
tween inner and outer membranes of the NE. The frame-
work of the NPC contains the spoke ring complex which
displays achannel called plug or transporter. The spoke
ring complex isflanked by cytoplasmicand nuclear rings.
The cytoplasmic ring with 125 nm in diameter is deco-
rated with eight 30 to 50 nm long kinked filaments. The
nuclear ring with 90 nm is capped with a basket-like
assembly built from eight thin filaments with 8-10 nm
diameter and 50 to 100 nm long. These filamentsjoin at
their distal endsinasmaller terminal ring of 30 to 50 nm
diameter. First transmission electron microscope (TEM)
studiesin amphibian oocyte nuclei reported filaments at-
tached to the nucleoplasmic face of the NPC (Afzelius
1955) that may be baskets, as commented (Goldberg et
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al. 1997). TEM experimentsfor NE spreads of Xenopus
laevis oocytes showed that the baskets are insensitive to
RNasetreatment, itsstructural integrity depending onthe
presence of divalent cations as well as on the use of 1%
tannic acid (Jarnik and Aebi 1991).

Long filaments have been described at the nucleo-
plasmic face of the NPC. Thesefilamentswith 1..m long
and about 3-6 nm thick are arranged in a cylinder and
seem to anastomose and to branch into subfibrils extend-
ing toward different NPCs (Franke and Scheer 1970).
Further, fibers attached to the filaments of the baskets
and forming a regular network called nuclear envelope
lattice (NEL) were observed in Triturus and Xenopus
oocyte nuclel using high-resolution electron microscopy
(HREM) (Goldberg and Allen 1992). TEM studies in
Xenopus oocyte nuclei using spreads and conventional
sections also indicated that bundles of these filaments
extend inward the nucleus to amplified nucleoli. This
finding led to the assumption that the basket would be
part of a higher-order structure associated with NPCs
and chromatin fibers (Arlucea et al. 1998). According
to this idea groups of eight pore-linked filaments form
cylinders for diffusion of cargos leading to each NPC.
The function of these long intranuclear filamentsis still
amatter of speculation, although evidences have beenre-
ported favoring its role for nucleocytoplasmic transport.
As known some models for nucleocytoplasmic transport
were previously proposed. Based in data using in situ
hybridization optimized for fluorescent detection of nu-
clear RNA it was suggested that transcripts are trans-
ported vectorially from genesto NPCs. Thistrafficwould
be visualized through “tracks’ in the nuclear architec-
ture (Lawrence et al. 1989). An aternative model based
in conjugated experiments using in situ hybridization,
immunolocalization and confocal microscopy suggested
that gene products movefrom genesto nuclear surface by
diffusion through an extrachromosomal channel network
(ECN) (Zackar et a. 1993). Recently, field emission
electron microscopy (feSEM) studiesin Xenopus oocyte
nucleus showed a network of pore-linked filaments ex-
tending inward the nucleus. These filaments with 40 nm
diameter (ranging from 12-120 nm) appear embedded
in spherical nuclear bodies demonstrated to be nucleoli.
The finding that the filaments contain actin and protein
4.1 led to the suggestion that the network could provide
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“diffusion channels’ through chromatin (Kiseleva et al.
2004).

The composition of the NPCs and of the intranu-
clear filaments are being studied by several authors. In
vertebrate nuclei the NPCs contain several nucleoporins
some related to the transport. Nup 153 was localized
to the nuclear side of the NPC (Sukegawa and Blobel
1993) and to the distal ring of the basket (Panté et al.
1994). This nucleoporin aso occursin the long intranu-
clear filaments and can be observed connecting NPCs to
the nucleolus (Cordes et al. 1993). The long filaments
also contain p270/Tpr/Bx34 proteins(Cordeset al. 1997,
Zimowska et a. 1997). The function of Nup 153 was
investigated in experiments using removal of specific nu-
cleoporins in extracts derived from Xenopus eggs. The
results of these genetic assays demonstrated that the re-
moval of Nup 153 leads to structural disturbs of NPC
— linked filaments and alters the interaction of the NPC
with the nuclear lamina. These aterations may cause
mobilization of NPCs and probably NPCs clustering af -
fecting thetransport (Walther et al. 2001). Moreover the
localization of actin and 4.1 protein in the pore-linked
filaments indicated its relation to the extrachromosomal
diffusion channels (Kiseleva et al. 2004).

First whole mount experimentsfollowed by critical
point drying showed that chromatin fibers are associated
with the annuli of the NE (DuPraw 1965). The same
procedure allowed the visualization of fibers attached to
the nucleoplasmic side of the NE (Aréchaga and Bahr
1985). Though well-preserved baskets were observed in
NE spreadswith the use of tannic acid fixative and uranyl
acetate staining long filaments were not evidenced. This
isprobably duetotheir extraction during nucleusremoval
(Arluceaet al. 1998).

This paper contains the description of pore-linked
filaments found in spermatocyte nuclei of the diplo and
tetraploid Odontophrynus americanus SPeCies using un-
fixed spread assays for TEM. The intranuclear filaments
connect single or neighboring pores and are associated
with RNP particles and spheroidal structures of 0.5.m.
Theseround elementsmay correspond to nucleolar chro-
matin or to nucleolus-derived structures. It is aso re-
ported the presence of complex aggregates of neigh-
boring pores associated with intranuclear filaments in
tetraploid nuclei. The morphology of the fibrillar net-
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work found in spermatocyte nucleus was compared with
feSEM images of pore-linked filaments described in
Xenopus oocyte nucleus. Moreover, it is discussed
whether the complex aggregates of neighboring pores
and intranuclear filaments might be a fenotype of low
metabolic activity in the 4n, as known in pore clustering
of other célls.

MATERIALS AND METHODS

Spermatocytes and isolated nuclei spreads were ob-
tained from the Brazilian Odontophrynus americanus,
two natural cryptic diploid and tetrapl oid species(2n=22,
4An=44; State of S&o Paulo). To getisolated cellsthetestis
were surgically removed and small pieces of seminifer-
ous tubules were placed in 0.6% or 0.7% NaCl solution
for 1 to 5 min and squashed on a dlide. A drop of this
suspension was spread on bidistilled water (adjusted to
pH 7.0 with sodium borate buffer, 1 to 5 min) in aplastic
tray with Teflon bars and collected on 1.5% Parlodium —
covered grids. For nuclei isolation the following proce-
dures were used: Small pieces of seminiferous tubules
were homogenized with a 0.25M sacarose + 2mMCa'**
(or Mg*™) solution and filtered through eight layersof tis-
sue cloth. Aliquots of 15 ml of this cellular suspension
were put into centrifuge tubules adding equal volume of
a 0.35M sacarose solution underlay and centrifuged at
300g for 5-10 min. After repeating this step small pieces
of the pellet were left shortly in 0.1M KClI, transferred
for 1min to 5:1 of 0.1IM KCI + 103M Ca (NOs), and
spread as described above. The grids were stained with
aqueous phosphotungstic acid (PTA, 1%, 5 min) at room
temperature, or aqueousuranyl acetate (1%, 10 min) then
washed in bidistilled water and air-dried. Other grids
were positively stained in ethanolic uranyl acetate (1:3
agueous uranyl acetate plus 95% ethanol, 1 min) and
then washed in 95% ethanol and air-dried. Following
these procedures, some specimens were shadowed with
Paladium (10° angle). For specimen support we used
carbon/colloidon-coated cooper grids. Before use the
grids were glow-discharged to render then hydrophilic.
The following enzymes were used in some specimens
before staining:

1. DNase (Worthington), electrophoretically purified
deoxyribonuclease (DPFF) RNase free, 50ug/ml

acetate buffer with ImM MgCl,, pH 7.0, for 30-
60 sec at 37°C;

2. RNase A, proteasefree, type XIl - A, Sigma Chem.
Company, 100ug/ml in distilled water, heated to
80°C for 10min. Thegridsweretreated at 37°C for
30-60 sec; Trypsin - BDH Chemicals Ltd. Pools,
England, 0.01% in phosphate buffer, pH 6.8, at
37°C, 30-60 sec. Electron micrographs were ob-
tained with a109 Zeissel ectron microscope at 50kV
and Siemens Elmiskop I, 60kV. All animals were
anesthetized before death.

RESULTS

Long intranuclear filaments were observed in unfixed
spreads of isolated nuclei or of whole spermatocytes
from both 4n and 2n species. The filaments with 20-
40 nm in width are attached to a NPC ring of about
90-120 nm and extended up to 1um (or more) into the
nucleus. They appear associated with chromatin fibers
(Figure 1). Smaller NPCs diameters of 60 nm were also
found.

The long filaments have a tortuous contour and a
variable width due to the presence of segments of 6 nm
intercal ated with expanded regions of 18-20 nm or more
up to 40 nm (Figure 2A). These filaments are insensi-
tive to DNase and RNase treatments (Figure 2B). At
nucleus periphery the NPCs were visualized with six
or more filaments (Figure 2C). In this nuclear region
RNP particles appear aligned along thinner filaments
that converge to NPCs. These thin filaments seem to
be either stretched intranuclear filaments or residues of
collapsed NL (Figure 2D).

Very electron dense aggregates of intranuclear
filaments were also observed in nucleus periphery con-
necting neighboring NPCs. They appear associated with
stretched and altered chromatin fibers (Figures 3, A-C).
These aggregates may appear associated with RNP par-
ticles of 20 nm-25 nm (Figure 3B) and with spheroidal
structures of 0.5um-1.2um (Figure 3C). Smaller
spheroidal structures with 100 nm-400 nm were also ob-
served. Thisreduced size can be attributed either to dif-
ferences of compactness, unfolding or to distinct struc-
tures. The dense aspect of the filamentsis probably due
to the collapse of either eventual subfibrillar components
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Fig. 1—Pore-linked filaments (arrowheads) are shown in association
with chromosome loops (2n; spreading of whole cells; agqueous PTA;
Paladium shadowing; bar = 200 nm).

or RNP particles caused by spreading forces. The high
compactness of the filaments hinders a clear visu-
alization of individual pores. The aggregates of pores
connected by filaments are more commonly found in the
4n speciesthan in the diploids.

We also observed that the intranuclear filaments
form afibrous network associated with chromatin fibers.
The filaments are curved due to serial circumvolutions
and connect NPCs. Several filaments may converge to
a same NPC (Figure 4) and exhibit RNP particles (Fig-
ure 5). The fibrous network can be observed as patches
parallel to the chromatin fibers (Figures 4 and 5) or dis-
rupted into filaments at nucleus periphery (Figure 2D).

DISCUSSION

We report here the visualization of pore-linked filaments
up to 1um long (or more) in spermatocyte nuclei be-
longing to diplo and tetraploid frogs (Begak et a. 1967)
using whole mount preparationsfor TEM. Thetetraploid
animals have gene mechanisms reducing metabolic ac-
tivitiesrevealed either by their low amount of total RNA
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(Begak and Goissis 1971) even though 4n present double
the number of 18Sand 28S ribosomal genes as compared
todiploids(Schmidtkeetal. 1976, Ruizetal. 1981) or by
the low expression of several enzymes and hemoglobin
inthetetraploid (Begak and Pueyo 1970, Cianciarullo et
al. 2000). Probably a presumed higher level of methy-
lation of ribosomal genes would be accounted for the
reduction of gene activity at the transcription level (Ruiz
and Brison 1989). Based on results by different authors
it was proposed that gene dose combined with transcrip-
tion control show epigenetic effects on gene regulation
(reviewed by Begak and Setsuo-Kobashi 2004). More-
over, thenumber of NPCsin these anuranswas estimated
inred blood cellsby freeze—etching experiments. These
assays were addressed to assess the presumed functional
role of NPCsin tetraploids with reduced metabolic ac-
tivities. The data showed that the number of NPCs is
not directly proportiona to the DNA content but to the
nuclear surface which in the 4n is only 1.6 times larger
than in the 2n. This fact suggested that the number of
NPCs could be related to transcription activity or to the
transport of productsto thecytoplasm (Maul et al. 1980).
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Fig. 2—Pore-linked filamentsareshowninnormal (A, C and D) and DNasetreatment (B) assays. The
filaments are tortuous and heterogeneous in width (arrowheads in A and B). Six or more filaments
can be observed attached to a same NPC (arrowheads in C). RNP particles appear aligned along
filaments probably remnants of NL or of intranuclear filaments (arrow and arrowhead, respectively
in D). A and B (4n, spread of whole cells; alcoholic uranyl acetate). C and D (2n; spread of isolated
nuclei; agueous uranyl acetate). Bars = 92 nm (A), 140 nm (B), 100 nm (C) and 90 nm (D).

Theintranuclear filaments here described in both 2n
and 4n species assemblein anetwork that connect NPCs
and are associated with chromatin fibers, spheroidal
structures and RNP particles. The nature of both RNP
particlesand spheroidal structuresare at present a matter
of speculation. Our morphological data suggest that the
spheroidal elements found may correspond to nucleolar
genes or to nucleolus-derived structures. Some subnu-
clear organellestermed paranucleolar or coiled bodies or
nucleolus-derived structures have also comparable mor-
phology. Among these the snurposomes g described
in loops of lampbrush chromosomes from amphibian
oocytes range in size from less than 1,.m to about 4..m.
They have splicing sn RNAs and several proteins asso-
ciated with pre-mRNAs (Gall 1991). Further studiesare

therefore needed to clarify the identidy of the spheroidal
bodies here described.

In summary, our data indicate that the intranuclear
filaments may correspond to the fibrillar network previ-
ously described in anuran oocyte nuclel with other pro-
cedures (Franke and Scheer 1970, Goldberg and Allen
1992, Arlucea et a. 1998, Kiseleva et a. 2004). To
our knowledge thisisthe first time such intranuclear fil-
aments have been reported in spermatocytes. We also
suggest that these filaments may be related to the trans-
port of RNA precursors, probably rRNA precursors. Our
dataal so agreeswith theideathat thisnetwork may serve
as“tracks’ for nucleocytoplasm transport (Arluceaet al.
1998, Kiselevaet al. 2004). The presence of thinner and
wider filamentsfitswell with theideathat groups of eight
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Fig. 3 — Dense networks are observed connecting neighboring pores
(whitetrianglesin A-C). They are associated with RNP particles (small
arrows in B) and with an spheroidal body (arrow in C). Altered chro-
matinfibersareal so observed (arrowheadsin A-C). Spreadsof whole4n
nuclei; alcoholic uranyl acetate, Paladium shadowing. Bars = 125 nm
(A and B), 140 nm (C).

filaments form cylinders leading to each NPC (Arlucea
et al. 1998, Kisclevaet al. 2004).

In addition, the overall aspect of the pore-linked fil-
aments seems to be similar in both 2n and 4n species
studied. A possible difference among these species is
the common presence of aggregates of pores connected
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Fig. 4—A fibrillar network (large arrow) isobserved presenting curved
filamentsattached to NPCs (arrowheads) and rel ated to chromatinfibers
(small arrows). Severd filaments converging to a same NPC are visu-
dized in the upper side of the network (arrowhead). Spreads of whole
spermatocytes (4n; aqueous uranyl acetate; bar = 190 nm).

Fig. 5— A patch of the fibrous network (large arrowhead) showing
filaments with RNP particles connecting NPCs (4n; spread of isolated
nuclei; aqueous uranyl acetate; bar = 180 nm).

by intranuclear filamentsin the tetraploid animals. Pre-
vious data showed that the frequency of clusters with
four poresincreases in these polyploid anurans (Maul et
al. 1980). We do not know whether the complex aggre-
gates of neighboring NPCs associated with the intranu-
clear filaments obtained in the spreads might correspond
to the pore clustering described in these 4n frogs using
freeze-etching experiments (Maul et al. 1980). Thisis
an interesting question considering that the number of
NPCsin the 4n frogs with reduced metabolism seemsto
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be related to transcription activity or to the export (Maul
et al. 1980). Moreover, pore clustering is either an early
feature of apoptotic cells or of Nup 153 depleted cells
with atered import mechanisms (Reipert et al. 1999,
Walther et al. 2001). Based in thesefindingsit isreason-
able to speculate whether clustered-like pores may in-
dicate disturbances of nucleocytoplasm transport in the
tetraploid frogs. Theideathat pore clustering phenotype
may denote defects of transport machinery infers that
the biosynthetic activities in the nucleus and cytoplasm
areprobably dependent of genes controlling the transport
machinery (Paschal 2002).

This paper suggests the utilization of the diplo-
tetraploid species of 0. americanus to check the eventual
relation of pore-linked filaments with gene regulation,
considering the reduced metabolism of the 4n.
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RESUMO

Filamentos ligados a poros foram visualizados em nucleos de
espermatdcitos de anuros através da técnica de espalhamento
para microscopia eletronica de transmissdo. Os animais usa-
dos pertencem ao género Odontophrynus com espécies cripti-
casdiplo etetrapl Gides naturais, tendo ostetrapl 6ides atividade
metabdlicareduzida. Os filamentos com 20-40 nm de largura
sd0 ligados a um anel componente do complexo poro nuclear
de 90-120 nm e estendem-se até 1um (ou mais) para dentro
do nucleo. Os filamentos sdo curvos e ligam poros simples ou
poros vizinhos. Os filamentos intranucleares sdo associados
a fibras de cromatina e relacionados a particulas de RNP de
20-25 nm e a estruturas esféricas de 0.5um, com variagoes.
Os agregados de poros vizinhos com os filamentos longos séo
mais frequientemente observados em niicleos 4n. Concluimos
que osfilamentosintranucl eares podem corresponder aos ema-
ranhados fibrilares descritos em ntcl eos de odcitos de Xenopus
e possivelmente relacionados ao transporte de RNA. A base
molecular desse RNA ndo é conhecida. Contudo, os aspec-
tos morfol 6gicos das estruturas esféricas parecem indicar que

elas podem corresponder a cromatina nucleolar ou a estruturas
derivadas do nucléolo. Também, especulamos se 0s agrega
dos complexos de poros vizinhos com os filamentos intranu-
cleares podem corresponder aos aglomerados de poros previa-
mente descritos nesses animais tetrapl dides através da técnica
“freeze-etching”.

Palavras-chave: filamentos ligados ao poro, filamentosintra-
nucleares, aglomerados de NPCs em anuros polipl6ides, trans-
porte de RNA.
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