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ABSTRACT
Trigeminal ganglion neurons comprise three main cell body-size types. This cell size heter-

ogeneity provides an excellent neuronal model to study the cell size-dependent organization and
dynamics of the nucleoli, Cajal (coiled) bodies (CBs), and nuclear speckles of pre-mRNA splicing
factors, nuclear structures that play a key role in the normal neuronal physiology. We have
analyzed the number of nucleoli and CBs and the structural and molecular organization of CBs
and nuclear speckles in the three neuronal types by using immunofluorescence with antibodies
that recognize nucleoli (fibrillarin), CBs (coilin), and nuclear speckles (snRNPs), confocal micros-
copy, and electron microscopy. Whereas the mean number of nucleoli per neuron decreases as a
function of cell size, the number of CBs per cell significantly increases in large neurons in
comparison with the small ones. In addition, large neurons have a higher proportion of CBs
associated with the nucleolus. In all neuronal types, CBs concentrate coilin, fibrillarin, snRNPs,
and the survival motor neuron protein (SMN). Immunostaining for snRNPs shows small speckle
domains and extensive areas of diffuse nucleoplasmic signal in large neurons, in contrast with
the large nuclear speckles found in small neurons. Furthermore, flow cytometric analysis shows
that all neurons are in the range of diploid cells. These findings indicate that the fusion behavior
of nucleoli, the formation of CBs and their relationships with the nucleolus, as well as the
compartmentalization of the pre-mRNA splicing machinery, is related to cell body size in the
trigeminal ganglion neurons. Because transcriptional activity is a basic determinant mechanism
of cell size in diploid cells, we suggest that our findings reflect a distinct transcription-dependent
organization of the nucleolus and splicing machinery in the three cell types of trigeminal ganglion
neurons. J. Comp. Neurol. 430:250–263, 2001. © 2001 Wiley-Liss, Inc.

Indexing terms: survival motor neuron protein; splicing snRNPs; U2B**; interchromatin granule

clusters; nuclear speckles; DNA content

Cell sizes are intrinsically programmed and can differ
greatly among cell types in metazoan organisms. Two
factors, namely DNA content and transcriptional activity,
are determinant mechanisms of cell size (Cavalier-Smith,
1978). In the case of vertebrate neurons, previous bio-
chemical and flow cytometric studies support that most of
the central nervous system (CNS) neurons have a con-
stant diploid amount of nuclear DNA (Pearson et al., 1984,
McIlwain, 1991; Sato et al., 1994). Consequently, differ-
ences in neuronal body size seem to be primarily deter-
mined by the transcriptional activity. Indeed, a positive
correlation between cell body and total RNA synthesis has
been demonstrated in frog motoneurons, indicating that

large neurons need higher transcriptional activities to
maintain their large size (Sato et al., 1994). The neuronal
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transcription rate is, in turn, positively related to the
magnitude of interactions between neurons and their tar-
gets, which contributes to the regulation of the soma size
and metabolic activity (Goldschmidt and Steward, 1992;
Magistretti, 1999). A similar relationship between tran-
scriptional activity and cell size has been observed in
nonneuronal cells. Kinetic studies of uridine incorporation
rates have demonstrated that differences in cell size cor-
respond to differences in RNA content and a tight corre-
lation has also been shown to exist between transcription
rates and RNA:DNA ratios in cells from adult rodents
(Schmidt and Schibler, 1995). Moreover, the effect of tran-
scription on cellular volume is, in turn, mediated by the
accumulation of some cellular components such as ribo-
somes and certain proteins that have a profound influence
on cell size (Macknight, 1988; Schmidt and Schibler,
1995).

Mature primary sensory ganglia neurons have been
classified in three main types (A,B,C) on the basis of their
size and the distribution of their organelles (Rambourg et
al., 1983). Type A neurons are large neurons (40–75 mm in
diameter), type B cells correspond to medium neurons
(20–50 mm in diameter), whereas type C neurons are the
smallest ganglion cells with a diameter of less than 20 mm
(Rambourg et al., 1983). Type A and B neurons have
myelinated fibers and are mainly mechanoreceptive,
whereas type C give rise to largely unmyelinated fibers
and are mainly nociceptive (Hunt et al., 1992; Wother-
spoon and Priestley, 1999). These mature ganglion cells
provide an excellent neuronal model to study the cell
size-dependent organization and dynamics of three nu-
clear structures, i.e., nucleolus, Cajal bodies, and nuclear
speckles or interchromatin granule clusters (IGCs), that
play a key role in the regulation of neuronal physiology.

The nucleolus is the site of transcription of rDNA, of
processing of pre-rRNA transcripts and maturation of pre-
ribosomes (for reviews, see Hadjiolov, 1985; Shaw and
Jordan, 1995). It contains the ribosomal RNA (rRNA)
genes, the RNA polymerase I transcription machinery and
several factors involved in the processing of pre-rRNAs
(for a review, see Shaw and Jordan, 1995). The coiled body
was discovered by Cajal (1903) in the neuronal nucleus. It
was described as a round argyrophilic “accessory body” of
the nucleolus. By electron microscopy, Moneron and Bern-
hard (1969) rediscovered this nuclear inclusion as a tangle
of coiled electron-dense threads and based on this struc-
tural configuration termed it “coiled body.” Recently,
coiled bodies have been renamed “Cajal bodies” in honor of
the first investigator to describe them (Carvalho et al.,
1999; Gall et al., 1999, Gall, 2000). The molecular analysis
shows that the Cajal body (CB) is highly enriched in small
nuclear and nucleolar ribonucleoproteins (snRNPs,
snoRNPs) required for the maturation of both pre-mRNAs

and pre-rRNAs, contains a specific marker, the p80 coilin,
and shares with the nucleolus the proteins fibrillarin,
Nopp 140, NAP57, and DNA topoisomerase I (for reviews,
see Lamond and Carmo-Fonseca, 1993; Matera, 1999;
Gall, 2000). Recently, the survival motor neurons protein
(SMN) and its associated protein SIP1 (Liu and Dreyfuss,
1996; Liu et al., 1997), two factors involved in the biogen-
esis of spliceosomal snRNPs, have been localized in the CB
(Bechade et al., 1999; Carvalho et al., 1999; Matera, 1999).
The CB is interpreted as a plurifunctional organelle im-
plicated in the biogenesis, transport, and recycling of
snRNPs and snoRNPs involved in pre-mRNA splicing and
pre-rRNA maturation (for a review, see Matera, 1999).
The IGCs are nuclear domains devoid of DNA and com-
posed of closely packed ribonucleoprotein particles that
concentrate pre-mRNA splicing factors for their distribu-
tion to sites of active transcription (for review see Spector,
1993; Lamond and Earnshaw, 1998; Mintz et al., 1999).

In the present work, mature trigeminal ganglion neu-
rons (TGN) were used to study whether there was any
relationship between the neuronal body size and (1) the
number of nucleoli, (2) the number of CBs and their rela-
tionships with the nucleolus, and (3) the structural and
molecular organization of the pre-mRNA splicing machin-
ery, particularly CBs and IGCs. Moreover, to determine
whether the variation of neuronal size is related to dis-
tinct DNA content, the ploidy of neuronal types will be
established by flow cytometry.

MATERIALS AND METHODS

Animals

Young adult male Sprague-Dawley rats, each weighing
150–200 g, were used. The animals were anesthetized
with intraperitoneal injection dose (80 mg/kg body weight)
of pentobarbital. The animals were housed, supervised,
and handled according to the approved national guide-
lines for animal care.

Transmission electron microscopy

For conventional ultrastructural examination of trigem-
inal ganglion neurons, the rats were perfused under deep
anaesthesia with 3% glutaraldehyde in 0.1 M phosphate
buffer, pH 7.4. Trigeminal ganglia were removed, rinsed
in 0.1 M phosphate buffer, post-fixed in 2% osmium tet-
roxide, dehydrated in acetone, and embedded in araldite
(Durcupan, Fluka, Buchs, Switzerland). Ultrathin sec-
tions, stained with uranyl acetate and lead citrate, were
examined with a Philips EM-208 electron microscope.

Scanning electron microscopy

For scanning electron microscopy, small fragments of
trigeminal ganglia fixed in 3% glutaraldehyde were
squashed on a slide. The portion of the slide containing the
adhered TGN was cut with a fine diamond scriber and
processed for scanning electron microscopy. The samples
were dehydrated in ascending grades of acetone, critical-
point dried through carbon dioxide, and coated with gold/
palladium in a JFC-1100 Jeol sputter coater. The samples
were examined with a Philips 501 scanning electron mi-
croscope.

Abbreviations

CBs Cajal (coiled) bodies
snRNPs small nuclear ribonucleoproteins
snoRNPs small nucleolar ribonucleoproteins
TGN trigeminal ganglion neurons
IGCs interchromatin granule clusters
SMN survival motor neuron protein
SIP1 SMN-interacting protein 1
NORs nucleolar organizer regions
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Light microscopy immunocytochemistry
and quantification

For immunofluorescence, under deep anaesthesia the
animals were perfused with 3.7% paraformaldehyde
(freshly prepared from paraformaldehyde) in PBS, pH 7.4,
for 15 minutes at room temperature. Trigeminal ganglia
were removed, washed in PBS, and cut into small frag-
ments. Each fragment was transferred to a drop of PBS on
a siliconized slide. Then a coverslip was applied on top of
the slide, and the tissue was squashed by percussion with
a histologic needle to dissociate neuronal perikarya. The
preparation was then frozen in dry ice, and the coverslip
removed by using a razor blade. By using this procedure,
most ganglion neurons remained adhered to the slide. Cell
samples were processed in 96% ethanol at 4°C for 10
minutes, which increases the adhesion of cells to the slide,
and rehydrated progressively in 70% ethanol and PBS.
Then, the samples were sequentially treated with 0.5%
Triton X-100 in PBS for 15 minutes, 0.1 M glycine in PBS
containing 1% bovine serum albumin (BSA) for 30 min-
utes and 0.01% Tween 20 in PBS for 5 minutes. The
samples were incubated for 1 hour with the primary an-
tibody containing 1% BSA at room temperature, washed
with 0.01% Tween 20 in PBS, incubated for 45 minutes in
the specific secondary antibody conjugated with FITC or
Texas Red (Jackson, West Grove, PA), washed in PBS, and
mounted with the antifading medium Vectashield (Vector,
Burlingame, CA).

The following primary antibodies were used in this
study: monoclonal antibody 4G3 (Euro Diagnostica B.V.,
Arnhem, The Netherlands) directed against the U2B99
snRNP (Habets et al., 1989); rabbit polyclonal serum
204.3 anticoilin (Bohmann et al., 1995); monoclonal anti-
body 72B9 directed against the nucleolar protein fibrilla-
rin (Reimer et al., 1987); rabbit polyclonal serum raised
against a peptide corresponding to the carboxy-terminal
end of human fibrillarin (Jansen et al., 1991); human
autoimmune serum D106 specific to DNA topoisomerase I
(kindly provided by W. van Venrooij), and monoclonal
antibodies 2B1, anti-SMN, and 2E17, anti-SIP1 (Liu and
Dreyfuss, 1996; Liu et al., 1997). Samples were examined
with a laser confocal microscope (BioRad MRC-1024) by
using argon ion (488 nm) and HeNe (543 nm) lasers. Each
channel was recorded independently and pseudocolor im-
ages were generated and superimposed. TIFF (red-green-
blue) images were transferred to Adobe Photoshop for
presentation. All images presented within each figure
were identically adjusted for contrast, brightness, and
dynamic resolution.

The quantitative analysis of the number of nucleoli and
CBs, as well as that of the nuclear distribution of CBs, was
performed in squash preparations, double immunolabeled
with the antifibrillarin (nucleoli) and anticoilin (CBs) an-
tibodies. Three size classes of ganglion neurons were es-
tablished by using the following ranges in cell body diam-
eter: large (larger than 40 mm), medium (20–40 mm), and
small (12–20 mm). These size classes roughly corre-
sponded to the three main types (A,B,C) of sensory gan-
glion neurons identified by Rambourg et al. (1983) on the
basis of their size. The small cells with oval-shape nuclei
(,6 mm) corresponding to glial cells were excluded from
the quantitative analysis. The number of nucleoli and CBs
per neuron was estimated by direct examination of the
different focal planes throughout neuronal nuclei, by us-

ing a 633 oil objective and an ocular equipped with a
micrometer scale. Samples of five animals were used, and
at least 100 neurons for each neuronal type and animal
were counted. For the quantitative analysis of the nuclear
distribution of free and nucleolus-attached CBs, serial
confocal sections, 0.5 mm thick, of the whole nuclei were
performed in at least 100 neurons of each neuronal type.
Data were analyzed by the StatView 4.5 software and by
using the statistical tests ANOVA and chi square. Signif-
icance was established at P , 0.05.

Electron microscopy immunocytochemistry

For immunoelectron microscopy, animals were fixed
with 4% paraformaldehyde in 0.12 M phosphate buffer,
pH 7.4. Small segments of trigeminal ganglia were left in
the same fixative for 3 hours at 4°C, dehydrated in in-
creasing concentrations of methanol at 220°C, and em-
bedded in Lowicryl K4M at 220°C. Ultrathin sections
were sequentially incubated with 0.1 M glycine in PBS (15
minutes), normal goat serum diluted 1:100 in PBS (3
minutes), and the primary antibodies diluted in PBS con-
taining 0.1 M glycine and 1% BSA (1 hour at room tem-
perature). After washing, the sections were incubated
with the specific secondary antibody conjugated to 10-nm
or 15-nm gold particles (BioCell, Cardiff, UK) diluted 1:25
in 1% BSA in PBS (45 minutes at room temperature).
After washing, the sections were stained with uranyl ac-
etate and lead citrate. As controls, sections were treated
as described but omitting the primary antibody.

Flow cytometry analysis

To analyze the intracellular DNA content, trigeminal
ganglia cells were isolated by enzymatic digestion with
collagenase 0.1% (Sigma, St. Louis, MO) for 30 minutes at
37°C. The cell pellets were washed twice with PBS, and
the resuspended cells stained in a solution containing 100
mg/ml propidium iodide, 0.01% Triton X-100, 0.1% triso-
dium citrate, and 0.1 mg/ml RNAse. Samples were then
washed in PBS and DNA content estimated by measuring
propidium iodide fluorescence with a flow cytometer
(FACS Calibur; Becton Dickinson, Franklin Lakes, NJ).
Data were analyzed by using the ModFit LT software
(Becton Dickinson).

RESULTS

DNA content of trigeminal ganglion neurons

Because the DNA content is one of the main determi-
nants of cell size, first, we studied whether the variations
in neuronal body size in TGN may be related to changes in
DNA content. Flow cytometry analysis of propidium
iodide-stained cells showed that the DNA content per cell
was constant, equivalent to a diploid amount of nuclear
DNA, over the range of cell body sizes studied (Fig. 1).
Therefore, this DNA determination ruled out the exis-
tence of polyploidy among the population of TGN.

Squash preparations of trigeminal ganglion
neurons: A reliable procedure for

quantitative and cytologic studies of
neuronal bodies

Squash preparations made from tissue fragments of
trigeminal ganglia previously fixed in paraformaldehyde
and processed as described in the Materials and Methods

252 E. PENA ET AL.



section provided a good separation of TGN. Scanning elec-
tron microscopy examination of trigeminal ganglia sam-
ples showed typical aggregates of TGN covered by the
satellite glia (Fig. 2A). When squash preparations were
examined with the scanning electron microscope, isolated
neuronal bodies were well-preserved and showed the het-
erogeneity of sizes and sometimes the emergence of a

single neurite (Fig. 2B). Neuronal bodies appeared free of
the glial satellite cover, and the exposed plasma mem-
brane had false pores produced by the quick dry ice freez-
ing of the squash preparations (Fig. 2C). It is likely that
the existence of these pores of the plasma membrane
facilitates the penetration of antibodies for immunofluo-
rescence studies.

Confocal microscopy examination of squash prepara-
tions immunostained with antibodies anticoilin (Fig. 3) or
antifibrillarin (Fig. 4A–C) demonstrate the excellent pres-
ervation of the morphology and organization of the CBs
and nucleoli in TGN. These preparations provide a simple
procedure for the quantitative analysis of the number of
nucleoli and CBs in the entire nucleus by direct examina-
tion of immunofluorescence samples (Figs. 3, 4A–C). In
addition, the spatial relationship between the CBs and the
nucleolus can be studied by using serial confocal sections
of double immunostained samples. In conclusion, the
squash procedure reported here provides reliable neuro-
nal samples on which cytologic, immunocytochemical, and
quantitative analysis of neuronal bodies can be performed
directly.

The number of nucleoli and CBs correlates
with neuronal body size

The quantitative analysis of the mean number of nucle-
oli per neuron on squash preparations immunostained
with the antifibrillarin antibody showed an inverse rela-
tionship between the number of nucleoli and the cell body
size. Thus, as is illustrated in Table 1, the proportion of
mononucleolated neurons increased from 14%, in small
neurons, to 37% and 66% in medium and large neurons,
respectively. Inversely, the average number of CBs per
neuron, detected with the anticoilin antibody (Fig. 3), was
positively related to the neuronal body size. It increased
from 1.1 per nucleus, in the small neurons, to 1.8 and 2.9

Fig. 1. DNA content distribution measured by flow cytometry in
isolated trigeminal ganglion cells. The unimodal cytometric profile of
sampled cells corresponds to a DNA amount in the range of diploid
cells in the G1/G0 stage. The results shown are from one representa-
tive experiment of three performed with similar results.

Fig. 2. Scanning electron microscopy of a squash preparation from
a fragment of trigeminal ganglion. A: Normal cluster of nondissoci-
ated trigeminal ganglion neurons covered by the satellite glia.
B: Dissociated neuronal bodies appear well preserved and free of their

glial satellite envelope. C: Detail of a neuronal body with the emer-
gence of the neurite. Note the existence of numerous false pores of the
plasma membrane produced by the freezing procedure of the squash
preparations. Scale bars 5 25 mm in A,B; 5 mm in C.
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in medium and large neurons, respectively (Fig. 4D). Dif-
ferences in the pattern of spatial association of CBs with
the nucleolus were found among the distinct types of TGN.
Thus, the proportion of nucleolus-attached CBs was sig-
nificantly higher in large neurons than in small ones (63%
vs. 27%, Table 1). On the other hand, direct examination
of immunostained TGN clearly showed that the nucleolar
size was lower in multinucleolated than in mononucleo-
lated neurons (Fig. 4A–C).

Neuronal CBs exhibit structural
heterogeneity and different patterns of

association with other nuclear organelles

The ultrastructural organization of CBs and their spa-
tial relationships to other nuclear organelles are also is-
sues of considerable interest. In all types of TGN, most
CBs were composed of both granules and dense coiled
threads and an intervening lower density matrix (Fig.
5A–E), as previously reported in other neuronal types
(Kinderman and LaVelle, 1976; Hervas et al., 1980; La-

farga et al., 1983). An important structural variation was
the occurrence in a few neurons of a segregated CB with a
separated mass of dense fibrillar material. This type of CB
variant was sometimes in close proximity to the nucleolar
surface, and the segregated mass seemed to be a portion of
the dense fibrillar component of the nucleolus extruded
from the nucleolar surface and incorporated into the CB
(Fig. 5B). A second variant was a bipartite CB that con-
sisted of a typical CB accompanied by a juxtaposed mass
of homogeneous texture and lower electron density (Fig.
5E).

Regarding the spatial relationships of CBs with other
nuclear organelles in TGN, the ultrastructural analysis
confirmed the frequent occurrence of CBs attached to the
nucleolar surface, particularly in the large neurons. The
dense coiled threads of these CBs were in direct continuity
with portions of the dense fibrillar component of the nu-
cleolus at the nuclear periphery (Fig. 5A,B). Apart from
the nucleolus, CBs were frequently observed in close prox-
imity to IGCs or even partially surrounded by them (Fig.

Fig. 3. Squash preparation of isolated trigeminal ganglion neurons immunostained with the anticoi-
lin antibody. Cajal (coiled) bodies (CBs) are intensely labeled and stand out against the diffuse nucleo-
plasmic staining. Note a large neuron (l) with three prominent CBs and medium (m) and small (s)
neurons containing a single CB. Scale bar 5 20 mm.
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5C). Associations of CBs with nuclear rods formed by
densely packed microfilaments were also observed (Fig.
5D). Another association of the CBs was with a distinct
nuclear body composed of an aggregate of fine coiled
fibrils, approximately 20 nm in diameter. This nuclear
body, of smaller size and lower electron density than the
CB, was sometimes found near the CB but never in direct
continuity with it (Fig. 5D).

Molecular characterization of CBs in
trigeminal ganglion neurons

Next, we examined by immunofluorescence and confocal
laser microscopy the distribution of molecular constitu-
ents of CBs in the different types of TGN. Our results
indicated that CBs concentrated components characteris-
tic of mature CBs in the three types of neurons. Thus,
double-labeling experiments showed a strong colocaliza-
tion of coilin with fibrillarin, DNA topoisomerase I, SMN
and its associated protein SIP 1, and snRNPs in all CBs
analyzed (Fig. 6A–O). Gemini of CBs or gems independent
of CBs (Liu and Dreyfuss, 1996) were not detected with
the anti-SMN or anti-SIP1 antibodies. To investigate the
ultrastructural localization of CB components, immuno-
electron microscopy was performed by using antibodies

directed against coilin, U2B0, a splicing snRNP protein
that is known to be highly concentrated in CBs (Carmo-
Fonseca et al., 1992), and fibrillarin. With the anticoilin
antibody, the results showed that both nucleolus-attached
and free CBs were strongly decorated with gold particles,
particularly on the dense coiled threads (Fig. 7A–C). In
the segregated form of CBs, gold particles decorated the
coiled threads and the border of the dense fibrillar masses
but not their insides (Fig. 7D). Similarly, the U2B0 anti-
body immunostained CBs, excluding the segregated por-
tion of dense fibrillar material (Fig. 7E,F). Immuno-gold
detection of fibrillarin revealed the typical pattern of dis-
tribution on the dense fibrillar component of the nucleolus
and coiled threads of normal CBs (Fig. 7G). Interestingly,
fibrillarin was highly concentrated on the dense fibrillar
masses of segregated CBs (Fig. 7I), supporting the view
that these masses are portions of the dense fibrillar com-
ponent of the nucleolus extruded from the nucleolar sur-
face. However, fibrillarin was conspicuously absent on the
juxtaposed part of homogeneous texture and lower elec-
tron density of bipartite CBs (Fig. 7H).

The organization of nuclear speckles
containing snRNP splicing factors is related

to neuronal body size

Having established that the number of CBs per neuron
increases as a function of neuronal body size, we next
examined the organization of the IGCs in the different
types of TGN by electron microscopy (Fig. 8). The IGCs
appeared composed of closely packed interchromatin
granules, 20–25 nm in diameter (Fig. 9A). Within a given
IGC, the distribution of the interchromatin granules was
not homogeneous and areas with different degrees of ag-
gregation were seen. In addition, some IGCs exhibited
small aggregates of dense fibrogranular material, ranging
in size from 85 to 150 nm, which were intermingled with
the interchromatin granules (Fig. 9B).

By direct examination of ultrathin sections, different
patterns of organization of IGCs were seen in the three
types of TGN. Thus, cell nuclei of large neurons, charac-
terized by their prominent nucleoli and a dispersed chro-
matin configuration, showed several very small IGCs in
ultrathin sections (Fig. 8A). In medium neurons, a few
well-defined IGCs of larger size were clearly distinguish-
able from the nucleoplasm (Fig. 8B), whereas the largest
IGCs were frequently observed in small neurons (Fig. 8C).
Because IGCs are the ultrastructural counterpart of the
nuclear speckles enriched in pre-mRNA splicing factors
(for review see Spector, 1993; Lamond and Earnshaw,
1998), we next investigated whether the different organi-
zation of IGCs in the three neuronal types correlates with
the distribution of the snRNPs splicing factors immuno-

TABLE 1. Percentage of Neurons With Single or Multiple Nucleoli (No)
and With Free or Nucleolus-Attached CBs in the Different Types of TGN1

Number of nucleoli (No) Cajal bodies (CBs)

Neuron
size

% 1
No

% 2
No

% 3
No

% 4–6
No

% Free
CBs

% No-attached
CBs

Small 14 41 32 13 73 27
Medium 37 43 16 4 47 53
Large 66 29 5 — 37 63

1P , 0.001. Both the number of nucleoli and the spatial distribution of CBs are
dependent on neuronal body size.

Fig. 4. Distribution of nucleoli and Cajal bodies (CBs) in the three
cell-size types of trigeminal ganglion neurons (TGN). A–C: Represen-
tative examples of large (A), medium (B), and small (C) neurons
immunostained with the antifibrillarin antibody. Both nucleoli and
CBs appear specifically labeled. Note the presence of a single, large
nucleolus and three CBs in the large neuron (A), two nucleoli and a
CB in the medium neuron (B), and three nucleoli and a CB in the
small neurons (C). D: Distribution of nucleoli and CBs in the three
types of TGN. Bars represent means 6 standard deviation of the
mean. Significant differences were detected when the number of nu-
cleoli or CBs per cell was compared among the three types of TGN
(large vs. small neurons, P , 0.001; large vs. medium neurons and
medium vs. small neurons, P , 0.05). Scale bar 5 5 mm for A–C.
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stained with the anti-U2B0 antibody. In large neurons,
snRNPs were diffusely distributed in extensive nucleo-
plasmic areas, in addition to being localized in small ir-
regular speckles and CBs (Fig. 10A). By contrast, a few
larger nuclear speckles appeared intensely immuno-
stained with the anti-snRNPs antibody in medium and
small neurons (Fig. 10B,C).

DISCUSSION

We have taken advantage of the cell size heterogeneity
of TGN to address the question of a possible relationship
between neuronal body size and organization of both nu-
cleoli and pre-mRNA splicing machinery in these cells. In
summary, our results indicate that neuronal body size

Fig. 5. Electron photomicrographs of Cajal bodies (CBs) attached
to the nucleolus (A,B) and spatially related to other nuclear structures
(C–E). A: The dense coiled threads of this CB (arrow) are in direct
continuity with the dense fibrillar component at the nucleolar surface.
Note the typical reticulated configuration of the nucleolus with its
granular and dense fibrillar components. B: A CB (arrow) appears
with a segregated mass of dense material (asterisk) in close proximity

to the nucleolar surface. C: This CB is partially surrounded by a
cluster of interchromatin granules (ig). D: Associations of a nuclear
rod (arrow) and a smaller nuclear body (asterisk) with a typical CB. E:
Bipartite CB composed of a larger portion of both granules and coiled
threads and a juxtaposed part of amorphous lower density material
(asterisk). Scale bar 5 1 mm for A,B; 3 mm for C–E.
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Figure 6 (Overleaf)
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correlates with the number of nucleoli and CBs per neu-
ron, with the pattern of association between these two
nuclear organelles, and with the compartmentalization of
splicing snRNPs within the cell nucleus. Moreover, our
flow cytometric analysis indicates that TGN are diploid
cells, ruling out the variations in the DNA content as a
determinant mechanism of different neuronal body sizes.
Because cell size is positively related to transcriptional
activity in CNS neurons and in other diploid cell types
(McIlwain, 1991; Sato et al., 1994; Schmidt and Schibler,
1995), we suggest that the level of transcriptional activity
plays a key role in the organization pattern of nucleoli,
CBs, and pre-mRNA splicing machinery in the different
types of TGN.

The number of nucleoli is inversely related
to the neuronal body size

Squash preparations of TGN immunostained with the
antifibrillarin antibody provide a simple reliable method
of counting the exact number of nucleoli per cell in the
entire neuronal nucleus. Our results show that neuronal
body size is related to the mean number of nucleoli per
cell, resulting in a significant increase in the frequency of
mononucleolated cells in large neurons compared with
medium and small neurons.

It is well known that the maximum number of nucleoli
per cell is determined by the number of chromosomes
carrying ribosomal RNA genes (McClintock, 1934). These
genes are arranged in tandem repetitions at the chromo-
somal nucleolar organizer regions (NORs), each of which
may direct the formation of a nucleolus (for a review, see
Schwarzacher and Wachtler, 1993). Previous genetic stud-
ies have demonstrated that diploid cells of the rat have six
NORs (Kano et al., 1976) and our flow cytometric analysis
of DNA content indicates that TGN are diploid cells, re-
sulting in a theoretical maximum number of six nucleoli
per neurons. The lower number of nucleoli found in TGN
may be explained by the fusion of NORs and nucleoli
during neuronal differentiation, giving rise to nucleolus
carrying more than one NOR. Thus, a progressive de-
crease in the number of nucleoli has previously been dem-
onstrated during differentiation of several neuronal types
(Buschmann and LaVelle, 1981; Crespo et al., 1988; La-
farga et al., 1995; Hatton and von Bartheld, 1999) and
nonneuronal cells (Schwarzacher and Wachtler, 1993).
The degree of NOR association is also dependent on the
duration of cell cycle, and nondividing cells such as mam-
malian neurons display only one or a few nucleoli
(Schwarzacher and Wachtler, 1993). Importantly, the
present results in TGN indicate that the fusion pattern of
NORs in a single or multiple nucleoli is also related to
neuronal size, with the highest tendency of NORs to fuse
being in large neurons. This fact raises the possibility that

the fusion behavior of NORs might be regulated by the
transcriptional activity of maturing neurons. This would
result in the predominance of a single nucleolus in large
neurons (higher transcriptional activity) and of multiple
nucleoli in small neurons (lower transcriptional activity).
Several lines of investigation indicate that cellular size is
positively related to transcriptional activity and large
cells accumulate more RNA per unit of DNA than smaller
cells to support their greater size and cellular activity
(McIlwain, 1991; Sato et al., 1994; Schmidt and Schibler,
1995). In particular, the accumulation of ribosomes pro-
duced by nucleolar transcription (Hadjiolov, 1985), to-
gether with protein concentration, are thought to be the
main determinants of cell volume (Macknight, 1988;
Schmidt and Schibler, 1995). In this context, the forma-
tion of only one nucleolus in the majority of large TGN
may be an adaptive cellular mechanism to facilitate the
recruitment of active ribosomal genes and the molecular
machinery for rRNA transcription and processing in a
unique nuclear domain. This process might increase the
efficiency of the ribosome biogenesis.

The number of CBs and their relationships
with the nucleolus correlate with neuronal

body size

Our quantitative analysis of the number of CBs in TGN
shows that the number of CBs significantly increases from
small to large neurons. This finding indicates that the
formation of CBs is directly related to the neuronal body
size and also supports that CBs are transcription-
dependent nuclear organelles. This interpretation is con-
sistent with the observation that CBs are more abundant
in rapidly growing and stimulated cells in cultures (for
reviews, see Lamond and Carmo-Fonseca, 1993; Spector,
1993). Similarly, in supraoptic nucleus neurons in vivo,
the neuronal body size and the number of CBs increase
after a sustained up-regulation of transcription induced
by chronic osmotic stimulation (Modney and Hatton, 1989;
Lafarga et al., 1991). On the contrary, the number of CBs
decreases in supraoptic neurons when transcriptional ac-
tivity is dramatically inhibited during the early neuronal
response to osmotic stress (Lafarga et al., 1998). Addi-
tional data supporting the dynamic nature of CBs come
from the observation that the disruption of transcription
and rRNA processing induced by axotomy is associated
with a substantial reduction in the number of CBs (Hag-
gar, 1957; Clark et al., 1991). This reduced incidence of
CBs after axotomy is accompanied by nucleolar changes
that are similar to those observed during experimental
rRNA down-regulation in other cell types (Clark et al.,
1991). Although the functions of CBs are not completely
understood, the high concentration of splicing snRNPs
and some nucleolar proteins in CBs has led to the sugges-
tion that they play a main role in the biogenesis, trans-
port, or recycling of splicing factors and some nucleolar
constituents (for reviews, see Carvalho et al., 1999; Ma-
tera, 1999; Sleeman and Lamond, 1999). In this context,
the variations in the number of CBs observed in TGN may
possibly be related to distinct requirements of pre-mRNA
splicing factors and ribosome biogenesis in these neurons,
depending on cell size and metabolic activity.

The present study shows differences not only in the
number of CBs but also in their frequency of association
with the nucleoli in the three cell types of TGN, with the

Fig. 6 (Overleaf). Confocal microscopy images representative of
trigeminal ganglion neurons (TGN) double stained with coilin and
fibrillarin (A–C), coilin and DNA topoisomerase I (D–F), coilin and
survival motor neuron protein (SMN) (G–I), coilin and SMN-
interacting protein 1 (SIP1) (J–L), and coilin and U2B99 (M–O). Coilin
colocalizes with the other studied components in all Cajal bodies. Note
the staining of the nucleolus with the antifibrillarin (B) and anti-DNA
topoisomerase I antibodies (E) and the staining of the nuclear enve-
lope with the anti-SMN antibody (H). Scale bar 5 5 mm for A–O.
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large type exhibiting the highest proportion of nucleolus-
attached CBs. This association has been reported in many
neuronal types at light and electron microscopy levels

(Hardin et al., 1969; Kinderman and LaVelle, 1976; La-
farga et al., 1983; Raska et al., 1990; Peters et al., 1991;
Janevski et al., 1997) and is mediated by direct continuity

Fig. 7. Immunoelectron localization of coilin (A–D), small nuclear
ribonucleoproteins (snRNPs) (E,F) and fibrillarin (G–I) in Cajal bodies
(CBs) of trigeminal ganglion neurons. A–D: With the anticoilin anti-
body a high density of immuno-gold particles specifically decorated
the dense coiled threads of CBs. In A, an extensive portion of the CB
is directly apposed on the dense fibrillar component of the nucleolus,
whereas the CB of B maintains a minimal connection with this nu-
cleolar component (arrowheads), and the CB of C appears free into the
nucleoplasm. D illustrates a segregated CB with a dense fibrillar
mass containing a small pale area. The inside of this mass is devoid of

coilin immunolabeling. E,F: Coiled threads of CBs immuno-gold la-
beled with the anti-U2B99 antibody. In F, the segregated dense mass
(asterisk) is devoid of immunolabeling. G–I: Nucleolar and CB distri-
bution of fibrillarin. In G, the dense fibrillar component of the nucle-
olus (f) and the coiled threads of the nucleolus-attached CB appear
stained with the antifibrillarin antibody. The image in H shows a
bipartite CB with gold-labeled coiled threads and unlabeled amor-
phous mass (asterisk). In I, the prominent dense mass (asterisk) of a
segregated CB is decorated with gold particles of fibrillarin immuno-
labeling. Scale bar 5 0.3 mm for A–I.
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between the dense coiled threads of CBs and the dense
fibrillar component of the nucleolar periphery. The struc-
tural link between CBs and nucleoli, as well as our previ-

Fig. 8. Electron photomicrograph of the cell nucleus from a large
(A), medium (B), and small (C) trigeminal ganglion neurons. The
nucleus of A shows a prominent nucleolus with an associated Cajal
body (CB) (arrow), extensive areas of dispersed chromatin, and small
interchromatin granule clusters (IGCs) (arrowhead). In B, the smaller
nucleus displays two nucleoli, a free CB (arrow), and two large IGCs
(arrowheads). The image in C illustrates the nucleus of a small neu-
ron with two nucleoli and prominent IGCs (arrowheads). Scale bar 5
3 mm for A–C.

Fig. 9. Detail of interchromatin granule clusters (IGCs) from me-
dium trigeminal ganglion neurons. A: An IGC uniquely composed of
closely packed interchromatin granules. B: This IGC contains several
small dense aggregates that appear intermingled with the granules.
Scale bar 5 0.3 mm for A,B.

260 E. PENA ET AL.



ous observation of a perinucleolar accumulation of CB
precursors after inhibition of transcription (Lafarga et al.,
1998), supports the view that CBs can be assembled at the
nucleolar surface in a transcription-dependent manner.
That the association of CBs with the nucleolus may reflect
dynamic interactions between both organelles is also sug-
gested by the accumulation in CBs of typical nucleolar
constituents, such as the proteins fibrillarin (Raska et al.,
1990; present results), Nopp 140 and NAP57 (Meir and
Blobel, 1994), and the U3 and U8 snoRNPs, all of them
involved in pre-rRNA processing (for a review, see Gall,
2000). In this scenario, the higher number of CBs and
their frequent associations with the nucleolus observed in
large TGN could certainly facilitate the targeting to the
nucleolus of basic constituents of the pre-rRNA processing
machinery in neurons with high cytoplasmic require-
ments for ribosome biogenesis.

Structural and molecular organization
of CBs

The present immunocytochemical results indicate that
CBs have similar composition and contain basic constitu-
ents of mature CBs in all types of TGN. Such components
include the CB marker coilin, the nucleolar proteins fibril-
larin and DNA topoisomerase I, and snRNPs involved in
the splicing of pre-mRNAs. Furthermore, the SMN pro-
tein and its associated factor SIP1 always colocalize with
coilin in all CBs examined. The SMN is encoded by the
survival motor neuron gene, which is mutated in approx-
imately 98% of the patients with spinal muscular atrophy
(Lefebvre et al., 1998). Recent experimental evidences in-
dicate that the SMN protein is involved in the cytoplasmic
assembly of snRNPs (Fisher et al., 1997) and might also
participate in nuclear snRNP function (for a review, see
Matera, 1999). Originally, the SMN protein was localized
in distinct nuclear bodies called Gemini of CBs or gems
due to their close association with CBs (Liu and Dreyfuss,
1996). However, there has been some controversy over
whether gems and CBs colocalize or exist as independent
nuclear bodies (for a review, see Young et al., 2000). In the
present study, SMN and SIP1 are always localized in CBs
of TGN, as occurs in other cell types (Bechade et al., 1999;
Carvalho et al., 1999; Matera, 1999; Young et al., 2000).
This colocalization is consistent with our previous results
(Carvalho et al., 1999) indicating that in the biogenesis
pathway of splicing snRNPs there is a nuclear flux of
snRNPs, accompanied by the SMN protein, through the
CBs.

Regarding the ultrastructural organization of CBs, the
majority of CBs in trigeminal ganglion neurons present
the typical morphology of dense coiled threads (Kinder-
man and LaVelle, 1976; Hervas et al., 1980; Lafarga et al.,
1983; Clark et al., 1990), in which coilin, fibrillarin, and
snRNPs appear concentrated by immunoelectron micros-
copy (Raska et al., 1990; Lafarga et al., 1998; present
results). However, the molecular composition of the sec-
ond structural component of the CB, the intervening lower
density matrix, remains to be clarified.

Independently of the neuronal type, we have found two
structural CB variants in a few CBs: segregated and bi-
partite CBs. Concerning the segregated CB, the present
study indicates that its dense segregated mass has a fine
structure and composition very similar to that of the dense
fibrillar component of the nucleolus, as indicated by the
high concentration of fibrillarin in both structures. Re-

Fig. 10. Confocal microscopy images of representative large (A),
medium (B), and small (C) trigeminal ganglion neurons immuno-
stained with the anti-U2B99 antibody for the demonstration of small
nuclear ribonucleoproteins. The cell nucleus of the large neuron (A)
shows two intensely labeled Cajal bodies (CBs) and a diffuse nucleo-
plasmic labeling. In the medium neuron (B), prominent nuclear speck-
les with two associated CBs appear intensely labeled around the
unstained nucleolus. The image in C illustrates a small neuron with
a large CB and prominent irregular speckle domains intensely immu-
nostained. Scale bars 5 10 mm for A–C.

261ORGANIZATION OF NUCLEOLI AND CAJAL BODIES IN NEURONS



cently, there is some controversy over whether CBs can
emerge from the nucleolus or fuse to it (for reviews, see
Matera, 1999; Sleeman and Lamond, 1999). However, in
the case of segregated CBs, the structural and molecular
similarities between the dense segregated mass of the CB
and the fibrillar component of the nucleolus, along with
our observation of these CBs attached to the nucleolus,
support the view that some CBs can bud off the nucleolar
surface and move into the nucleoplasm. The second vari-
ant of CBs is a bipartite CB that in addition to the coiled
threads has an associated mass of low density amorphous
material, which lacks basic constituents of the coiled
threads such as coilin, fibrillarin, and snRNPs. We have
reported this type of CB in supraoptic neurons (Lafarga et
al., 1998), and the molecular characterization of the jux-
taposed mass of amorphous material remains to be estab-
lished.

The organization of the splicing machinery
is related to neuronal body size

Our immunocytochemical study of the localization of
snRNPs with the anti-U2B0 antibody shows small speckle
domains and a more diffuse nucleoplasmic distribution of
splicing snRNPs in large neurons, in comparison with
small and medium neurons, in which a few larger nuclear
speckles appear. The distinct localization patterns of
snRNPs observed in the different types of TGN are in total
agreement with the cell-size variations in the distribution
of IGCs detected by electron microscopy analysis. In addi-
tion, we have identified structural subdomains formed by
small aggregates of dense fibrogranular material in some
IGCs. Similar aggregates have been reported during mat-
uration of facial neurons (Jones and LaVelle, 1986). Al-
though we have not investigated the molecular constitu-
ents of these subdomains, they are likely related to the
subspeckles enriched in certain splicing factors recently
reported in culture cells by immunofluorescence (Mintz
and Spector, 2000).

Several lines of investigation indicate that IGCs repre-
sent the ultrastructural counterpart of the nuclear speck-
les enriched in components of the pre-mRNA splicing ma-
chinery (for reviews, see Spector, 1993; Lamond and
Earnshaw, 1998; Mintz et al., 1999). IGCs contain little to
no DNA, and they are not nuclear domains of active tran-
scription (for a review, see Spector, 1993). By visualizing
the nuclear dynamic of the splicing factor ASF fused to
GFP in living cells, Misteli et al. (1997) have demon-
strated that nuclear speckles are dynamic depots impli-
cated in the supply of splicing factors to active sites of
transcription. The close relationship between the organi-
zation of nuclear speckles and the transcriptional activity
is also supported by experimental studies indicating that,
in actively transcribing cells, splicing factors are predom-
inantly dispersed throughout the nucleoplasm; and these
factors relocate in a few large speckle domains in poorly
transcribing cells or after inhibition of either transcription
or splicing (for reviews, see Spector, 1993; Zeng et al.,
1997: Berciano et al., 1999). In this scenario, the predom-
inantly diffuse distribution of snRNPs in large TGN may
reflect that in neurons with high transcriptional activity a
great proportion of splicing snRNPs are recruited at active
transcription sites throughout the dispersed euchromatin
domains. By contrast, in small and medium TGN, with
lower transcriptional activity, a considerable amount of
snRNPs remain stored in nuclear speckle domains or

IGCs. In fact, we have recently demonstrated that the
transcription factor c-Jun localizes in euchromatin do-
mains of TGN but is conspicuously absent in nuclear
speckles (Pena et al., 2000). We conclude that the nuclear
compartmentalization of splicing snRNPs and the organi-
zation of IGCs in TGN is cell size-dependent and is related
to the transcriptional activity of these cells.
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