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ABSTRACT The structural and functional organization of
the cell nucleus has been investigated using three-dimensional
reconstruction, immunoelectron microscopy, and high-resolu-
tion in situ autoradiography. Nuclear regions enriched in small
nuclear ribonucleoprotein particles (snRNPs) form a reticular
network within the nucleoplasm that extends between the nu-
cleolar surface and the nuclear envelope. The snRNPs occupy
~18% of the volume of CHOC 400 cell nuclei. The in situ sites
of DNA replication and transcription are complementary to,
rather than coincident with, the nuclear regions concentrated in
snRNPs. Based on these data a three-dimensional model of the
organization of the mammalian cell nucleus is presented.

While the cell nucleus serves as the repository of the cell’s
genome, little information is available about the spatial
organization of functional components within this organelle.
During the interphase portion of the cell cycle, transcription
of genes is turned on and off at precise times, DNA is
replicated and pre-messenger ribonucleic acid (pre-mRNA)
molecules, coding for specific proteins, are processed and
transported through the nucleoplasm to the nuclear pores

where they are extruded into the cytoplasm as messenger .

ribonucleoprotein particles. However, relatively little is
known about the precise nuclear locations in which these
events take place.

Intracellular spatial organization within biological systems
is a central factor influencing function at various levels. A
striking example of spatial organization is seen in the syn-
cytial blastoderm stages of Drosophila embryogenesis (1, 2).
During this stage of development, the Drosophila embryo is
a single cell containing hundreds of nuclei. It has been shown
that the spatial distribution of nuclei influences their subse-
quent cellularization and developmental fate. Furthermore,
Drosophila polytene chromosomes have been differentially
stained with vital dyes and in conjunction with optical
sectioning methods it has been shown that these chromo-
somes are closely associated with the inner surface of the
nuclear membrane and contact the membrane at specific sites
(3-6). The cytoplasm represents a strong precedent where
processes are organized within membrane-bounded compart-
ments such as mitochondria, lysosomes, the Golgi apparatus,
and the endoplasmic reticulum. At the cytoplasmic organelle
level there is evidence suggesting that cytoplasmic microtu-
bules are involved in determining cell polarity (7), influencing
the distribution of other cytoskeletal components (microfil-
aments, intermediate filaments), and generally in organizing
the cytoplasm (8-11). Although the nucleus has no mem-
brane-bounded compartments, it may also be organized into
functional domains that have for the most part heretofore
been undefinable.
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A new set of organizational criteria that differentiates
functional compartments within the nucleus may be needed.
One of the most noteworthy examples of the relationship
between spatial organization and cell function is represented
by the nucleolus, which is a distinct biochemical and struc-
tural entity within which ribosomal genes and their products
are sequestered from the rest of the genome and nucleo-
plasm. Within this highly specialized non-membrane-
bounded region of the nucleus ribosomal gene transcription,
ribosomal RNA processing, and preribosomal particle for-
mation occur (12). However, analogous nuclear compart-
mentalization of events or processes involving transcription
by RNA polymerases II or III or processing of their tran-
scripts has not yet been demonstrated. Recently, experimen-
tal evidence for a nonrandom distribution of mRNA mole-
cules in the cytoplasm has been presented (13). In the present
study I have used specific probes and three-dimensional (3-D)
reconstruction techniques to identify subnuclear regions as-
sociated with transcription, DNA replication, and pre-mRNA
processing. Based on these results I propose a model for the
structural and functional organization of the mammalian cell
nucleus.

MATERIALS AND METHODS

Cell Culture. CHOC 400 cells obtained from Nicholas
Heintz (University of Vermont College of Medicine) were
grown on glass coverslips or in 35-mm-diameter Petri dishes
in Dulbecco’s modified Eagle’s medium (GIBCO)/10% fetal
bovine serum.

Immunofluorescence. Cells were prepared for immunoflu-
orescence microscopy by published procedures (14). Anti-
Sm primary antibody (14, 15) was used at a dilution of 1:250
and fluorescein isothiocyanate conjugated goat anti-mouse
IgG (Cappel Laboratories) was used at a dilution of 1:30 for
1 hr at 20°C.

Immunoelectron Microscopy. Cells were prepared for
immunoelectron microscopy by previously published proce-
dures (14). Samples were examined in a Hitachi H-7000
transmission electron microscope operated at 60 or 125 kV.

3-D Reconstructions. For 3-D reconstruction cells were
incubated with 3-um-diameter lectin-coated (Con A) poly-
styrene spheres for 16 hr, fixed, and prepared for immuno-
electron microscopy (14). Serial sections were collected on
Formvar-coated slot grids and photographs were taken at 60
kV. Data were analyzed using a 3-D reconstruction program
with a Kontron image analysis system (IBAS) (Zeiss). Cells
that took up three to six spheres were selected for recon-
struction. The centers of the spheres in each section were
used to align the serial section micrographs before data were
entered into the computer program. Data were interactively
entered into the system by contouring structures on photo-
graphic prints with the use of a mouse. For each image the

Abbreviations: 3-D, three dimensional; pre-mRNA, pre-messenger
ribonucleic acid; snRNP, small nuclear ribonucleoprotein particle.
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nuclear envelope, immunostained regions, and nucleoli were
entered into the computer program in separate channels so
that is was possible to look at a reconstruction of the nuclear
envelope alone, of the immunostained regions, of nucleoli, or
of all of these structures combined. By using tilt and rotation
parameters images were reconstructed at various angles and
viewed as stereo pairs to obtain 3-D information.

In Situ Autoradiography. Cells were incubated with
[*H]thymidine (50 uCi/ml; 1 Ci = 37 GBq) or [*H]uridine (50
wpCi/ml) in culture medium for 2 min onice. Then the medium
was changed and the cells were incubated in prewarmed
medium (37°C) with the labeled compound for 30 sec at 37°C.
Cells were washed with medium containing unlabeled uridine
or thymidine at 1 mg/ml for two 5-min periods and fixed for
immunolabeling (14). Sections 0.5 um thick were attached to
precleaned Formvar-coated glass slides and a monolayer of
Iiford L4 emulsion was applied by the dipping method. Slides
were stored at 4°C and developed after 150 days’ exposure by
the elon gold latensification method (16). Sections were
examined in a Hitachi H-7000 transmission electron micro-
scope operated at 125 kV.

RESULTS

Several major classes (U1, U2, U4/U6, and US) of small
nuclear ribonucleoprotein particles (snRNPs) play a crucial
role in the processing of pre-mRNA molecules before the
latter are translocated out of the cell nucleus (for review, see
refs. 17 and 18). I have been interested in the 3-D distribution
of these particles within the cell nucleus and in their spatial
organization with regard to the in situ localization of the sites
of DNA replication and transcription. CHOC 400 cells im-
munostained and examined by immunofluorescence micros-
copy routinely exhibit 20-50 irregularly shaped immunoflu-
orescent speckles within each cell nucleus (Fig. 1a). Nucleoli
are not immunolabeled by these antibodies (Fig. 1a). Anti-
bodies that recognize proteins common to all major snRNP
particles (anti-Sm) as well as antibodies recognizing only Ul
(anti-RNP) or U2 specific proteins (anti-U2) or the 5'-
terminal 2,2,7-trimethylguanosine cap (m3G cap) structure of
the snRNAs localize to all of the speckles in a given nucleus
(20, 21). This immunostaining pattern has been observed in
cell nuclei irrespective of the fixative used (formaldehyde,
glutaraldehyde, methanol, acetone) and in unfixed cells that
have been permeabilized with Triton X-100 (data not shown).
This speckled staining pattern was observed in 20 cell or
tissue types.

On closer examination by immunoelectron microscopy
(Fig. 1b) it appeared that the speckled regions were not
isolated islands of immunoreactivity but were connected to
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each other, possibly forming a network or reticulum within
the nucleoplasm. In an earlier study I examined the relation-
ship of DNA to this nuclear reticulum using the fluorochrome
Hoechst 33258 and showed that the areas occupied by
snRNPs were exclusive of the areas of the nucleoplasm that
contained the bulk of DNA (22). The snRNP immunostaining
pattern is not sensitive to DNase I digestion. In contrast,
upon digestion with RNase A, snRNPs become diffusely
distributed throughout the nucleoplasm excluding the nucle-
oli (22). Since the nuclear speckles are present in cells that
have been treated with DNase and in cells that have been
permeabilized and immunolabeled without prior fixation, it is
unlikely that these speckles represent a soluble pool of
nuclear components trapped between areas of DNA. It
appears that these particles may be attached to, or may
themselves make up, a distinct interphase nuclear region
independent of the presence of DNA.

To examine the precise 3-D organization of snRNPs within
the constraints of the nuclear envelope, serial section immu-
noelectron microscopy was performed, and the cell nucleus
was reconstructed. Stereo pairs of a 3-D model of a recon-
struction from seventeen 100-nm serial sections that span the
entire cell nucleus are shown in Fig. 2. The nucleus appears
as aflattened structure, in the z axis, since it is from a cell that
had grown attached to a flat substrate. The cell is 3.5-4.0 um
thick. The distribution of snRNPs appears to extend between
the nucleolar surface and the nuclear envelope forming a
reticular network. The contact between the snRNP clusters
and the nucleolar surface may represent a fortuitous inter-
action resulting from the nucleolus being a barrier to the
extension of snRNP clusters. Alternatively, the nueleolar-
surface may in some way interact with componentssef the
snRNP network to anchor these structures within the nu-
cleoplasm.

Several portions of the snRNP network extend for a
significant distance in the z axis before connecting to an

" adjacent cluster to form structures that appear as columns

(Fig. 2 a and b, lower portion of the nucleus). This would
explain why in many immunofluorescent images, which are
focused in one focal plane, it sometimes appears that the
regions of the snRNP network are not connected. The
nucleoli (blue regions) appear to lie closer to the upper
surface of the nucleus where they attach to the nuclear
envelope (red or pink lines). If the cell is tilted in the y axis,
distinct connections of the snRNP reticulum to the nuclear
envelope are more easily observed (Fig. 2 ¢ and d). The black
regions between the pseudocolored structures within the
nucleus represent the localization of DNA and other nuclear
components. The nuclear volume occupied by snRNPs is
equal to 158 um? (18%), the nuclear volume occupied by the

Fic. 1. (a) Immunofluores-
cence localization of snRNPs
using an anti-Sm monoclonal an-
tibody (14). About 20-50 snRNP
clusters are present within the
cell nucleus. (x1050.) (b) Sec-
tion (0.5 um thick) of a CHOC
400 cell showing distribution of
snRNPs (anti-Sm antibody) by
immunoperoxidase staining. Ar-
rowheads point to speckles en-
riched in snRNPs that appear to "~ -
connect forming a network. The
nucleolus (No) and cytoplasm
(C) do not stain. (Section not
poststained; x2800.)
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nucleoli is equal to 140 um? (17%), and the remaining portions
of the nucleoplasm, which contain DNA and other nuclear
components, occupy 552 um? (65%).

I was next interested in identifying where the specific sites
of DNA replication and transcription were localized within
the cell nucleus in comparison to the regions in which the
snRNPs were concentrated. Eukaryotic chromatin has been
divided into two classes based on its state of condensation
during interphase (23). Heterochromatin is a form that is
condensed during interphase and, as such, is generally con-
sidered transcriptionally inactive. It is commonly localized in
a band around the nuclear periphery and around the nucle-
olus as well as in patches throughout the nucleoplasm (23).
Euchromatin is diffusely distributed throughout the inter-
phase nucleus (23). To identify the sites of DNA replication
CHOC 400 cells were labeled with [*H]thymidine. Using this
procedure to examine 200 cells, I have identified two auto-
radiographic patterns of DNA replication, a diffuse nucleo-
plasmic pattern (Fig. 3a), representing the replication of eu-
chromatin. and a primarily perinuclear and perinucleolar pat-
tern (Fig. 3b), representing the replication of heterochromatin.
Both of the autoradiographic patterns observed after
[*H]thymidine incorporation are complementary to, rather
than coincident with, the snRNP-enriched nuclear reticulum
supporting the light microscopy studies (22) showing DNA to
be absent from these nuclear regions.
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FiG. 2. Model of a 3-D recon-
struction of a CHOC 400 cell nu-
cleus showing the distribution of
snRNPs (yellow), nucleoli (blue).
and the nuclear envelope (red or
pink line around each section). (¢
and b) Stereo pair providing a
view from the bottom surface of
the cell looking up toward the cell
surface. (¢ and d) Stereo pair pro-
viding a view of the cell tilted in
the y-axis so that connections of
the snRNP clusters to the nuclear
envelope are more apparent.

Since the transcription and processing of RNA polymerase
II transcripts in Drosophila have been proposed to occur
simultaneously (24), I was interested in determining the
spatial relationship between the sites of transcription and the
localization of the snRNP-enriched reticulum within the
mammalian cell nucleus. To evaluate the sites of active
transcription, and compare them to the snRNP staining
region. cells were labeled with [*H]uridine for 30 sec prior to
fixation and immunolabeling. The short labeling period al-
lows labeling of ribosomal ribonucleic acid and pre-mRNA,
which have high turnover rates in the nucleus [#.,,, 15-180 min
(25)] but of virtually none of the snRNAs, which have a
half-life of several cell cycles (26). Similar to that found using
[*H]thymidine incorporation the [*H]uridine label was not
coincident with the snRNP-enriched nuclear reticulum (Fig.
3¢). The highest concentration of [*H]uridine labeling was
found over the nucleoli, and lesser amounts of label were
distributed within the nucleoplasm. In many instances auto-
radiographic grains appeared around the snRNP clusters
(Fig. 3¢, arrows) suggesting that transcription is not occurring
within these nuclear regions but may occur around them.

DISCUSSION
Using 3-D reconstruction techniques combined with immu-
noelectron microscopy. this study has provided information
concerning the in situ 3-D organization of components in-
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FIiG. 3. (a and b) Cells in the S phase (DNA replication) of the cell cycle at the time of labeling ([*H]thymidine) exhibit an autoradiographic
grain pattern that forms a fine meshwork throughout the nucleoplasm (a) or shows concentrations of grains in the nuclear periphery, perinucleolar
regions, and several patches within the central nucleoplasm (b). In both cases few grains appear over the immunostained regions (arrowheads).
(a, X3500; b, x4900.) (c) In all cells labeled with [*H]uridine the heaviest labeling was over the nucleoli, the site of ribosomal RNA synthesis.
Cells showed few autoradiographic grains over the immunostained regions (arrowheads), suggesting that the bulk of transcription is not
coincident with the snRNP-enriched nuclear regions. In many instances autoradiographic grains appeared around the snRNP clusters (arrows).

(Xx4200.)

volved in pre-mRNA splicing. I have shown that snRNPs are
concentrated in a reticular network that extends between the
surface of the nucleolus and the nuclear envelope. In addi-
tion, I have shown that the nuclear regions concentrated in
snRNPs are complementary to, rather than coincident with,
the sites of DNA replication and transcription. Based on
these data I propose the following model (illustrated in Fig.
4) for the organization of the mammalian cell nucleus. sn-
RNPs (orange structures) are distributed in a reticular net-
work that extends between the nucleolar surface (blue region)
and the nuclear envelope (gold region). The bulk of nuclear
DNA is distributed around these regions, but it is not
coincident with the snRNP clusters (for example, lavender
helices). Transcription of pre-mRN As takes place adjacent to
the snRNP clusters. The transcript may then extend into the
snRNP cluster as it is being transcribed (upper right black
arrowhead) so that RN A processing and transcription may be
concomitant processes. Alternatively, the transcript may be
complete before it enters the snRNP cluster (upper left black
arrowhead). The timing of transcript entry into the snRNP
cluster and/or the interaction of the transcript with the
snRNPs may be dependent on factors that may provide a
mechanism for posttranscriptional regulation of gene expres-
sion. The transcript may move through the snRNP network
to the nuclear envelope, during which time the various steps
involved in RNA processing would take place. Alternatively,
the transcript may take another pathway through the nucleo-
plasm, which has not yet been defined. After the events of
RNA processing are completed, the mature mRNA will leave
the nucleus through the nuclear pores (white arrowheads) as
a messenger ribonucleoprotein particle (pink structures).
The reticulum concentrated in snRNPs appears to form a
“‘framework’’ within which events involved in pre-mRNA
processing take place or from which they emanate. Since
filamentous structures such as actin or tubulin, which appear
to be involved in cytoplasmic architecture and organization
(8, 27), have not as yet been localized within these snRNP

clusters, it is unclear how this snRNP network is held
together or maintained within the nucleus. One might spec-
ulate that RNA-RNA or RNA-protein interactions are in-
volved, since the snRNP reticulum breaks up on incubation
with RNase; however, it is resistant to DNase and high salt
(2 M NaCl) extraction and is therefore present in nuclear
matrix preparations (22, 28, 29).

What is the function of this elaborate distribution pattern of
snRNPs? The snRNP reticulum may represent processing
sites of pre-mRNAs or pathways of pre-mRNAs which are
spliced as they are transported through the nucleoplasm to the
nuclear envelope. Data to support such a model come from the
fact that the network extends to and comes into direct contact
with the nuclear envelope-lamina (Fig. 2). A recent study using
in situ hybridization to localize Epstein-Barr virus RNA
transcripts in Namalwa cell nuclei has shown that transcripts
accumulate, forming a bright focus referred to as a ‘‘track’
within the nucleus (30) that extends toward the nuclear enve-
lope. Lawrence et al. (30) have proposed that the tracks
represent RNA transport pathways; however, because of the
nature of the studies it is difficult to distinguish whether these
tracks actually represent transport pathways or sites of accu-
mulation of viral message since transcripts of the gene exam-
ined accumulate in the cell nuclei (31), and essentially no RNA
was detected in the cytoplasm. It is possible that the tracks
represent a portion of the snRNP-enriched nuclear reticulum
described in this paper. Data presented here showing that the
sites of transcription are not coincident with the snRNP-
enriched nuclear reticulum raise the possibility that transcripts
may move from the site of transcription, adjacent to the
snRNP clusters, to the nuclear regions enriched in snRNPs
(Fig. 4, upper left black arrowhead) where they are processed.
This opens the possibility that factors may regulate or coor-
dinate the movement of pre-mRNAs into the snRNP cluster
and suggests an unusual mechanism of posttranscriptional
regulation of gene expression. Alternatively, the transcript
may loop into the snRNP-enriched nuclear region as it is being
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FiG. 4. Model of the 3-D organization of the mammalian cell
nucleus based on data presented here. snRNPs (orange structures)
are distributed in a reticular network extending between the nucle-
olar surface (blue region) and the nuclear envelope (gold region).
Fibrillar centers (green circles), fibrillar regions (white area), and
granular regions containing pre-ribosomal particles (green granules)
are observed within the nucleolus (blue region). The bulk of nuclear
DNA is distributed around the snRNP-enriched reticulum but is not
coincident with the snRNP clusters. Transcripts (black arrowheads)
may move through the snRNP network to the nuclear envelope or,
alternatively, they may take an as yet undefined pathway through the
nucleoplasm. After the events of RN A processing are completed, the
mature mRNA will leave the nucleus through the nuclear pores
(white arrowheads) as a messenger RNP particle (pink structures).

transcribed (Fig. 4, upper right black arrowhead). This second
possibility would be consistent with the data of Beyer et al.
(24) and of Beyer and Osheim (32) for Drosophila where it has
been proposed that transcription and RNA processing are
concomitant processes. It is also possible that the snRNP-
enriched nuclear region may represent a storage area for
snRNPs, which may leave these areas in immunologically
undetectable numbers and move to the sites of transcription
and/or RNA processing.

In a review of mRNA transport Webb et al. (33) suggested
that the RNP network observed in nuclear matrix prepara-
tions may serve as an assembly line or conveyor belt from the
gene to the vicinity of the nuclear pore and furthermore
suggested the possibility of related genes or gene families
directing their products (mRNAs) to specific nuclear pores.
In another hypothesis, nuclear pore complexes have been
proposed to function as ‘‘gene gating’’ organelles that con-
tribute to the organization of the 3-D structure of the genome
(34). This hypothesis suggests that nuclear pore complexes
serve as organelles, each of which interacts with one or more
specific genes, and transcripts from a gene will exit the
nucleus via the nuclear pore complex to which its gene is
gated. No data presently exist to support this hypothesis;
however, my findings that nuclear components involved in
pre-mRNA processing extend out to the nuclear periphery
are certainly compatible with such a model. It is possible that
nuclear pores are concentrated at the sites where the snRNP
network interacts with the nuclear envelope-lamina. In ad-
dition, since DNA in the nucleus is distributed around areas
that are enriched in snRNPs, another possibility is the idea
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that genes located adjacent to a particular region of the
snRNP network will have their pre-mRNAs processed at this
region of the snRNP network. This idea is particularly
exciting in light of the recent findings of Manuelidis and
Borden (19) who reported on the localization of specific
chromosomal domains in interphase nuclei of neurons and
glia using 3-D reconstructions of serial sections from in
situ-hybridized human central nervous system (CNS) tissue.
Using biotinylated probes to centromeric sequences (alphoid
repeats) these investigators showed that distinct cell popu-
lations organize their centromeric repeats in similar ways in
mouse and human CNS cells. If spatial organization of genes,
transcription, RN A processing, and nuclear transport exists,
this will have important consequences for gene regulation.
The further characterization of higher order organization of
functional regions within the cell nucleus will provide a
powerful approach by which to study cellular function.
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