tory bulb (five rats) (Fig. 2A).

Finally, attempting to dissociate the
f-EPSP changes from the exploratory be-
havior, we used radiant heat to bring the
brain temperature to the maximum value
that was obtained during exploration on the
previous day. By intermittent infrared heat-
ing, the brain temperature was kept just
above this temperature (Fig. 3A, middle).
In five of five rats, exploratory activity had
normal intensity under these conditions,
but no further change in the f-EPSP was
observed (Fig. 3A). Input-output tests (as
in Fig. 1B) showed that the lack of addi-
tional changes in the f-EPSP was not due to
a ceiling effect. In another series of exper-
iments, the brain was warmed before the
exploration. The magnitude of the explora-
tion-induced potential changes depended
on the increment in brain temperature and
disappeared altogether at a sufficiently high
starting temperature (Fig. 3B). Again, the
exploratory intensity was unchanged from
that of the control sessions. The dissocia-
tion of the exploratory behavior from the
f-EPSP changes argues against a causal re-
lation between the two processes.

Our results show a consistent relation
between the field potential parameters and
brain temperature, whether the latter is
changed by heat produced by muscle activ-
ity or by artificial warming. In essence, the
observed f-EPSP changes during explora-
tion appear to be caused primarily by an
increased brain temperature due to muscu-
lar heat production rather than by a learn-
ing-induced change in synaptic strength.
The results represent a caveat for the inter-
pretation that in freely moving rats changed
f-EPSPs are signs of altered synaptic effi-
ciency. They do not rule out the possibility
that f-EPSP changes are produced by learn-
ing but they do indicate that such changes
must be evoked independently of changes
in brain temperature that are induced by
activity, environment, or drugs.
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Higher Level Organization of Individual Gene
Transcription and RNA Splicing

Yigong Xing, Carol V. Johnson, Paul R. Dobner,
Jeanne Bentley Lawrence*

Visualization of fibronectin and neurotensin messenger RNAs within mammalian inter-
phase nuclei was achieved by fluorescence hybridization with genomic, complementary
DNA, and intron-specific probes. Unspliced transcripts accumulated in one or two sites per
nucleus. Fibronectin RNA frequently accumulated in elongated tracks that overlapped and
extended well beyond the site of transcription. Splicing appears to occur directly within this
‘RNA track, as evidenced by an unambiguous spatial separation of intron-containing and
spliced transcripts. Excised introns for neurotensin RNA appear free to diffuse. The tran-
scription and processing site of the fibronectin gene localized to the nuclear interior and
was associated with larger transcript domains in over 88 percent of the cells. These results
support a view of nuclear function closely integrated with structure.

The long-standing interest in the spatial
organization of transcription and splicing
within the interphase nucleus has been
heightened by several observations (1). Vi-
sualization by fluorescence microscopy of
highly localized nuclear “tracks” of specific
viral RNAs (2), preserved in chromatin-
depleted nuclear matrix extracts (3), indi-
cated that these RNAs are not free to
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diffuse but rather are assqciated with an
underlying nuclear substructure «(4). The
results of an autoradiographic study have
indicated that intron sequences in acetyl-
choline receptor mRNA preferentially lo-
calize around the nuclear periphery (5).
Total nuclear polyadenylate [poly(A)]
RNA has been shown to accumulate within
20 to 40 discrete “transcript domains” that
coincide with the location of small nuclear
ribonucleoproteins (snRNPs) (6, 7). These
snRNPs were previously reported to exhibit
a clustered nuclear distribution (8) coinci-
dent with the spliceosome assembly factor
SC-35 (9). The concentration of microin-
jected globin RNA within these 20 to 40




regions (10) contrasts with its marked lo-
calization to one or two nuclear sites, as
observed for several vital RNAs (2, 11) and
for c-fos RNA synthesized in vivo-(12).
Defined localization of an RNA suggests an
association with nuclear substructure. Us-
ing a combination of intron, cDNA, and
genomic probes for simultaneous RNA-
DNA hybridization, we have visualized the
intranuclear distribution of endogenous
RNAs, related this distribution to sites of
transcription and processing, and related
these sites to larger domains enriched in
poly(A) RNA and splicing factors.

We first studied the transcripts from the
inducible gene for a neuropeptide, neuro-
tensin, in PC-12 cells (13) by means of a
genomic probe spanning the 10-kb gene
(Fig. 1A). Approximately 4 hours after
induction, positive cells showed either one
(42%) or two (58%) distinct foci of intense
nuclear fluorescence (Fig. 2A) and a dif-
fuse, less intense signal often apparent
throughout the cytoplasm and nucleo-
plasm. Elongated tracks for neurotensin
nuclear RNA were not observed from any
orientation (Fig. 2). Neither the nuclear
nor cytoplasmic signals were detectable in
uninduced PC-12 cells. We also studied the
localization of RNA for the extracellular
matrix glycoprotein fibronectin (14) in rat
RFL-6 fibroblasts and L6 myoblasts with a
6.5-kb genomic probe (Fig. 1B). Up to 80%
of the nuclei showed one or two distinct
sites of intense hybridization, which is in-
dicative of accumulated fibronectin nuclear
RNA. This was confirmed by controls
showing that the hybridization was to RNA
(15). Interestingly, the fibronectin RNA
frequently accumulated in tracks (Fig. 2D)
up to 6 pm long that in some cells extended
through several planes of focus. Both the
length and orientation of the tracks with
respect to the x-y and z axes were highly
variable (16).

To investigate whether the concentrat-
ed RNA signals detected with genomic
probes represented unprocessed transcripts,
mature mRNA, or excised introns, we per-
formed in situ hybridization with intron-
specific and cDNA probes. When the same
labeling method was used on separate cell
samples, both cDNA and intron probes
hybridized to just one or two focal sites
within the nuclear interior (Fig. 2, B and
C). Two-color labeling experiments
showed that for both fibronectin (Fig. 2, E
and F) and neurotensin RNAs the cDNA
and intron probes hybridized to the same
nuclear foci, which indicates the presence
of unspliced transcripts.

Localized concentrations of specific nu-
clear RNAs could represent the site of any
rate-limiting step along the progression
from transcription to processing to translo-
cation through nuclear pores. To determine
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Fig. 1. Hybridization probes for neurotensin
and fibronectin RNAs. (A) Map of the rat neu-
rotensin gene (~10 kb). The black bars indi-
cate the hybridization probes, and the open
boxes indicate exons. Transcription starts 100
nucleotides upstream of the first exon. Eco Rl
(E), Bam HI (B), Hind Ill (H), and Sac | (S)
restriction sites are shown. The genomic probe
used in the initial hybridizations was a pool of
probes 1, 2, and 5. For detection of exons only,
a full-length cDNA clone for the 1-kb mRNA
(13) was used. (B) Map of the rat fibronectin
gene (~30 kb). The scale is marked in kilo-
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bases from the transcription initiation site. The black bars indicate the fibronectin probes and the
open boxes indicate exons. We subcloned the G1-4.9 and BBG-In probes to obtain 5’ flanking

and intron sequences devoid of exons.

whether fibronectin RNA accumulations
colocalized with the sites of transcription,
we examined the spatial relationship of the
gene and the RNA, focusing on fibronectin
RNA because of its more elongated RNA
track. This was accomplished by two-color
hybridization in situ with a 4.3-kb probe for
the nontranscribed 5’ sequence immediate-
ly flanking the fibronectin gene and a 6.5-
kb probe (Fig. 1B) for genomic DNA.
Using methods for precise registration of
different color fluorochromes (Fig. 3), we
found that the gene and the RNA focus or
track were spatially coincident (Fig. 3, A
and B). For 86% of the gene signals detect-
ed (n = 88), there was an overlap between
the gene and an RNA track. Furthermore,
in 88% of the RNA tracks the gene was
clearly positioned at or near one end. This
polarity was apparent even within focal
(nonelongated) accumulations of fibronec-
tin RNA (Fig. 3B). These results suggest
that RNA tracks form directly at the site of
transcription and indicate a structural po-
larity to the RNA formation with the gene
toward one end. Because the length of the
gene is below the resolution of the light
microscope and therefore produces just a

Fig. 2. Detection of neurotensin and fibro-
nectin RNAs as described (75). Neuro-
tensin RNA was detected in rat PC-12
cells 4 hours after induction (75), and
fibronectin RNA was detected in rat RFL-6
fibroblasts. (A) Neurotensin genomic
probe (Fig. 1A). One or two bright foci
(arrow) were observed in the nucleus of
positive cells, with less intense diffuse
nucleoplasmic signal. (B) Neurotensin in-
tron-specific probe 3 (Fig. 1A) showing
two foci, with dimmer, slightly punctate
fluorescence throughout the nucleoplasm
excluding the nucleolus. (C) Neurotensin

point signal of fluorescence (17), the longer
RNA formations observed do not represent
a “Christmas tree” of nascent transcripts
synthesized along the DNA template (as
has been identified for Drosophila melano-
gaster ribosomal DNA and amplified
chorion genes by electron microscopy) (18)
but rather an accumulation of many RNA
molecules that extend well beyond the di-
mensions of the gene.

The site of RNA processing and the
spatial relation between RNA processing
and transcription in mammalian nuclei are
not yet established (19). Hence, it was
important to discriminate between funda-
mentally different hypotheses to explain the
RNA accumulation at the site of transcrip-
tion; for example, the accumulation could
represent a buildup of newly synthesized
transcripts before transport elsewhere for
processing or it could represent an “assem-
bly line” of transcripts that undergo pro-
cessing at or near the transcription site.
Evidence for the latter hypothesis came
from two-color hybridization experiments
with ¢cDNA and intron probes by tech-
niques that allowed precise registration of
the two colors. Hybridization with the fi-

RNA exon-specific (cDNA) probe, showing one or two bright nuclear foci with less intense signal
also in the cytoplasm. (D) Fibronectin genomic probe C1A1 (Fig. 1B), showing highly elongated
nuclear RNA track of rat fibroblast. In this experiment there were one, two, or more than two intense
sites of hybridization in 55%, 40%, and 5% of nuclei, respectively. (E) Fibronectin RNA hybridized
with digoxigenin-labeled, intron-specific probe BBG-In (Fig. 1B) and detected with rhodamine. (F)
Fibronectin RNA hybridized with biotin-labeled, exon-specific cDNA probe SX19-3 (Fig. 1B) and
detected with fluorescein isothiocyanate (FITC)-avidin in the same cells shown in (E). Final
magnifications: (A), (B), and (C), x2000; (D), (E), and (F), x1800.
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Fig. 3. Location of fibronectin RNA tracks relative
to sites of transcription, splicing, and larger tran-
script domains. (A and B) Nuclear location of the
fibronectin gene and its primary transcripts
shown by dual-label hybridization on RFL-6 fibro-
blasts. Probe G1-4.9, which contains 4.3 kb of
nontranscribed 5’ flanking sequence of the rat
fibronectin gene, was labeled with digoxigenin
(red, rhodamine). The RNAs were visualized by
hybridization with a biotinylated C1A1 genomic
probe (green, FITC). Fixed cells were denatured
and hybridized as described (15). The photomi-
crograph in (A) was taken through a dual-band
filter that allows precise alignment of red and
green fluorescence (arrow denotes the gene
signal). The image in (B) was captured by a CCD
camera from separate filters superimposed and
aligned with multicolor fluorescence beads (low-
er right) as fiduciary markers. The inset shows
two additional examples. (C) Fibronectin gene
transcripts detected by the biotinylated intron
probe BBG-In (green, FITC) and by the digoxi-
genin cDNA probe SX19-3 (red, rhodamine). The
cDNA signal extended further than the intron
signal. (D) Reverse labeling to (C) (BBG-In,
digoxigenin, rhodamine; SX19-3, biotin, fluores-
cein). (E) Hybridization of probes for the same
sequence (C1A1) labeled with biotin and digox-
igenin show no color separation. Separate CCD
images of (F) both exon and intron, (G) intron,
and (H) exon show exon sequences that extend
through the whole track. (I and J) Location of the
fibronectin RNA tracks (arrows) or foci relative to
transcript domains visualized with antibodies to
SC-35 (9) in WI-38 fibroblasts. Digoxigenin-la-
beled 2-kb pFH-1 human cDNA probe is shown
in green and antibody to SC-35 is shown in red.
In our experiments, SC-35 did not react with rat
cells. (K) Fibronectin RNA tracks (green) relative
to transcript domains visualized by poly(A) RNA
hybridization with a biotinylated deoxy(T)ss
probe (red) (6). Final magnifications: (A), x1800;
(B), x2500; (C) through (K), x1800.

bronectin ¢cDNA probe produced signals
that formed longer tracks than those formed
with the intron probes in 84% of cells (Fig.
3, F to H). Within a single cell, the intron
signal was generally confined to a smaller
part of the track than the exon signals,
which thereby created the appearance of a
two-color track. This segmented track was
consistently observed with two different
analytical methods, one that used a single
filter set that allowed simultaneous visual-
ization of red and green with no optical
shift (20, 21) (Fig. 3, C and D) and a
second that used separate images captured
by a cooled CCD (charge-coupled device)
camera that were aligned and superimposed
(Fig. 3, F to H). In several control experi-
ments in which a single probe was labeled
in two colors, there was no separation of
the red and green signals (Fig. 3E). The
absence of intron sequences from a portion
of the focus or track defined by the cDNA
probe indicates that intron splicing occurs
within this accumulation of RNA. Further,
these results suggest that the splicing process
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is spatially ordered within the track (Fig. 4).

As initially observed with genomic
probes (Fig. 2, A and D), hybridization
with intron probes also produced a less
intense, slightly punctate fluorescence dis-
persed throughout the nucleoplasm, ex-
cluding the nucleolus. This was most clear
for neurotensin RNA (Fig. 2, A to O),
where two probes for different introns pro-
duced both bright foci and widespread dim
fluorescence in the nucleus with essentially
no label in the cytoplasm. This dispersed
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signal was not detected with cDNA probes
of similar size. The nucleoplasmic intron
signal was detectable only in induced cells
that expressed bright fluorescent foci of
neurotensin RNA (Fig. 2). Similarly, hy-
bridization with genomic or intron probes
for fibronectin RNA frequently showed
more nucleoplasmic staining (Fig. 2D), al-
though this was not found as consistently as
it was for neurotensin RNA, possibly for
technical reasons (22). For both RNAs, the

dimmer intron signal was distributed rela-



Fig. 4. Schematic model for the ordered assem-
bly of transcripts within the fibronectin RNA
track. This model suggests that transcripts at
different stages of processing are concentrated
in different areas along a processing track at
varying distances from the gene. During splic-
ing, the unprocessed transcripts do not appear
to be freely diffusing but rather may be physical-
ly associated with an insoluble nuclear substruc-
ture. A simplified version of the primary tran-
script is shown, with a single intron indicated in
white and exons indicated in green. The exon
probe used in these experiments is highlighted

with yellow to indicate its position 3’ to the intron probe (white). The schematic shows the RNA track
oriented with the intron-containing transcripts closest to the gene, although this has not been

directly demonstrated.

Fig. 5. Quantitative summary of the spatial relation between Poly(A)  SC-35
fipronectin RNA foci or tracks .and transcript domains. Opgn Completely coincident

circular structures represent signals from deoxy(T)gs hybrid- ) 8% 3%
ization or antibody staining of SC-35 domains. Patched areas

represent signals from pFH-1 hybridization to human W|-38  Partially overiapping % 2%
fibroblasts. Nuclei (n = 130) were scored by two independent

investigators. The first three categories represent different In contact

positional relations of tracks or foci that were associated (in COr 37% 42%
contact) with bigger transcript domains, totaling 88% for Separate

poly(A) RNA and 68% for SC-35. If tracks and domains did not e 2% 329%

appear to be in contact, they were scored as separate

(regardless of the distance between them). This analysis was
performed with optics (Zeiss Neofluor 100, 1.4 numerical aperture) that allow 0.5-pm Zz axis
resolution. In addition, several cells were serially sectioned in 0.2-um optical steps.

tively uniformly and did not concentrate
around the nuclear periphery, as reported
previously for some introns localized by
autoradiography (5). The apparent free dif-
fusion of intron sequences agrees with bio-
chemical fractionation and Northern
(RNA) blot analyses (23), which indicated
that excised introns are more abundant
than previously inferred in studies of deter-
gent-extracted cells. This is because the
introns are more easily extracted from the
nucleus, whereas the primary transcripts
and the processed mRNA remain insoluble
within the matrix fraction.

We next investigated the distribution of
fibronectin RNA relative to transcript do-
mains (6). Two different overlapping
probes were used to define such transcript
domains (6, 7): oligo(dT) to detect poly(A)
RNA and an antibody to the spliceosome
assembly factor SC-35 (9). Quantitative
analysis of >100 cells by direct microscopic
visualization through a dual-band filter
(Fig. 3, I and J) or by superimposed com-
puter images of optically sectioned cells
captured from a CCD camera (Fig. 3K)
showed a variable but nonrandom spatial
relation between fibronectin RNA foci or
tracks and the larger domains enriched in
SC-35 and poly(A) RNA. Approximately
88% of fibronectin RNA tracks or foci were
associated with poly(A) RNA-rich do-
mains, with the vast majority either partial-
ly overlapping or immediately juxtaposing
the domain (Fig. 5). Only a small fraction

of the tracks were completely within the
domain. The association of fibronectin
RNA with transcript domains is highly
specific (24). Although the pattern of co-
localization was similar to that of SC-35
(Fig. 3, I to K), the fraction of fibronectin
RNA tracks separate from a visible tran-
script domain increased from 12 to 32%
(Fig. 5). Consistent with the observation
that SC-35 forms a smaller inner core (6),
some tracks may overlap the periphery of
poly(A) domains without contacting the
SC-35 core. In five optically sectioned
cells, the fibronectin RNA accumulations
did not extend to the nuclear envelope but
were positioned in the same focal planes as
transcript domains, within the nuclear in-
terior. It remains to be determined how the
RNA track is oriented relative to the tran-
script domain and the nuclear envelope and
whether fibronectin gene transcription oc-
curs just within or immediately next to the
transcript domain.

By directly localizing the site of individ-
ual gene transcription and splicing and
their relation to larger poly(A)- and snRNP-
rich domains, we provide evidence for a
view of RNA metabolism as it relates to
nuclear structure within mammalian cells.
Allelic genes from homologous chromo-
somes are commonly both transcriptionally
active and spatially separate. Unprocessed
RNA molecules do not freely diffuse but
rather accumulate at the site of transcrip-
tion. The excision of introns occurs within
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this accumulation of RNA, and this may be
in “assembly line” fashion along a polarized
track that begins at the site of transcription
(Fig. 4). The order evident within the track
strongly suggests that the RNA is physically
associated with a nuclear substructure. In
contrast, excised introns for at least some
RNAs appear free to diffuse. Tracks of
fibronectin RNA, representing sites of both
transcription and splicing, partially overlap
or immediately juxtapose larger transcript
domains, which show a specific spatial con-
figuration within the nucleus (6). Although
some RNA transport is likely to occur along
this track, perhaps at the same time as
processing, our observation that fibronectin
RNA tracks or foci did not generally extend
to the nuclear envelope leaves open the
possibility that transport of mature mRNA,
which may be quite rapid, occurs along more
than one route or even by free diffusion.

Given the number, relative size, and
intensity of the signals for poly(A) RNA
domains versus the signals for specific
RNAs (25), it is likely that each transcript
domain reflects the transcription and pro-
cessing activity of several different genes. If
other active genes are found to be preferen-
tially positioned relative to these domains,
this may have profound implications for the
regulation of gene expression and the orga-
nization of the genome. The observed ac-
cumulation of c-fos transcripts near snRNP-
rich domains (12) is consistent with this
suggestion as are recent results of experi-
ments aimed at localizing primary tran-
scripts from several other genes (26).
Whether nuclear transcripts from a given
gene form a focus, track, or highly elongat-
ed track [as seen with certain viral RNAs
(3, 4)] may depend largely on the amount
of processing the primary transcript must
undergo and the efficiency with which both
processing and transport occur. In contrast
to microinjected precursor mRNAs, which
apparently can freely diffuse throughout the
nucleus (10), our data show that genes and
their precursor mRNAs synthesized in vivo
exhibit both higher level nuclear organiza-
tion as well as a functional association with
the underlying substructure.
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A Three-Dimensional View of Precursor Messenger
RNA Metabolism Within the Mammalian Nucleus

Kenneth C. Carter, Douglas Bowman, Walter Carrington,
Kevin Fogarty, John A. McNeil, Fredric S. Fay,
Jeanne Bentley Lawrence*

A quantitative three-dimensional analysis of nuclear components involved in precursor
messenger RNA metabolism was performed with a combination of fluorescence hybrid-
ization, immunofiuorescence, and digital imaging microscopy. Polyadenylate [poly(A)]
RNA-rich transcript domains were discrete, internal nuclear regions that formed a-ventrally
positioned horizontal array in monolayer cells. A dimmer, sometimes strand-like, poly(A)
RNA signal was dispersed throughout the nucleoplasm. Spliceosome assembly factor
SC-35 localized within the center of individual domains. These data support a nuclear
model in which there is a specific topological arrangement of noncontiguous centers
involved in precursor messenger RNA metabolism, from which RNA transport toward the

nuclear envelope radiates.

Nuclei of higher eukaryotic cells must
transcribe, process, and selectively trans-
port several major classes of RNA including

mRNA, ribosomal RNA (rRNA), tRNA,
and small nuclear RNA. The transcription
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and processing of IRNA are confined to the
nucleolus (1), but the subnuclear location
of metabolism for other RNA classes in-
cluding precursor mRNA (pre-mRNA) re-
mains unresolved (2-10). Recent evidence






