
Note added in p v o ~  Since submission of 
this manuscript, we have directly identified 
p70. IL-2 was cross-linked to [3H]mannose- 
labeled HUT-102B2 cells with a cleavable 
cross-linker, and 17A1 imrnunoprecipitates 
were subjected to electrophoresis on a two- 
dimensional nonreducing-reducing gel sys- 
tem. p70 was identified as a 65- to 77-kD 
doublet below the diagonal consistent with 
cleavage of a single IL-2 molecule. 
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Curvilinear, Three-Dimensional Motion of Chromatin 
Domains and Nucleoli in Neuronal Interphase Nuclei 

The term "nuclear rotation" refers to a motion of nucleoli within interphase nuclei of 
several cell types. No mechanism or function has been ascribed to this phenomenon, 
and it was unknown whether nuclear structures in addition to nucleoli participate in 
this motion. Moreover, it was unclear whether nuclear rotation occurs independent of 
concurrent motion of juxtanuclear cytoplasm. The work reported here presents 
quantitative evidence, for three-dimensional intranuclear, tandem motion of fluores- 
cently labeled chromatin domains associated with nucleoli and those remote from 
nucleoli. The results show that such motion is curvilinear, that it is not restricted to 
nucleoli, and, moreover, that it occurs independently of motion of juxtanuclear, 
cytoplasmic structures. These results suggest that this motion represents karyoplasmic 
streaming and its G c t i o n  is to transpose to nuclear pores those chromatin domains 
actively transcribed. 

OTION OF NUCLEOLI IN INTER- 

phase nuclei has traditionally 
been termed nuclear rotation 

(NR) (1-6). Initial, descriptive observations 
of rotary movements of nucleoli in nuclei of 
neurons (7, 8) were followed by quantitative 
analyses of NR in neurons by Pomerat et al. 
(9) and others (10). In nonneuronal cells, 
NR has been documented for human olfac- 

tory epithelial cells (11) and for several other 
cell types (5, 12-15). Results showed that 
rates of NR in cultured cells, defined by 
displacement of the nucleolus, range from 1 
revolution per minute in olfactory epithelial 
cells to 1 revolution per hour and slower 
rates in cultured neurons. No mechanism or 
functional significance has been assigned to 
this phenomenon. Furthermore, it was not 

Table 1. Comparison among representative translocation rates (T) and rotation rates (R) of nucleoli and 
of DAPI-stained fluorescent, nucleolus-associated and nonnucleolus-associated chromatin domains. 
Note absence of significant differences in rates (ANOVA, P > 0.05). Means 2 SEM; n = 6. 

--- - - - 

DAPI-stalned domains 
Nucleolus 

Nucleolus associated Nonnucleolus assoc~ated 

T R T R T R 
( ~ d m l n )  (degimin) ( k d m l n )  (deginun) ( k d m n )  (degimin) 

2 - 0  planar assay 
0.065 t 0.01 0.608 * 0.12 0.097 2 0.03 0.823 t 0.31 0.093 * 0.01 0.910 2 0.13 

3 - 0  dot-product assay 
0.093 t 0.01 1.632 t 0.27 0.070 * 0.01 1.872 rt 0.30 0.070 t 0.01 1.825 * 0.16 

known whether subnuclear structures other 
than nucleoli participate in the observed 
motion and whether NR occurs indepen- 
dently of concurrent cytoplasmic move- 
ment. 

We present here evidence for motion, in 
three dimensions, of DAPI (4,6-diamidino- 
2-phenylindo1e)-stained, fluorescent chro- 
matin domains in tandem with nucleoli 
(Fig. l ) ,  in interphase nuclei of dorsal root 
neurons (DRN) in vitro. Further, we pre- 
sent evidence that such motion occurs inde- 
pendently of concurrent motion of cytoplas- 
mic structures, including those in close 
proximity to the outer nuclear membrane. 

Linear displacements of nucleoli in DRN, 
derived from measurements of displacement 
of phase-dark nucleoli and analyzed in a 
two-dimensional (2-D) plane, occur at mean 
rates of 0.077 i 0.003 pmlmin (* SEM; 
n = 269; range, 0 to 0.39 pmimin), which 
correspond to mean apparent angles sub- 
tended at the center of spherical nuclei of 
0.746 +. 0.03 degimin (with a range of 0 to 
4.8 degimin) . 

Observation of NR on time-lapse cine 
film shows that phase-dense granules, dis- 
tributed throughout the nucleus, clearly 
move in tandem with nucleoli. To verify that 
these granules represent nuclear domains, 
and to quantify their motion, we used DAPI 
to vitally stain nuclei. We measured the 
location of intranuclear domains in seven 
neuronal nuclei, typically at intervals of 15 
to 30 minutes, over periods from 120 to 
420 minutes. The dynamics of nucleoli and 
DAPI-stained chromatin domains were es- 
sentially identical. For example, in the nucle- 
us shown in Fig. 1, the nucleolus, one 
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nucleolus-associated DAPI-stained domain, 
and one DAPI-stained domain clearly re- 
mote from the nucleolus, moved at mean 
rates of 0.065 + 0.01, 0.097 + 0.03, and 
0.093 + 0.01 pmlmin, respectively, with 
rates of movement of these three structures 
not differing significantly [n = 6; by analy- 
sis of variance (ANOVA), P > 0.051. Iden- 
tical results were obtained for six additional, 
individually analyzed nuclei, with analyses 
of pooled data showing no significant differ- 
ences (ANOVA, P > 0.05) in rates of trans- 
location for nucleoli (n = 71 intervals) and 
DAPI-stained domains (n = 66 intervals). 
Whereas this observation is not surprising 
for nucleolar satellite DNA, it was also 
found to apply to fluorescent structures 
remote from nucleoli (Figs. 1, 2, and 
3). 

Conclusive interpretation of 2-D views of 
events occurring in three-dimensional (3- 
D), spherical structures, such as nuclei of the 
cells used here, is difficult. Moreover, in 
nuclei displaying two or more nucleoli, 

Fig. 1. Tandem motion of nucleolus ( hase con- 
trast, left column) and DAPI-stained guorescent 
domains (digitally enhanced, right column), 
simultaneously analyzed (40-minute intervals). Of 
the two DAPI-stained domains identified (white 
arrows), one (A, lower right) is clearly associated 
with the nucleolar domain, while the other occu- 
pies a position remote from the nucleolus (A, 
upper left). Tandem motion also involves a larger, 
diffusely fluorescent chromatin domain, located at 
a nuclear edge opposite the labeled structures. 
Arrows in phase micrographs (left column, A to 
D) identify a juxtanuclear, cytoplasmic structure 
kept in focus during the entire experiment. Note 
that it remained stationary while nucleoli and 
DAPI-stained domains moved significantly. Neu- 
rons were dissociated from DRN ganglia of new- 
born mice (15 minutes, 0.25% trypsin, in Hanks 
balanced salt solution) and seeded into medium 
[90% Eagle's minimum essential medium, Hanks 
salts, 10% fetal bovine serum, glucose (600 
mg/100 ml), nerve growth factor (100 ng/d)] in 
collagen-coated, Bionique (Coming) Rose-type 
chambers. Cultures were maintained at 37 "C, in 
air, without carbon dioxide, on the stage of an 
inverted microscope (Nikon) with phase and fluo- 
rescence optics, photographic and video port. For 
DAPI fluorescence (25 pglml, h a l  concentra- 
tion), ultraviolet (UV) flux was reduced with 
neutral-density filters (Nikon, ND 16 + ND 32), 
permitting spatial analyses of domains without 
damage to cells, but requiring a silicon intensifier 
target video camera (RCA) for visualization. 
Control experiments over 5 days showed absence 
of an effect on viability of either DAPI or UV 
exposure. The microscope focus control, calibrat- 
ed in micrometers, was used to continudy follow 
and determine the vertical, spatial position of 
nucleoli and of fluorescent structures within the 

eclipses of the latter are common, indicating 
3-D motion of karyoplasm. To more l l l y  
define the relations between movement of 
nucleoli and nomucleolar fluorescent in- 
tranuclear domains, we measured their mo- 
tion in 3-D (Fig. 3 and Table 1). 

Dot-product vector analyses indicated 
that mean angles between vectors were not 
significantly different for nucleoli and fluo- 
rescent domains, regardless of whether the 
latter were located remote from or associat- 
ed with nucleoli (Figs. 2 and 3 and Table 1). 
In the nucleus shown in Fig. 1, the nucleo- 
lus was shown to move with a mean vector 
angle of 1.63 + 0.27 deg/min, whereas the 
nucleolus-associated and the nomucleolus- 
associated DAPI-stained domains moved at 
1.87 + 0.30 and 1.83 + 0.16 deg/min, 
respectively (ANOVA, P > 0.05). Data 
from a total of four such experiments and 
including five nucleoli, one nucleolus-associ- 
ated and four nomucleolus-associated 
DAPI-stained domains, indicated that their 
mean vector angles of 1.39 + 0.22, 

s herical nudeus. The position of nucleoli and fluorescent structures in the horizontal xy-plane was 
&rived hnn measuring their position with respect to the nuclear center, derived fmn an optical section 
through the maximal diameter of the spherical nucleus. Video signals were enhanced after time-lapse 
capture by the "frame grabber" of a video processor board (Videtics, Canada), in an IBM-XT computer 
with hard disk. For analyses of the spatial position of intranuclear suuctures by a digitizer tablet and for 
representation, processed images along with a digitally stored calibration graticule were photographed 
either from the video monitor or from dot-matrix-printed hard copy. 

1.87 + 0.30, and 1.82 + 0.46 deg/min, re- 
spectively, did not differ significantly (Table 
l), confirming the data from analyses in two 
dimensions. 

To determine if concurrent motion of the 
cytoplasm accompanies NR, we kept phase- 
dense, cytoplasmic structures, located in the 
immediate juxtanuclear zone, in continuous 
focus throughout several experiments. 
While the nucleus under observation exhib- 
ited significant displacement of the nucleo- 
lus and of DAPI-fluorescent domains, such 
cytoplasmic structures were found to remain 
stationary. In one example (Fig. 4), the 
nucleolus moved through a planar angle of 
100 degrees over a 30-minute interval (a 
mean 3-D vector angle of 2.61 2 0.49 degl 
min), with the cytoplasmic structure re- 
maining stationary. 

Our results indicate that NR is not re- 
stricted to motion of nucleoli, that it in- 
cludes additional chromatin domains, and 
that it occurs independently of concurrent 
motion of cytoplasmic, juxtanuclear struc- 
tures. Specifically, nucleoli and DAPI- 
stained, fluorescent chromatin domains 
moved along curvilinear trajectories that 
may have extended throughout the nucleus. 
While this motion was perceived as rotation 
when analyzed in a 2-D plane (as shown by 
the projection points onto the midnuclear 
parallelogram in Fig. 3 and demonstrated in 
Figs. 1 and 4), it represents, in reality, 
translocations of these structures in three 
dimensions. Three-dimensional analyses 
showed that the position of these structures 
extended, as a function of time, several 
micrometers above and below the midnu- 
clear plane, at times approaching, although 
never exceeding, the length of the nuclear 
radius. Movements may be saltatory, with 
periods when the structures remain station- 
ary and periods when they reverse direction 
(Figs. 3 and 4). Moreover, nucleoli may 
show precession, that is, rotation about their 
axis, as they move through the karyoplasm. 
As a result, fluorescent domains associated 
with the periphery of nucleoli, the nucleolar 
satellites, may assume different positions 
within the nuclear space, although they re- 
main intimately associated with nucleoli 
(Fig. 3). 

The moving fluorescent domains may 
represent loci of reversibly condensing and 
decondensing regions along chromatin fi- 
bers, rather than a physical translocation of a 
relatively permanent, structural domain. 
However, the close correlation of the rates 
of displacement of the fluorescent domains 
with that of nucleoli, which are structurally 
defined intranuclear organelles, makes this 
unlikely. 

Given then that some nuclear structures 
are indeed in motion, conceptual difficulties 
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Fig. 2. Representative rates of spatial motion, in 
degrees per minute, of nucleolus (solid line) and 
DAPI-fluorescent domain (dashed line), the latter 
remote from the nucleolus, showing the tandem 
nature of movement. Angles were calculated as 
subtended at the center of the s~hericd nucleus. 
by 3-D dot-product vector analyhs from the x, y; 
and z positions of the relevant structure. Values (x 
and y) were derived from measurements in the 
image plane; z value was from calibrated focus 
control on microscope. 

arise in the consideration of the location of 
'the interface between the moving and sta- 
tionary components of this streaming of 
neuronal karyoplasm. Albrecht-Buehler (15) 
concluded that NR in his system, which 
differed from ours in that cycling rather than 
noncycling cells were examined, was related 

to events associated with mitosis. However, 
as shown here for neurons of cells develop- 
mentally arrested in interphase, events asso- 
ciated with mitosis are not a requirement for 
NR. Albrecht-Buehler (15) identified three 
loci as possible interfaces at which sliding 
movement associated with N R  may occur: 
between the inner and outer membranes of 
the nuclear envelope, along the inner mem- 
brane of the nuclear envelope, or along the 
outer nuclear membrane. 

The large number of nuclear pores, up to 
18 per square micrometer of the membrane 
in cells of cerebral cortex (16), makes it 
unlikely that movement occurs between the 
two membranes comprising the nuclear en- 
velope; moreover, this movement is unlikely 
because of the presence of fibrils of the 
stable intermediate-size class, which have 
been shown to extend, through the nuclear 
pores, from cytoplasm into k&yoplasm (17, 
18). Sliding along the interface between the 
peripheral surface of the nuclear lamina and 
the inner nuclear membrane is also unlikely, 
since specific structural proteins have been 
shown to intimately join the lamina to the 
inner membrane (19,20). I t  is also improba- 
ble that a sliding interface exists between the 
outer nuclear membrane and the cytoplasm, 
since many cell types, includng neurons, 
exhibit intermediate filaments that anchor 
the cytoskeleton to the nuclear membrane 
(21-23). Moreover, it is known that the 

Fig. 3. Three-dimensional vlot of 
tGectories of centers of n;cleolus 
(A), nonnucleolus-associated (B) 
and nucleolus-associated (C), 
DAPI-stained fluorescent domains, 
of the nucleus shown in Fig. 1. 
Each structure is shown separately 
to facilitate visualization. Parallelo- 
gram represents horizontal, midnu- 
clear plane with arrows connecting 
measured positions in xy-plane. z- 
Coordinates are indicated by sym- 
bols attached to vertical line. Filled 
symbols, without vertical lines, in- 
dicate that the structure lies in the 
horizontal, midnuclear plane. Note 
saltatory rate, pronounced motion 

y in the z direction above and below 
the xy-plane, and counterclockwise 
motion, common to all three struc- 
tures. Rotation of nucleolus on its 
own axis (precession) is indicated 
by the trajectory of the nucleolus- 
associated domain (C) differing to 
some extent from that of the nucle- 
olus (A), indicated by "tumbling" 
of the fluorescent, nucleolar satel- 
lite about the periphery of the nu- 
cleolus. 
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Fig. 4. Example of stationaty, jwtanuclear, phase- 
dark cytoplasmic structure (white, straight ar- 
rows), continually maintained in focus, while 
nucleus "rotates" through 100 planar degrees in 
45 minutes, (curved arrows). Note reversal of 
direction in (D). Interval between frames, 15 
minutes. "Compromisen focus simultaneously vi- 
sualizes the identified cytoplasmic structure, the 
nucleolus, and the nuclear envelope, resulting in 
an apparent, not real, change in morphology of 
the cytoplasmic structure identified. 

outer nuclear membrane is continuous with 
that of the endoplasmic reticulum (24). Fi- 
nally, we have observed that juxtanuclear, 
cytoplasmic structures, located within frac- 
tions of micrometers of the outer nuclear 
membrane, remain stationary when chroma- 
tin can be clearly shown to be in motion 
(Figs. 1 and 4), excluding significant mo- 
tion of the outer nuclear membrane, often 
continuous with membranes of the endo- 
plasmic reticulum (24). 

We propose that the observed motion of 
karyoplasm represents the nuclear analog to 
cytoplasmic streaming, namely, "karyo- 
plasmic streaming." We hrther propose that 
this streaming involves the fluid bilayer of 
the inner nuclear membrane (25), "flowing" 
around spatially fixed pore complexes, a 
flow envisioned to include nuclear lamina, 
nuclear matrix, and associated chromatin 
(26). In summary, we propose that this 
movement is functionally related to the in- 
tranuclear presence of contractile proteins, 
such as a specific species of intranuclear actin 
(27-30) or  is related to the intermediate-size 
filaments recently identified in the nuclear 
envelope (31). While the work presented 
here was carried out in neurons, N R  is not 
restricted to this cell type, and we speculate 
that the function of "karyoplasmic stream- 
ing" is to transpose to nuclear pores those 
chromatin domains actively transuibed. This 
hypothesis is supported by evidence for a 
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close association of actively transcribed 
genes with nuclear domains near the nuclear 
envelope (32) and is highly consistent with 
recent theoretical considerations of a de- 
fined 3-D structure of the cellular genome, 
specifically gated to a set of nuclear pores 
(18). 
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Chromosomal Localization of Muscle Nicotinic 
Acetylcholine Receptor Genes in the Mouse 

Recently, Nef e t  al. (5) showed that, in the 
chick, the y- and 6-subunit genes are sepa- 
rated by only 740 bp on the chroniosome, 
and Shibahara e t  ai. (6) isolated human 

ODILE HEIDMANN, A N D ~ S  BUONANNO, BRIGITTE GEOFFROY, genomic clones that hybridize to both the y- 

BENO~T ROBERT, JEAN-LOUIS GUBNET, JOHN P. MERLIE, and 6-subunit cDNA probes, thus suggest- 

JEAN-PIERRE CHANGEUX ing a clustering of the AChR genes and a 
possible common control of their transcrip- 
tion. 

The chromosomal localization of the genes encoding the four subunits of muscle We have made use of restriction fragment 
nicotinic receptor was determined by analyzing restriction fragment length polymor- length polymorphisms (RFLP's) between 
phisms between two mouse species Mus musculus hmesticus (DBM2) and Mus spretus two mouse species (7) to determine the 
(SPE). Analysis of the progeny of the interspecies mouse backcross (DBM2 x SPE) x chromosomal localization of the genes en- 
DBM2 showed that the a-subunit gene cosegregates with the a-cardiac actin gene on coding AChR subunits and found that the 
chromosome 17, that the P-subunit gene is located on chromosome 11, and that the y- four genes are not clustered in a single 
and 6-subunit genes cosegregate and are located on chromosome 1. region but are distributed on three different 

chromosomes. The a-subunit gene cosegre- 

T HE NICOTINIC ACETYLCHOLINE RE- the genes evolved by successive duplication gates with the a-cardiac actin gene previous- 
ceptor (AChR) from fish electric or- of a common ancestor gene, with a first ly allocated to chromosome 17 by Czosnek 
gan and vertebrate skeletal muscle is branch point for the a and p subunits and a e t  al. (S), the p-subunit gene is located on 

a transmembrane protein composed of four second one for the y and 8 subunits (3, 4). chromosome 11, and the y- and 8-subunit 
different subunits synthesized from indepen- 
dent messenger RNA's (mRNA's) (1) and 

Table 1. Segregation of the AChR subunit genes and other known chromosomal markers m the 42 
into an a2pys pentamer (2)' Mo- offsprmg of the DBN2 x (DBN2 x SPE) backcross. Results of genomlc blots for €he AChR subunit 

lecular cloning and nucleotide sequencing of genes are reported as ( - )  when mlce are homozygous for the DBN2 allele and as (+) when mice are 
complementary DNA (cDNA) and genomic heterozygous for the DBN2 and SPE alleles. XD, not determined. MHCF and MLC1FIMLC3R 
sequences for the four genes from different 
species have disclosed a high degree of con- 
servation of the protein structure through- 
out vertebrate evolution. Extensive homolo- 
gies between subunits have suggested that 

Locus 1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6  

Chromosome 17 
N D - - +  
+ + -  
+ + + -  

Chromosome 11 
+ + -  

Glo-I 
a-Cardiac actin 
a-Chain AChR 
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