
tron microscopic level ( l o ) .  In contrast to 
DF2, the polyclonal antibodies to ubiquitin 
showed nb significant background staining 
in tissue sections. It is possible that DF2 
reacts with both free and conjugated forms 
of ubiquitin (14), whereas the iffinity-puri- 
fied antibodies preferentially recognize a 
conjugated form. Although the target or 
targets of ubiquitin in PHF are unktlou~n, it 
may be that phosphorylated forms of tau 
that are undetectable in control brains (5)  
are linked to ubiquitin in PHF. Smearing on 
immunoblots could be attributed to ubiqui- 
tination (15) of altered forms of phosphorp- 
lated tau in PHF. 

Our data suggest that PHF are not inert 
elements within degenerating neurons; tan- 
gle-bearing neurons are actively responding 
by ubiquitinating PHF proteins. The failure 
of degradation of PHF in spite of ubiquitin- 
ation could be due to a defective ATP- 
dependent protease or to an unusual resist- 
ance of PHF to the protease (7). 

Recently, the ubiquitin and ATP-depen- 
dent proteolysis has been highlighted in 
connection with the heat-shock response. 
The overloading of the proteol~isis system 
bv abnormal moteins seems to activate heat- 
s6ock genes i16). Thus, one may speculate 
that accumulated PHF urould trigger the 
expression of heat-shock genes in tangle- 
bearing neurons. Recently, constitutive 
expression of heat-shock proteins was ob- 
served in indirect flight muscles of certain 
Drosophila mutants that produce abnormal 
forms of actin I11 (1 7). In view of these data, 
it is tempting to speculate that PHF-bearing 
neurons could express heat-shock proteins 
constitutively at least at certain stages of 
neuronal degeneration. If so, AD-specific 
neuronal proteins that are currently being 
intensivelv searched for in numerous labora- 
tories might be found among heat-shock 
proteins. 

REFERENCES AND NOTES 

1. M. Kidd, Natuve (London) 197, 192 (1963); H .  
Wisniewski, H .  K. Naratig, R. D. Terry, J. Neurol. 
Sci. 27, 173 (1976). 

2. B. E. Tomlinson, G. Blessed, M. Roth, J. Neuvol. Sci. 
11, 205 (1970); G. K. Wilcock and IM. M. Esiri, 
ibid. 56, 343 (1982). 

3. D. J. Selkoe, Y. Ihara, F. J.  Salazar, Science 215, 
1243 (1982) 

4. Y. Ihara, C. Abraham, D. J. Selkoe,Natuw (London) 
304. 727 119831. 

5. J. P'. ~ r i d n ,  Ph. vat1 den Bosch de Aguilar, J. 
Flament-Durand, paper presented at the Interna- 
uonal Tropon-Baver-Svmposiimi, "Aging of the 
brain," Cologne, F'.R.G:, 13 to 16 Nownber 1984; 
I. Gmldke-Iqbal et al., J. Bwl. Chem. 261, 6084 
(1986); N. Nukina atid Y. Ihara, J. Biochem. 99, 
1541 (1986); Y. Ihara, N .  Nukina, R. Miura, IM. 
Ogawara, ibid., p. 1807; J.  G. Wood, S. S. Mirra, N. 
J. Pollock, L. I. Binder, Proc. Natl.Acd. Sci. U.SA. 
83,4040 (1986); K. S. Kosik, C. L. Joachim, D. J. 
Selkoe, ibid., p. 4044; I .  Gmndke-Iqbal et al., ibid., 
p. 4913. 

6. G. Goldstein et al., Pvoc. Natl. A c d .  Sci. U S A .  72, 
11 (1975). The molecular wei ht of DF2 antigen 
was estimated as approximate6 5000 on a 15% 

polvacn~lamide gel (Laemnlli). The discrepancv be- 13. A. L. Haas and P. M. Bright, J. Bwl. Chem. 260, 
nveen h i s  estimated and the calculated molecular 12464 (1985). 
weight of ubiquitin (8565) is presumably due to its 14. The epitope of DF2 was shown bv meatis of the dot 
anomalous mobility in this gel system. Similarly, A. ilnmunobinding method and ubiquitin fragments to 
L. Haas and K. D. Wilkinson [Prep. Biochem. 15,49 reside in U-6. The two synthetic peptides: 
(1985)l also estimated the molecular weight of 32 3'1 

ubiquitin as 5.5 k D  Asp-Lys-Glu-Glp-Ile-Pro-Pro-Asp 
7. D. J: Selkoe, Y. Ihara, C. Abraham, C. G. Rasool, A. 

H .  ~McCluskey, Banbun1 Rep. 15, 125 (1983) 
8. T. Masaki, M. Tanabe, K. Nakamura, M. Soejima, 

Biochim. Biqhg,s. Acta 660, 44 (1981); ibzd., p. 51; 
T. Masaki, T.  Fujihashi, M. Soejima, Nojeikafiaku 
58, 865 (1984). One of the features of Iysylendo- 
~eotidase is its remarkable resistance to detergents 

and 

did not react with DF2. Hence we speculate firther 
that the epitope of DF2 would be 

40 44 
Gh-Gh-Arg-Leu-Ile in U-6 

G d  denaturants. The orotease is active even iz the 15. D. Finlev, A. ~iechano\rer. A. \'arshavskv, Cell 37, 
presence of 5M urea. ' 

9. Electron microscopy of the PHF fraction showed 
that PHF were bv far the major constinlent, u ~ h ~ c h  
were absent in the final fraction from control brain. 
The main contaminants were large and small parti- 
cles of various densities. Occasionally intact aniylo~d 
cores and their fragments were also obsemed. 

10. H ,  ~Mori and Y. Ihara, unpublished data. 
11. D. H .  Schlesinger, G. Goldstein, H .  D.  Niall, 

Bzochemistrj~ 14, 2214 (1975). 
12. A. Hershko, A. Ciechano\rer, H .  Heller, A. L. Haas, 

I. A. Rose, Pvoc. Natl. Acad. Scz. U S A .  77, 1783 
(1980); A. L. Haas and I. A. Rose, ibid. 78, 6845 
(1981); A. Hershko, H. Heller, S. Elias, A. Cie- 
chano\rer, J. Bwl. Ciqem. 258, 8206 (1983). 

43 (1984). 
16. J .  Ananthan, A. L. Goldberg, R. \loellmy, Science 

232, 522 (1986); S. Munro and H .  Pelharn, Natuve 
(London) 317, 477 (1985). 

17. C. C. Karlik, M. D.  Coutu, E. A. Fyrberg, Cell 38, 
711 119841: Y. Hiromi and Y. Hotta. f i W O  1. 4. 
1681  (1985). 

18. We thatik A. L. Haas for providing affiniw-purified 
antibodies to ubiquitin, D. J. Selkoe for helpfid 
comments, and T .  Seh for technical assistance. 
Supported in pan bp a grant-in-aid for scientific 
research from the Minist? of Education, Science, 
and Culnlre of Japati. 

17 September 1986; accepted 16 Jatiuanr 1987 

Regional Changes in Calcium Underlying 
Contraction of Single Smooth Muscle Cells 

The role of calcium in regulating the contractile state of smooth muscle has been 
investigated by measuring calcium and contraction in single smooth muscle cells with 
the calcium-sensitive dye fura-2 and the digital imaging microscope. The concentration 
of free calcium in the cytoplasm increased after stimulation of the cells by depolariza- 
tion with high potassium or by application of carbachol. Changes in calcium always 
preceded contraction. The increase in calcium induced by these stimuli was limited to 
less than 1 pM. Calcium within the nucleus was also subject to a limitation of its rise 
during contraction. Intranuclear calcium rose from 200 nM at rest to no more than 
300 nM while cytoplasmic calcium rose to over 700 nM. These apparent ceilings for 
both cytoplasmic and intranuclear calcium may result either from negative feedback of 
calcium on cytoplasmic and nuclear calcium channel gating mechanisms, respectively, 
or from the presence of calcium pumps that are strongly activated at the calcium 
ceilings. 

EASUREMENTS OF INTRACELLU- 

lar free calciun~ concentrations 
([Ca2+li) in smooth muscle have 

been performed in a number of ways in 
intact tissues (1)  and in populations of iso- 
lated cells (2, 3). In general, [ca2+]i is 
correlated with the extent of contraction, 
although several exceptions have been re- 
ported (4) .  The exceptions may reflect ca2+-  
independent mechanisms that control con- 
traction of smooth muscle or, alternatively, 
heterogeneity in the response of cells in a 
n~ulticellular population that may produce 
an apparent dissociation of contractile state 
from Ca2+. The development of a new class 

use of the dye h a - 2  in conjunction with the 
digital imaging microscope allows measure- 
ment of [ca2+li  with subcellular spatial res- 
olution (6) .  Here we use this approach to 
assess the magnitude and kinetics of changes 
in Ca2+ that take place in different regions of 
single smooth muscle cells as they contract 
and then relax aafter exposure to excitatory 
stimuli (7). 

The smooth muscle cells used in these 
studies were isolated by enzymatic disaggre- 
gation of the stomach muscularis of the toad 
(Bu8 nzarinus) (8) .  [Ca2+], uras monitored 
in cells loaded with h a - 2  as a change in the 

of fluorescent indicators (5)  that produce a 
Department of Phys~ologv, Univers~ty of ~Massachusetts 

large Ca2+-sensitive signal provides the op- Medical School, Worcester, MA 01605, 
~ortunitv to circumvent these uncertainties 

Ly the measurement o f ~ a 2 +  and *To whom correspondence should be addressed at his 
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contraction in the same cell. Moreover, the University, Bundoora, Victoria, Australia 3083. 
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ratio of the 510-nm fluorescence intensity at 
340-nm and 380-nm excitation. The fluo- 

Rg. 1. Change in the cytosolic Ca2* concam- E- 

rescence was quantified with a silicon-inten- 
sified target (SIT) camera and a digital 
imaging system (6, 9) with the following 
modifications: (i) The computer-controlled 
filter changer was modified so that the inter- 
ference filters in the excitation path could be 

tion during the contraction of a single smooth F : 
muscle cell in response to potassium. (A) 340- 
(upper) and 380-nm (lower) fluorescence intensi- 
ties (with emission monitored at 500 nm) of the 
cytoplasm within a single cell that was maintained 

more rapidly alternated (the s&tching time 
was less than 200 msec). (ii) The imaging 
software was expanded so that a number of 
image pairs at 340 and 380 nm, each con- 
sisting of the sum of a given number of 
video frames, could be automatically collect- 
ed at selected intervals in time. In some 

A 

;L - 
-7 - 

experiments, we used a dual-wavelength 
digital microspectrofluorimeter (10) to pro- 
vide high time resolution (-300 Hz) mea- 
surements of cellular [Ca2+Ii without the 
use of digital imaging. 

Aliquots of isolated cells (300 p.1) were 
incubated with the acetoxy methyl ester of 
h a - 2  (h-2lAh4) (11) at 30°C with gentle 
agitation for 30 to 60 minutes in the pres- 
ence of an initial concentration of 0.3 pitf 
h 3 1 A M .  The loading period was shorter 
than we have used in previous experiments 
and, consequently, the fluorescence contri- 

in a Hepes-based amphibian physiological solu- 
tion (137 mM Na+, 3 mM K+, 1 mM Mg2+, 1.8 
mM Ca2+, 112 mM C1-, 7 mM phosphate, 1 mM 
sulfate, and 20 mM Hepes. (B) Ratio of fluores- 
cence intensities measured at 340- and at 380-nm 
excitation. (C) Conversion of R3w3f,o values to 
[Ca2+Ii. (0)  Measurements of cell length during 
contraction. (E) Selected images, obtained during 
the time course with 380-nm excitation at the 
times indicated in seconds (s). All cell images were 
obtained, photographically processed, and dis- 
played at the same gain. The time interval be- 
tween dual wavelength images, as well as the 
number of video frames summed (30), was de- 
fined at the start of each experiment with an 
interactive digital imaging program. An electronic 
shutter in the illumination light path was con- 
trolled by the computer and remained open only 
during periods of image acquisition. In a typical lowing tl ations. We used inte~ 
experiment, two dual-wavelength image pairs of a graphics 1 define the boundaries 
resting cell were acquired and then, as additional cell and : erest within the cell u 
image pairs continued to be collected, a micropi- image. TIIC lnrenslries of all pixels withir 
pette (under micromanipulator control) was posi- cellular area were summed and converted t 
tioned in the cell vicinity and the cell was stirnulat- ized Ca2+ concentrations (5, 6). The dissoc 
ed by (i) passing a brief electrical pulse (3M KCI- constant of h a - 2  for Ca2+, previously 
filled pipette) or (ii) replacing the total Na+ mined in vivo, was assumed to be 200 ni 
concentration of the bathing medium by pressure The fluorescence contributions of the nucl 
ejection of a K+-substituted Ringer from the to 10% of total cell fluorescence) (6) and 
pipette (iii) or by pressure ejection of concentrat- plasm could be isolated and analyzed sep, 
ed acetylcholine (10-4M). More than 80% of the for [Ca2+Ii changes that occurred durin _ 
elongated, relaxed cells contracted reversibly fol- contraction of single smooth muscle cells. Con- 

bution of ;he sirco~~asmic reticulum was 
significantly reduced:, after longer loading 
times the sarcoplasmic reticulum is apparent 
as areas of hi6 fluorescence intens& (and 
high [Ca2+li) along the periphery of the 

hese stimul 
software to 
areas of int 
L- :-: 

l CaCll 
o ion- 
:iation 
deter- 

I 
W 6 n . - , - , . -. 

eus (8 ti 
I cyto- I< 
arately a 

the a 

resting cell (6). Loading was terminated by 
dilution of the cell suspension (10- to 100- 
fold) with a Hepes-based amphibian saline 
solution (Fig. l) ,  and the cells were then 
incubated for 20 minutes to facilitate com- 
plete de-esterification of internalized h- 
21AM. With loading times shorter than 30 
*utq de-esterification was incomplete: 
the 3401380 fluorescence ratio of cells lysed 
in the presence of ca2+ was significantly 
depressed relative to that of the fully de- 
esterified ha -2 ,  and spectral decomposition 
of the h - 2  fluorescence revealed the pres- 
ence of a Ca2+-insensitive component (12). 
At the end of the loading and incubation 
period virtually all cellular h a - 2  was fully 
ca2+-sensitive at an intracellular concentra- 
tion of between 110 and 140 pitf (measured 
in populations of cells). The levels of intra- 
cellular h - 2  indicate that the loading pro- 
cess was e0icient; 70 to 90% of the added 
h a 3  was trapped and fully cleaved by these 
cells (13). At these intracellular levels, h a - 2  
does not appear to significantly a c t  intra- 
cellular Ca + buffering, in contrast to results 
obtained with q u i d  (14). A further advan- 
tage of fura-2 over quin2 was that it was far 
more resistant to photobleaching in the 
digital imaging microscope (15). In the ex- 
periments reported here, the amount of 
photobleaching was negligible due to use of 
short light exposures and appropriate atten- 
uation of the light source. 

.acnle state was assessed by ualmng an interac- 
ve computer graphics system to measure cell 
:ngth. In some of the experiments this system 
ras replaced with an artificial visual system that 
ras used to automatically recognix cells and 

determine their length (31). 

When a single smooth musde cell was 
stimulated by potassium application (ejec- 
tion duration, 2 seconds), there was a de- 
crease in the fluorescence resulting from 
380-nm excitation and a concomitant in- 
crease in the fluorescence monitored at 340- 
nm excitation (Fig. 1A). Changes in the 
3401380 nm ratio R340/380) (Fig. 1B) were 
converted into C b +  concentrations (Fig. 
1C) (6). Cytosolic [Ca2+li increased from 
140 nM, before stimulation, to a peak level 
of 820 nM within 6 seconds and returned to 
resting level 14 seconds after the initial rise. 

The time course of [ca2+li change princi- 
pally retlects the kinetics for the processes 
responsible for Ca2+ entering the cytoplasm 
and for restoring Ca2+ to its resting level 
rather than the kinetics of delivery and re- 
moval of excitatory stimuli. This follows 
from the observation that the rise in [ca2+]i 
after K+ stimulation is considerably slower 
than the rate of K+ delivery from the micro- 
pipette (16), and that similar rates of fall in 
[ca2+li are seen after K+ and electrical 
stimulation (tin for decay, 4.5 and 6 sec- 
onds, respectively). The ca2+ and contrac- 
tile response to K+ stimulation both require 
extracellular Ca2+; they are both rapidly 
(tin < 30 seconds) and almost totally sup- 
pressed when the extracellular Ca2+ is below 
100 nM (2, 17). The isosmotic replacement 
of extracellular Na" by K+ results in a 
sustained depolarization of the cell mem- 
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brane from its normal resting potential of 
-55 mV (18), leading to activation of volt- 
age-sensitive Ca2+ channels and an increase 
in cytosolic [Ca2+li (19). The amount of 
Ca2+ expected to enter from sustained depo- 
larization to 0 mV ranges from 19 to 53 
pmol per liter of cell H 2 0  in toad stomach 
muscle cells (20). In order for [Ca2+Ii to 
change from 140 to 820 nA4 in a cell 
containing 125 p.M fura-2, an additional 49 
kmol of Ca2+ per liter of cell H 2 0  must 
bind to the fura-2. Bond et al. (21) suggest 
that smooth muscle has an endogenous 
Ca2+ buffering capacity of at least 100 m. 
Thus, additional sources of Ca2+ are proba- 
bly necessary to account for the observed 

rise in [ ~ a ~ + ] , - ~ e r h a p s  Ca2+ release from 
the sarcoplasmic reticulum, an inwardly di- 
rected sarcolernmal ~ a + - ~ a ~ +  exchange, or 
both. 

The mean peak [Ca2+li achieved during 
high K+ stimulation in these experiments 
was 690 2 42 nM (mean i SEM through- 
out; n = 13). If the data are grouped ac- 
cording to the length of exposure of each 
cell to K+ stimulation, peak [Ca2+]i was 
independent of the duration of stimulation 
for transients longer than 5.0 seconds (22). 
However, stimuli shorter than 5.0 seconds 
elicited a lower peak Ca2+ of 450 I ~ M .  Thus, 
the smooth muscle cell apparently contains a 
mechanism that limits the rise in [Ca2+li 

. - 
200 msec 

Fig. 2. High time-resolution microspectrofluorimeter measurement of [Ca2+Ii in single smooth muscle 
cells after either K+ application or brief electrical stimulation. K+ was administered as in Fig. 1. 
Electrical stimulation was via small platinum wires positioned 100 pm on either side of the cell. Single 
100-V, 100-psec pulses were applied by a Grass model SD9 stimulator. The cell was alternately 
illuminated by 340- and 380-nm light at a frequency of 125 Hz. The microscope image was masked at 
an intermediate image plane to block all but the cell image and a small surrounding area. The image was 
then diverted through a 500-nm interference filter (30-nm band pass) to the photo cathode of a 
photomultiplier tube operating in photon counting mode. A ratio signal (R340/380) was obtained by 
division of successive 340- and 380-nm excitation photon counts (each corrected for background 
counts obtained in the same manner with no cell in view). The resulting ratio was converted to [Ca2+Ii 
with maximum R340,380, minimum R340/380, and P values obtained when viewing hra-2-free acid in the 
standard calibration solutions (6). (A) The response of [Ca2+Ii to a prolonged K+ application. Peak 
[Ca2+Ii (625 IUM) is maintained for the duration of the stimulus and returns to prestimulus levels (100 
IUM) after the cessation of stimulation. In contrast, Ca2+ increased to a much higher level (-2 M) in 
the same cell following a single brief electrical stimulus (e-) (also shown in A). ( 8 )  An expanded view of 
the cross-over of the Ca2+ responses seen in (A). The rise in [Ca2+Ii after electrical stimulation has nvo 
distinct phases-an initial rapid phase (average rate, 8 ~ a l m s e c )  followed by a much slower phase (1.6 
Mimsec). The inflection seems to occur as Ca2+ passes through the concentration range that represents 
the ceiling to [Ca2+Ii apparent after K+ application in the same cell (625 nM). 

e- Rest 

- 
20 sec 

Fig. 3. Measurements of nuclear (N) and cytosolic (C) [Ca2+Ii after depolarizing stimuli. (A) K+ 
stimulation. (B) Electrical pulse (100 V, 0.1 msec) stimulation (e-). The cell was allowed to rest several 
minutes between stimuli and after electrical stimulation. (C) Representative Ca2+ shown for rest 
periods. 

after stimulation by K+. A limit to steady- 
state [Ca2+li during long exposure (1  to 5 
minutes) to step increases in K+ has also 
been seen in this cell type with Ca2+-sensi- 
tive microelectrodes (18). The rise in 
[Ca2+li in response to other stimuli such as a 
maximum carbachol concentration ( 1 0 - ~ i ~ )  
may be similarly limited, as the average level 
achieved (800 nA4) is similar to that seen in 
response to K+. Electrical stimulation in- 
duces an increase in [Ca2+]i that exceeds this 
Ca2+ limiting mechanism (Fig. 2). Howev- 
er, high time-resolution analysis reveals that 
the rate of rise in [Ca2+li after electrical 
stimulation is often reduced when the 
[Ca2+li is higher than the ceiling that exists 
during K+ stimulation (Fig. 2). The contin- 
ued rise in [Ca2+li after electrical stimula- 
tion may reflect the induction of additional 
pathways for Ca2+ entry into the cell- 
perhaps the nonspecific increase in cell per- 
meability that occurs after application of 
strong electric fields (23). The ability to 
record a [Ca2+li in excess of the K+-induced 
Ca2+ ceiling indicates that the ceiling is not 
a trivial reflection of dye saturation by Ca2+. 

What is the nature of the cellular mecha- 
nism responsible for setting this limit? The 
[Ca2+li increase may be limited by a mecha- 
nism that closes Ca2+ channels that were 
opened by the stimulus. The rise in [Ca2+]i 
itself may initiate such a process. Negative 
feedback of [Ca2+]i on Ca2+ channel gating 
occurs during Ca2+ release in cardiac muscle 
sarcoplasmic reticulum and in Ca2+ channels 
in neurons (24). Alternatively, the ceiling on 
cytosolic [Ca2+li could result from the ac- 
tion of a highly eficient Ca2+ transport 
system that is activated as [Ca2+]i approach- 
es 750 nM, as smooth muscle cells do 
contain high capacity Ca2+ binding and 
transport mechanisms (25). It is unlikely 
that a Ca2+ buffering system alone is respon- 
sible for the limit on cytosolic [Ca2+]i. Such 
a system xvould eventually become saturated 
and allow [Ca2+Ii to climb above the appar- 
ent ceiling, and we observed no evidence of 
[Ca2+Ii escaping from a [Ca2+]i limiting 
mechanism during prolonged K+ stimula- 
tion (Fig. 2A). 

Changes in cytoplasmic [Ca2+]i in re- 
sponse to stimulation by K+ depolarization 
or carbachol are well below the 2 to 3 p.M 
level found to be necessary to fully activate 
contraction in saponin-skinned smooth 
muscle cells (26). This suggests that the 
[Ca2+] ceiling map prevent full activation of 
the contractile machinery. Alternatively, this 
may indicate differences between the Ca2+ 
sensitivity of the contractile apparatus of 
skinned cells and that of intact cells, due to 
the loss of an unknown Ca2+-sensitizing 
inotropic agent during skinning. 

The transition from resting to elevated 
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[ca2+li in response to K+ or carbachol is 
followed by active shortening of the smooth 
muscle cell (Fig. 1D). The onset of cell 
shortening after stimulation with high K+ 
occurred 3 seconds after the first detectable 
rise in [ca2+li. A reduction in the intensity 
of the 380-nm cell image, consonant with a 
[ca2+li increase, occurred before the first 
perceptible change in cell length (Fig. 1E). 
The mean delay (1.6 +- 0.4 seconds, n = 
11) between the onset of K+ stimulation (as 
marked by the initiation of the rise in Ca2+) 
and beginning of cell shortening is consider- 
ably longer than that previously reported 
between the onset of force development and 
supramaximal electrical stimulation (0.214 
? .013 second) (27). To some extent this 
difference mav be due to the method of 
stimulation because the mean delay between 
electrical stimulation and the onset of short- 
ening in this study was 0.7 i 0.4 second 
(n = 6). Cell shortening was maximal 3 
seconds after peak [ca2+li  was recorded and 
was greater than 80% of the maximal length 
change (135 km) at the time ca2+ had 
returned to prestimulus levels. Cells were 
able to relax close to their initial length and 
configuration in the absence of any external 
restoring force (Fig. 1E). The half time for 
re-extension of cells stimulated with high 
K+ averaged 20 +- 4 seconds (n = 11). 

Thus, these results indicate that ca2+ 
changes are centrally involved in excitation- 
contraction cou ling in smooth muscle. The P+ changes in [Ca I i  that follow K+, carba- 
chol, or electrical stimulation are uniform 
throughout the cytoplasm within the 0.5- 
second temporal resolution of the imaging 
system. However, ca2+ gradients are ob- 
served between the nucleus and cytoplasm 
in resting and contracting cells (Fig. 3) (6). 
As cytoplasmic ca2+ is elevated by large, 
sustained changes in the concentration of 
Ca2+ in the extracellular medium, nuclear 
ca2+ rises less from its normal level (220 

to approximately 350 nM (6). There- 
fore, a mechanism in the nuclear membranes 
regulating [ca2+] might function during 
contraction to screen the nucleus from fluc- 
tuations in cytoplasmic ca2+.  The analysis 
reported here p;ovided an oppormnity~for 
directly testing this suggestion by measuring 
the changes in [Ca2+li in both cytoplasm 
and nucleus after K+ and electrical stimula- 
tion (Fig. 3). These results are typical of five 
cells in which the nucleus could be clearly 
distinguished throughout a contraction-rd- 
laxation cycle. Whereas cytoplasmic [ca2+li 
rose above 800 nM during stimulation, in- 
tranuclear ca2+ was unchanged until well 
into the cytosolic Ca2+ transient and 
achieved a peak level of approximately 300 
to 350 nM. The different peak ca2+ concen- 
trations and the differenttime courses indi- 

cate that the nuclear ca2+ concentrations do 
not passively follow changes in cytosolic 
ca2+ and that the nuclear envelope may 
protect the nucleus from the fluctuations in 
cytoplasmic ca2+ that initiate and maintain 
contraction. If, as has been suggested, some 
intranuclear processes are regulated by ca2+ 
(28), then screening the nuclear environ- 
ment from cytoplasmic ca2+ changes would 
prevent the inappropriate triggering of these 
intranuclear processes during contraction. 
The mechanism of this effect is unknown. 
Cytoplasmic ca2+ may act through negative 
feedback on nuclear membrane ca2+ perme- 
ability, as it does on the plasma membrane 
of these cells (2) and for membranes of other 
excitable cells (24, 29). Alternatively, activa- 
tion of a ca2+ transport system in the 
nuclear envelope that is strongly activated 
beyond 300 nM [ca2+li  may be responsible 
for the observed limit on intranuclear ca2+ 
changes. 
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A New Probe for the Diagnosis of Myotonic 
Muscular Dystrophy 

Myotonic muscular dystrophy (DM) is the most common muscular dystrophy, 
affecting adults as well as children. I t  is inherited as an autosomal dominant trait and is 
characterized by variable expressivity and late age-of-onset. Linkage studies have 
established the locus on  chromosome 19. I n  order to  identify tightly linked probes for 
diagnosis as well as to  define in detail the DM gene region, chromosome 1 9  libraries 
were constructed and screened for restriction fi-agment length polymorphisms tightly 
linked to DM. A genomic clone, LDR152 (D19S19), was isolated that is tightly linked 
to  DM; recombination fraction = 0.0 (95% confidence limits 0.0-0.03); lod score, 
15.4. 

M YOTONIC DYSTROPHY (DM) IS 

the most common form of adult 
and childhood muscular dystro- 

phy. It is inherited as an autosomal domi- 
nant trait located on chromosome 19. There 
have been no documented cases of new 
mutation (1 ) . Multiple very large families 
have been evaluated clinically and geno- 
typed by means of both serum and DNA 
polymorphisms in a linkage strategy de- 
signed to identify loci tightly linked to the 
disease. Six large clinically studied DM fam- 
ilies were used in the linkage analysis. Thus 
far over 400 individuals have been geno- 
typed. The apolipoprotein C2 (ApoC2) lo- 
cus has been closely linked to DM (2, 3). 
Although approximately 96 to 98% accurate 
for diagnosis, it is too far from the DM locus 
to be a starting point for the physical tech- 
niques of chromosome walking andlor hop- 
ping to isolate the gene. We therefore 
screened restriction fragment length poly- 
morphism~ (RFLPs) on chromosome 19 
(CH19) in these families in order to identify 
a more tightly linked marker. New probe 
testing was dependent upon the absence of 
detectable crossover events and was focused 
toward defining the DM gene region rather 
than mapping CH19. 

A flow-sorted, genomic DNA library en- 
riched for CH19, was prepared from a 
human lymphoblast cell line established by 

Epstein-Barr virus transformation of white 
blood cells from a normal female. A bivari- 
ate flow karyogram of a typical preparation 
is shown in Fig. 1A. Since CH19 represents 
only 2.2% of the human genome and only 
1.1% of the preparation in Fig. lA, chromo- 
some preparations were enriched by frac- 
tionation on linear rate zonal sucrose gradi- 
ents. For comparison, analyses of fractions 
obtained from both the dense and less dense 
regions of a typical gradient demonstrate 
enrichment of chromosomes of groups B 
and C in one and enrichment of chromo- 
somes in groups E, F, and G in the other 
(Fig. 1, B and C, respectively). The jnherent 
sorting efficiency of the fractions from 
Fig. 1C would therefore be much great- 
er for CH19 that1 the total comple- 
ment (Fig. 1A). In addition to the size 
enrichment, the sucrose gradients removed 
the interphase nuclei from the chromosome 
fractions since nuclei pellet through the gra- 
dient during the first few minutes of centrif- 
ugation. 

Fractions enriched in group F were 
pooled from six gradients and submitted to 
preparative bivariate flow sorting. Fluores- 
cence analysis (630 x power) of a sample of 
sorted chromosomes indicated that 53157 
(93%) were CH19, 3157 were CH21, and 
1157 was an unidentifiable fragment. There- 
fore, cloning the DNA derived from sorting 

CH19 under these same configurations 
should significantly enrich for clones local- 
ized to CH19. 

Genomic DNA was prepared from 
1.3 x lo6 flow-sorted CH19 and digested 
completely with Hind 111. This DNA was 
cloned into the Hind I11 insertion site in 
Charon 21A. A total of 5.0 x lo6 plaque- 
forming units were obtained from the pack- 
aging reaction. After screening phage 
plaques that had been transferred to filters 
(4) with total human DNA, small prepara- 
tions (mini-lysates) from each of 403 non- 
hybridizing clones were digested with Hind 
I11 (Fig. 2A). Of 69 inserts determined to be 
free of human repeat DNA and ranging in 
size from 930 to 7800 bp, 30 were screened 
against hybrid cell panels (Fig. 3). Four 
regions of CH19 were distinguished and 
these represented approximately four equal 
increments of the chromosome. 

Clone LDR152 (Fig. 2A, lane 5) is a 
1.60-kbp Hind I11 fragment that maps to 
the proximal long-arm of CH19 (Figs. 2B 
and 3). The insert was not digested by Bam 
HI, Bst NI, Bst XI, Eag I, Eco RI, Eco RV, 
Hind 111, Not I, Pst I, Sac I, Sac 11, Sal I, Sfi 
I, Spe I, Taq I, Xba I, Xho I, or Xrnn I. 
Screening of LDR152 for DNA polymor- 
phisms was successful for Msp I and Pst I 
(Fig. 4A). In the case of the Msp I polymor- 
phism, the alleles were 2.3 and 1.3 kb in size 
(gene frequencies were 0.15 and 0.85, re- 
spectively). The alleles for the Pst I polymor- 
phism were 19 and 11 kb in size (gene 
frequencies were 0.14 and 0.86, respective- 
ly). Gene frequencies were calculated on the 
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