
ed. Virus extraction procedures (9) 
yielded 50-nm spherical particles identi- 
cal in morphology to standard CaMV 
(Fig. 2). 

To determine whether the virus parti- 
cles contain DNA characteristic of the 
original virus, we extracted the nucleic 
acid and subjected it to electrophoretic 
analysis on agarose gels. DNA from the 
particles comigrated wit) DNA from the 
standard virus, both in native and dena- 
tured form (Fig. 3). The native DNA's 
migrated as two bands, a faster sharp 
band composed of linear molecules and a 
slower diffuse band composed of a col- 
lection of circular forms (7). The dena- 
tured DNA from the standard CM4-184 
virus contains two single-strand breaks 
(Fig. 1), and when it is denatured it falls 
apart into two linear single strands that 
comigrate as a single band on gels (5). 
The gel migration properties of the na- 
tive and denatured DNA indicate that 
viral DNA molecules derived from the 
infection by cloned CaMV DNA have re- 
acquired their secondary structure and 
their single-strand breaks. The Sal I di- 
gestion of the DNA obtained from virus 
particles isolated from plants infected 
with cloned CaMV DNA shows that the 
plant rejoined the Sal I cohesive ends of 
pLW408/Sal I DNA, thereby reconstitut- 
ing the Sal I site. 

It should be pointed out that the 
cloned CaMV DNA suffered no major in- 
sertions or deletions during reintroduc- 
tion into the plant. The DNA retained all 
characteristics of the CM4-184 CaMV 
DNA from which it was derived, includ- 
ing the DNA fragment pattern resulting 
from the digestion with Sal I (Fig. 3) and' 
several other restriction enzymes (data 
not shown). This is important because it 
means that the virus particles that arose 
from infection by cloned CaMV DNA 
did not, in fact, result from the acciden- 
tal introduction of another strain of 
CaMV. Because CM4-184 DNA carries a 
large deletion, amounting to 5 percent of 
the total genome (5), it is clearly distin- 
guishable from other CaMV types. The 
CM4-184 strain is unlikely to be acciden- 
tally introduced into our plants because 
the virus by itself cannot be transmitted 
by aphids, the natural vector for the vi- 
rus (8). We routinely maintain another 
viral isolate, CaMV Cabb B-J.I. (an 
aphid-transmitted strain), in the same 
greenhouse with the test plants. The 
DNA from this strain can be clearly dis- 
tinguished from CM4-184 DNA by gel 
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thereby open new opportunities for ex- 
ploring the use of CaMV as a molecular 
vehicle in plants. 

STEPHEN H. HOWELL 
LINDA L. WALKER 

R. K. DUDLEY 
Biology Department C016, University of 
California, San Diego, La Jolla 92093 

References and Notes 

1. R. J. Shepherd, G. E. Bruening, R. J. Wake- 
man, Virology 41, 339 (1970); R. J. Shepherd, R. 
J. Wakeman, R. R. Romanko, ibid. 36, 150 
(1968). 

2. W. W. Szeto, D. H. Hamer, P. S. Carlson, C. A. 
Thomas, Jr., Science 196, 210 (1977). 

3. D. Ganem, A. L. Nussbaum, D. Davoli, G. C. 
Fareed, Cell 7, 349 (1976); S. P. Goff and P. 
Berg, ibid. 9, 695 (1975); R. C. Mulligan, B. H. 
Howard, P. Berg, Nature (London) 277, 108 
(1979); P. Upcroft, H. Skolnik, J. A. Upcroft, D. 
Soloman, G. Khoury, D. H. Hamer, G. C. Fa- 
reed, Proc. Natl. Acad. Sci. U.S.A. 75, 2117 
(1978). 

4. R. J. Shepherd and R. J. Wakeman, Phyto- 
pathology 61, 188 (1971). 

thereby open new opportunities for ex- 
ploring the use of CaMV as a molecular 
vehicle in plants. 

STEPHEN H. HOWELL 
LINDA L. WALKER 

R. K. DUDLEY 
Biology Department C016, University of 
California, San Diego, La Jolla 92093 

References and Notes 

1. R. J. Shepherd, G. E. Bruening, R. J. Wake- 
man, Virology 41, 339 (1970); R. J. Shepherd, R. 
J. Wakeman, R. R. Romanko, ibid. 36, 150 
(1968). 

2. W. W. Szeto, D. H. Hamer, P. S. Carlson, C. A. 
Thomas, Jr., Science 196, 210 (1977). 

3. D. Ganem, A. L. Nussbaum, D. Davoli, G. C. 
Fareed, Cell 7, 349 (1976); S. P. Goff and P. 
Berg, ibid. 9, 695 (1975); R. C. Mulligan, B. H. 
Howard, P. Berg, Nature (London) 277, 108 
(1979); P. Upcroft, H. Skolnik, J. A. Upcroft, D. 
Soloman, G. Khoury, D. H. Hamer, G. C. Fa- 
reed, Proc. Natl. Acad. Sci. U.S.A. 75, 2117 
(1978). 

4. R. J. Shepherd and R. J. Wakeman, Phyto- 
pathology 61, 188 (1971). 

Myocardial ischemia leads to rapid de- 
terioration of mitochondrial function (1- 
3). This occurs even during the first 20 
minutes of coronary vessel occlusion 
(the "reversible" stage). Irreversible 
cellular damage after 20 minutes of oc- 
clusion has been attributed to several 
factors (4-8). However, no conclusive 
evidence has been presented to account 
for the very early and progressive deteri- 
oration in organelle function that occurs 
with ischemia. 

Nuclear magnetic resonance (NMR) 
studies have indicated the importance of 
cellular water and its exchange for sever- 
al biological systems in normal and cer- 
tain pathological states (9-11). In light of 
morphological evidence that mito- 
chondria become swollen and ultimately 
disrupted during ischemia (12-14), we 
chose to ascertain whether changes in 
macromolecular hydration are associat- 
ed with the altered function. Mitochon- 
drial water content was investigated by 
measuring the NMR relaxation times of 
water protons. We report that the hydra- 
tion of mitochondrial pellets and the 
spin-lattice (T1) and spin-spin (T2) relaxa- 
tion times of water protons decrease as 
the period of ischemia increases. In fact, 
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experiments because the virus itself is a deletion 
mutant that cannot be transmitted by its natu- 
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these changes begin to appear after just 3 
minutes of coronary occlusion. 

A loose ligature was placed on the cir- 
cumflex coronary artery of surgically 
prepared and monitored dogs (15 to 25 
kg) (13). The ligature was tightened until 
flow ceased entirely, and the heart was 
removed after a set period and immedi- 
ately chilled to 4?C. Control animals re- 
ceived sham surgery; no occlusion was 
performed and the heart was removed af- 
ter periods as long as 60 minutes. Mito- 
chondria were isolated from 10- to 15-g 
samples of both the anterior and posteri- 
or papillary muscle regions of the left 
ventricle by using the Polytron proce- 
dure with either KCI-EDTA (15) or man- 
nitol; additionally, two populations of 
mitochondria were isolated by the Poly- 
tron and Nagarse protocol of Palmer et 
al. (16). Protein was measured by the 
biuret method (17). 

The mitochondrial suspension was di- 
luted to 20 mg/ml with isolation medium, 
and conical plastic NMR tubes were 
filled with 0.45 ml of the suspension and 
centrifuged at 10,000g for 10 minutes. 
The supernatant fraction was aspirated, 
and any liquid adhering to the inside of 
the tube was absorbed with a cotton 
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Abstract. Nuclear magnetic resonance studies of mitochondria isolated from is- 
chemic hearts after coronaty vessel occlusion indicated a decrease in water proton 
relaxation times. This change coincided with a decrease in the hydration of the sam- 
ples. It is suggested that in ischemia, changes in macromolecular hydration may be 
one of thefirst mechanisms to alter function in the mitochondria, which are vital to 
the energy-transducing process in heart muscle. 
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swab. Each tube was kept at 4?C until 
analyzed by NMR spectroscopy within 4 
hours after the final centrifugation. As an 
indication of the stability of the prepara- 
tion, NMR spectra from several pellets 
analyzed during the first hour did not 
vary significantly when reanalyzed 4 
hours later. Water content of each 
sample was determined gravimetrically 
after the NMR measurements; samples 
were weighed before and after 24-hour 
incubation at 104? ? 1.0?C. All NMR 
measurements were made at 30.3 MHz 
with a Bruker SXP pulse spectrometer 
equipped with a 12-inch Varian elec- 
tromagnet, and the spin-echo procedure 
was utilized (18). The sample temper- 
ature was 27? + 0.2?C, and all data were 
computer-analyzed with a curve-fitting 
program (19). 

After 5 minutes of occlusion the T1 and 
T2 water proton relaxation times de- 
creased 15 and 30 percent, respectively, 
and then remained relatively constant for 
25 minutes (Fig. 1). Then the relaxation 
times decreased again, and after 60 min- 
utes of occlusion the T1 and T2 times 
were 30 and 50 percent of the control 
times, respectively. The hydration of the 
mitochondria (grams of H20 per gram of 
dry tissue) also decreased with a similar 
time course (Fig 1). 

To explain these decreases, we had to 
consider the possibility that mitochon- 
drial fragility increased as the ischemic 
interval lengthened (1). For example, the 
final centrifugation at 10,000g in small 

Table 1. Mitochondrial content of ['4C]inulin 
and estimate of inulin volume. A determina- 
tion of extramitochondrial volume changes in 
the pellets was made by adding [14C]inulin 
carboxyl to mitochondrial preparations just 
before final centrifugation in the NMR tubes. 
After centrifugation, 200 ,l of the supernatant 
and of the resuspended pellet were counted 
for radioactivity. The pellets contained 29 
and 31 percent of the total counts in control 
mitochondria for the Polytron and Nagarse 
preparations, respectively, and 31 and 30 per- 
cent of the total counts in ischemic mito- 
chondria. 

Mito- Polytron Nagarse 
chon- 
drial Vol- [14C- Vol- [ 

frac- ume inulin inulin frac- ume ume 
tion (,um) (count/ (p) (count/ tion (/l)) (/zl) 

min) min) 

Control 
Super- 6391 5698 

natant 
Pellet 90 2672 87 2592 

Total 9063 8290 
Ischemic 

Super- 6144 6406 
natant 

Pellet 94 2792 92 2733 
Total 8936 9139 
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Table 2. Water proton T1 and T2 relaxation 
times for two populations of mitochondria 
prepared with the Nagarse or Polytron proce- 
dure. Each value is the mean ? standard error 
for three to six pellets from a nonischemic 
(control) dog or from a dog made ischemic for 
15 minutes. 

T1 T2 Group 
(msec) (msec) 

Polytron 
(mannitol) 

Control 1135 ? 20 110 4 
Ischemic 915 + 11 88 ? 3 

Nagarse 
Control 930 ? 6 71 5 
Ischemic 684 ? 8 48 ? 2 

NMR tubes may have destroyed greater 
numbers of mitochondria that were pre- 
pared from hearts that had endured long- 
er ischemic periods. Numerous studies 
have indicated that the relaxation times 
are often dependent on the volume of 
water in the preparation. We therefore 
designed a series of experiments to de- 
tect any changes in extrasubcellular fluid 
volume in the mitochondrial pellet that 
might be indicative of damage during the 
last centrifugation. We found that the 
distribution of [14C]inulin was essentially 
the same in mitochondrial pellets pre- 
pared from normal and ischemic myo- 
cardium (Table 1). The average volume 
occupied by [14C]inulin was 88.5 Al in 
mitochondrial pellets from control hearts 
and 93 ,cl in mitochondrial pellets from 
ischemic hearts. Therefore, the extra- 
mitochondrial volume in the two prepa- 
rations was very similar, and the magni- 
tude of the difference between the hy- 
dration of the control and ischemic pel- 
lets cannot be explained in terms of 
extramitochondrial H20. 

Another possible explanation of the 
decrease in mitochondrial pellet T1 and 
T2 relaxation times as ischemia progress- 
es is that the isolation protocol selective- 
ly extracts certain types of mitochondria 
that contain different amounts of H20. 
We investigated this possibility by delib- 
erately extracting two populations of 
mitochondria, using a combination of the 
Polytron procedure and treatment with 
the proteinase Nagarse (16, 20, 21). This 
enzyme causes the release of an inter- 
myofibrillar pool of mitochondria that is 
not extracted by the Polytron method, 
which instead causes the release of pre- 
dominately subsarcolemmal mitochon- 
dria (16). As is shown in Table 2, the T1 
and T2 values differ depending on which 
mitochondrial fraction is isolated. The T1 
and T2 values of non-Nagarse prepara- 
tions (primarily subsarcolemmal mito- 
chondria) were substantially higher than 
the corresponding values for the Nagarse 

preparation containing myofibrillar mito- 
chondria; this was seen in both the con- 
trol and ischemic preparations. How- 
ever, in the ischemic preparation, all re- 
laxation times were lower than those of 
the control preparations. Although it is 
likely that the subsarcolemmal mito- 
chondria are more hydrated than the 
myofibrillar mitochondria, both types, 
when isolated from ischemic myocar- 
dium, show decreased water proton re- 
laxation times. Thus it appears that the 
ischemic changes are independent of the 
population of mitochondria. The data 
suggest that the early changes in ische- 
mic mitochondria are accompanied by 
dramatic changes in water distribution. 

During brief period of ischemia (under 
20 minutes), mitochondrial swelling has 
not been consistently observed. Recent 
evidence suggests that there are profiles 
of fusing mitochondria, condensation of 
matrix material, and increase in amount 
of dense material and granules (22). If 
swelling does occur, there may be a 
structural rearrangement of the mito- 
chondrial matrix, since the mitochon- 
drial pellets contain less water as is- 
chemia progresses. The loss of protein 
and free HO2 and the gain of lipid mole- 
cules or granular material should result 
in lower hydration values and lower T1 
and T, values, and this may be one pos- 
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Fig. 1. Water proton relaxation times and 
hydration values for mitochondria isolated 
from control and acutely ischemic dog hearts. 
All data points are means ? standard errors. 
Control* data are for 11 mitochondrial pellets 
from five nonischemic dogs whose hearts 
were excised immediately under sodium pen- 
tobarbital anesthesia (30 mg/kg). Control 
(sham) data are for seven mitochondrial pel- 
lets prepared from two dog hearts, the coro- 
nary arteries of which were ligated but not oc- 
cluded. Occlusion (3 to 59 minutes) data are 
for three to six mitochondrial pellets analyzed 
from a single dog; double points repre- 
senting two dogs are shown at 5 minutes of 
occlusion. 
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sible explanation. It has been suggested 
that myocardial ischemia induces altera- 
tions in membrane lipids, lipid fluidity, 
and altered distribution pattern of intra- 
membranous particles in the mitochon- 
drial membranes (23, 24). Certainly, 
changes in the hydration and physical 
properties of water (as measured by pro- 
ton relaxation times) in mitochondria oc- 
cur early in the response to ischemic in- 
sult. These observations are well corre- 
lated with those of some previous studies 
in which we demonstrated impairment of 
fatty acid oxidation and accumulation of 
long-chain acyl ester intermediates early 
in ischemia. 
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study of endocrine tissue as well. 

A number of exocrine and endocrine 
gland cells display regenerative voltage 
changes in response to neural or hor- 
monal stimulation or both (1). It is be- 
lieved that these regenerative electrical 
events are causally related to the cou- 
pling of excitation to secretion (2), al- 
though the underlying mechanisms re- 
main to be elucidated. Attempts to un- 
derstand the excitation-secretion pro- 
cess have been impeded in part by 
the relatively small size of gland cells, 
which makes intracellular microelec- 
trode recording very difficult (3). Electro- 
physiological study of glands might 
therefore be facilitated if an alternative 
technique for monitoring membrane po- 
tential could be developed that did not 
require cell impalement. 

Vital dyes that respond optically to 
rapid changes in membrane potential 
have been used to monitor electrical ac- 
tivity in a variety of systems including 
squid giant axons (4), invertebrate cen- 
tral neurons (5, 6), and vertebrate car- 
diac (7) and striate (8) muscle. To our 
knowledge, no attempt has been made 
to utilize these potentiometric probes 
in any electrophysiological studies of 
glandular tissue (9-11). We now report 
that propagated action potentials in a 
stained invertebrate salivary gland gen- 
erate optical "spikes" that are clearly 
visible in a single oscilloscope sweep 
(12). 

To establish the feasibility of an ap- 
proach to gland electrophysiology based 
on optical measurement of membrane 
potential, we focused our efforts on the 
bilaterally paired salivary glands from 
the freshwater snail Helisoma trivolvis. 
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This exocrine gland was selected since it 
was recently shown that individual aci- 
nar cells generate large overshooting 
action potentials when electrically or 
neurally stimulated and that these re- 
generative responses are propagated 
throughout the gland because of exten- 
sive electrotonic coupling between aci- 
nar cells (13). Another important techni- 
cal advantage of this preparation is the 
relative ease with which intracellular mi- 
croelectrode recordings can be made 
from individual acinar cells. This allows 
changes in the optical signal to be com- 
pared directly with membrane potential 
changes recorded intracellularly. 

Surgically isolated snail salivary 
glands were stained for 20 minutes with a 
merocyanine-oxazolone dye (NK 2367, 
Nipon Kankoh-Shikiso Kenkyusho Co., 
Okayama, Japan) (6). To measure extrin- 
sic voltage-dependent changes in absorp- 
tion, an extended region of the gland was 
viewed under a water-immersion objec- 
tive (x20; 0.33 numerical aperture) on a 
Reichert Zetopan binocular microscope. 
An adjustable slit in the objective image 
plane was positioned so that only light 
that had passed through a selected region 
(0.05 to 0.1 mm2) of the gland reached a 
silicon diode photodetector (PV 444, 
EG & G, Inc.) (6). 

Relatively large optical signals could 
be obtained from glands that had been 
superfused or luminally perfused with 
Ringer solution (14) containing the dye 
(Fig. 1). In Fig. IA, an optical signal 
from a gland that had been luminally per- 
fused with dye at 200 /g/ml is compared 
with the signal from another gland that 
had been superfused with dye at 25 /Lg/ 

This exocrine gland was selected since it 
was recently shown that individual aci- 
nar cells generate large overshooting 
action potentials when electrically or 
neurally stimulated and that these re- 
generative responses are propagated 
throughout the gland because of exten- 
sive electrotonic coupling between aci- 
nar cells (13). Another important techni- 
cal advantage of this preparation is the 
relative ease with which intracellular mi- 
croelectrode recordings can be made 
from individual acinar cells. This allows 
changes in the optical signal to be com- 
pared directly with membrane potential 
changes recorded intracellularly. 

Surgically isolated snail salivary 
glands were stained for 20 minutes with a 
merocyanine-oxazolone dye (NK 2367, 
Nipon Kankoh-Shikiso Kenkyusho Co., 
Okayama, Japan) (6). To measure extrin- 
sic voltage-dependent changes in absorp- 
tion, an extended region of the gland was 
viewed under a water-immersion objec- 
tive (x20; 0.33 numerical aperture) on a 
Reichert Zetopan binocular microscope. 
An adjustable slit in the objective image 
plane was positioned so that only light 
that had passed through a selected region 
(0.05 to 0.1 mm2) of the gland reached a 
silicon diode photodetector (PV 444, 
EG & G, Inc.) (6). 

Relatively large optical signals could 
be obtained from glands that had been 
superfused or luminally perfused with 
Ringer solution (14) containing the dye 
(Fig. 1). In Fig. IA, an optical signal 
from a gland that had been luminally per- 
fused with dye at 200 /g/ml is compared 
with the signal from another gland that 
had been superfused with dye at 25 /Lg/ 

0036-8075/80/0613-1269$00.50/0 Copyright ? 1980 AAAS 0036-8075/80/0613-1269$00.50/0 Copyright ? 1980 AAAS 

Electrical Activity in an Exocrine Gland: 

Optical Recording with a Potentiometric Dye 
Abstract. Propagated action potentials in the salivary gland of a freshwater snail 

were detected by optical means. Voltage-dependent absorption changes from acinar 
cells stained with a merocyanine-oxazolone dye faithfully reproduced the time course 
of electrical activity in this tissue. Such signals may provide a useful tool for the 
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