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ABSTRACT

Selected fluorescent dyes were tested for uptake by mitochrondria in
intact cells of barley, maize, and onion. The cationic cyanine dye 3,3'-
diheptyloxacarbocyanine iodide [DiOC7(3)j accumulated in mitochondria
within 15 to 30 minutes without appreciable staining of other proto-
plasmic constituents. The number, shape, and movement of the fluores-
cent mitochondria could be seen readily, and the fluorescence intensity
of the mitochondria could be monitored with a microscope photometer.
Fluorescence was eliminated in 1 to 5 minutes by the protonophore
carbonyl cyanide m-chlorophenylhydrazone (CCCP) indicating that main-
tenance of dye concentration was dependent on the inside-negative trans-
membrane potential maintained by functional mitochondria. Fluorescence
of prestained mitochondria was enhc within 5 to 10 minutes after
addition of 0.1 minlimolar kinetin to cells. The fluorescence in kinetin-
treated cells was dissipated by CCCP. These results suggest that kinetin
interacted with respiratory processes resulting in higher potential across
the mitochondrial membrane.

Fluorescent probes have been applied as optical indicators of
membrane potential differences in several types of cells, isolated
organelles, and lipid vesicles (2, 6, 29, 30). The technique relies
on potential-dependent partitioning of charged lipophillic dye
molecules across the membrane. Changes in membrane potential
result in changes in intensity of dye fluorescence, termed 'redis-
tribution signals' (6).

Potentiometric dyes have been used successfully to measure
changes in membrane potential of mitochondria within or iso-
lated from cells of yeasts (15, 24), several kinds of animal cells
(3, 7, 8, 13, 14, 16, 25), and recently, in cells or protoplasts of
higher plants (18, 26). The potentiometric dyes most widely used
for mitochondria are either derivatives of rhodamine, especially
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rhodamine 123, or cyanines, dyes developed by Waggoner (30)
and co-workers for use as potentiometric probes. Through the
use ofrespiratory inhibitors and ionophores and ofothers means,
the fluorescence intensity of these dyes has been shown to be
related to mitochondrial membrane potential (2, 6, 8, 13.).
We have recently found that certain cyanine dyes gave fluo-

rescence to mitochondria of haustoria within living barley epi-
dermal cells infected with Erysiphe graminis (4). The mitochon-
drial fluorescence was rapidly dissipated by the protonophores
CCCP2 or DNP indicating that maintenance of dye concentra-
tion within the mitochondria was dependent on membrane
potential. Several of the cyanines tested were observed also to
stain mitochondria of host epidermal cells, which prompted us
to screen various cyanines and other dyes used elsewhere as
mitochondrial probes for ability to stain higher plant mitochon-
dria. Our objectives were to learn which dyes were most effective
with cells of higher plants, to learn if fluorescence of stained
plant mitochondria could be monitored photometrically (as had
been possible for haustorial mitochondria), and to learn if fluo-
rescence was related to mitochondrial membrane potential. We
also measured the effect of kinetin on mitochondrial fluores-
cence. Our interest in kinetin grew out of the fact that kinetin
had interfered with development of haustoria of E. graminis
(17). Although kinetin had no obvious effect on haustorial mi-
tochondria, we found that it markedly enhanced the fluorescence
intensity of host mitochondria.
The use ofcertain cyanine dyes as cytological or potentiometric

stains for higher plant mitochondria was reported (18, 26) as we
were completing our investigation. Our report here confirms and
extends these studies and compares the effectiveness of several
different dyes. We also show that mitochondrial fluorescence can
be measured photometrically in individual living plant cells and
that kinetin enhances that fluorescence.

EXPERIMENTAL PROCEDURE
Reagents and Solutions. Fluorescent compounds tested for

their ability to act as membrane potential probes in the mito-
chondria of living plant cells are listed in Table I. All fluorescent
compounds were from Molecular Probes (Eugene, OR 97402).
All dyes were dissolved in a small volume of ethanol except 1)-
296, which was dissolved in a small volume ofDMSO (Matheson,
Coleman and Bell, Cincinnati). Stock dye solutions were made
at 10 SM in potassium phosphate buffer (0.01 M, pH 6.4) and

2Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhydrazone;
DIC, differential interference contrast; DiOC7(3) and other dyes, see
Table 1.

1385

- ^
 www.plantphysiol.org on May 25, 2017 - Published by www.plantphysiol.orgDownloaded from 

Copyright © 1987 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/
http://www.plantphysiol.org


Plant Physiol. Vol. 84, 1987

subsequently serially diluted with buffer to the concentrations
desired. Ethanol or DMSO concentrations were adjusted to 0.5%
in the final solution.

Kinetin (6-furfurylaminopurine) (ICN Biochemicals, Cleve-
land) and zeatin (6-[4-hydroxy-3-methylbut-2-enylamino]pur-
ine) (Sigma Chemical Co.) were dissolved in a small amount of
DMSO and diluted with phosphate buffer to 0.1 mM and then
diluted serially to lower concentrations as required. Additional
DMSO was added to all solutions as necessary to obtain 0.5%.
CCCP (Sigma Chemical Co.) was dissolved with a small amount
of ethanol and diluted with phosphate buffer to 1 ,M. Ethanol
concentration was adjusted to 0.5% in the final solutions.

Plant Cell Preparation. Three kinds of plant cells were used in
this study: epidermal cells of barley 'Algerian/4* (F14) Man. S'
and onion (Allium cepa L. 'Downing Yellow Globe') and callus
culture cells of maize (Zea mays, Line A- 188). Barley epidermal
tissues were dissected and mounted as described by Bushnell et
al. (4) from coleoptiles grown in light (12). The tissue used was
part ofthe inner epidermis ofthe tubular coleoptile. Two vascular
bundles were left attached to the edges of the tissue to support it
during manipulation. The tissue, with attached bundles was
spread on a glass microscope slide, and one coverslip then was
placed on each end of the tissue. The central uncovered part of
the tissue was used for experimental treatment and observation.
The tissue was incubated with distilled water placed beneath both
coverslips and the tissue. Epidermal tissues of the third scale
(from the outside) of onion bulbs were stripped, placed in water
on glass slides, and covered with a cover slip. Maize callus
cultures were newly initiated from embryos and cultured on
Murashige-Skoog medium for 21 d. At this stage, callus cells
were in loose clumps and could be transferred individually onto
glass slides without damage. The maize cells were mounted in
water on the glass slides under a coverslip.

Staining of the Mitochondria. Dye solutions were applied to
mounted tissues or cells by applying 4 to 6 drops of solution at
an edge of the slip covering the specimens. A piece of filter paper
was placed at the other edge of the cover slip to withdraw water
and to draw the dye solution underneath the coverslip. For
mounted barley tissues, dye was applied to one coverslip and
water was withdrawn from the other coverslip, drawing dye
solution beneath the tissue that extended between the two cover-
slips. The tissues with dye solution were incubated in the dark at
18C for 1 h. The dye solution was then withdrawn with a piece
of filter paper. Except as noted, the dye solution was replaced
with distilled water and the tissues were incubated at 18°C for
another hour to reduce background staining before fluorescence
was observed and measured.

Fluorescence Microscopy and Photography. Stained cells were
examined with a Zeiss fluorescence photomicroscope equipped
with epiillumination from a 100 W mercury arc lamp, using a
BP 450-497 exciter filter, a FT 510 dichroic mirror, and an LP
526 barrier filter. Areas of interest on the slide were initially
identified with an X40 objective lens under bright field, phase or
DIC microscopy. Observations of fluorescence from selected cells
were made with a X40 (0.7 numerical aperture [NA]) dry objec-
tive lens. Photographs were taken by using AGFA VARIO-XL
400 film with the automatic exposure control of the microscope
set at ASA 1600 for fluorescence microscopy or at ASA 400 for
bright field, phase, or DIC microscopy.

Quantitative Measurements of Fluorescence. Measurements
of fluorescence intensity from selected cells were made with a
X40 (0.67 NA) dry objective lens with an aperture that allowed
fluorescence emission to be detected from a specimen disc of 20
,um diameter. Fluorescence intensity was measured with a Zeiss
01K microscope photometer.

Fluorescence intensity was measured within 10 to 30 s after
the fluorescence excitation shutter was opened, and the shutter

was closed as soon as the reading was made to minimize photo-
destruction. Decrease in fluorescence was insignificant over such
a short period of excitation. Three measurements were made at
each time point on different fields and an average was calculated
for the time point.

Individual mounts were used for quantitative studies only if
mitochondria were generally fluorescent as judged by a brief
observation. Fields within mounts were located with bright field
microscopy to avoid edges of cells. Before fluorescence intensity
was measured for a given field, the microscope was focused on
mitochondria in the cytoplasmic layer near the upper surface of
the cell. Mounts were always moved to the right between fields
to avoid repeated readings at the same place. Successive fields
were sometimes observed within a single cell and sometimes in
neighboring cells.

Effect of CCCP. The effect of the protonophore, CCCP, was
measured on cells prestained with DiOC7(3). The stained cells
were exposed to 1 ,uM CCCP after the original fluorescence
intensity had been measured. Fluorescence was measured again
1, 5, 10, 15, 20, 30, and 60 min after the CCCP was added.
Cytokinin Treatments. Kinetin and zeatin solutions were ap-

plied to specimens under coverslips in the same way as were dye
solutions. Fluorescence change was determined at 5, 10, 15, 20,
and 60 min after kinetin was added. Sixty min after kinetin
treatment, CCCP at 1 AuM was applied and fluorescence intensities
were measjrtd.

RESULTS
The dyes tested (Table I) included a series of 10 cyanine

derivatives which varied in length of alkyl side chains (RI, Fig.
1) and in substitutions in the '7' position of the conjugated rings
(R, Fig. 1). Also tested were three other cationic dyes, DASPMI,
D-296, and rhodamine 123 (Table I). When applied at 1 1uM to

Table I. Properties ofthe Fluorescent Dyes Tested
Staining Properties

Dye Side Mitochondriaa
Chain

Without With Cytoplasm'
CCCP 1 iMCCCP

Cyaninesc
DiOCI(3) methyl +d - +
DiOC2(3) ethyl + - +
DiOC3(3) propyl +d - +
DiOC4(3) butyl ++d +
DiOC5(3) pentyl ++ - +
DiOC7(3) heptyl +++ - +-
DiSC2(3) ethyl ++ - +
DiSC3(3) propyl + + +
DiIC2(3) ethyl ++ +
DiIC4(3) butyl ++d

Other
DASPMIe +++ - +
D-296f + - +
Rhodamine 123

a Fluorescence noted on following scale: -, no mitochondria fluoresce;
+, few mitochondria fluoresce, and then weakly; ++, intermediate and
variable numbers of mitochondria fluoresce, with moderate to bright
intensity; +++, numerous mitochondria fluoresce brightly (as in Figs.
2-5). b Cytoplasmic fluorescence (other than mitochondrial) noted
on following scale: -, no fluorescence; +, diffuse fluores-
cence. c Codings for cyanines follow Sims et al. (28) (see Fig. I for
general structure). d Some unidentified spherical bodies were stained
in addition to mitochondria. C2-[4-Dimethylaminostyryl]-N-meth-
ylpyridinium iodide. f 2-(4-[Dimethylamino]phenylbutadienyl)-N-
methylquinolinium iodide.
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Q4 ,CH= CH-CH Q

R1
FIG. 1. Structure of the cyanine dyes. R can be 0, S, or C(CH3)2

(coded as 'I' in Table I). RI, can be various lengths of alkyl chain (coded
C. in Table I).

cells of barley, maize, and onion, all the tested dyes except
rhodamine 123 gave faint fluorescence to cytoplasm and at least
some fluorescence to mitochondria, usually within 10 min after
dye was applied (Table I). For the cyanines, the more hydropho-
bic the dye, the better was the mitochondrial staining. Thus,
DiOC7(3) with a heptyl side chain, gave the most intense mito-
chondrial fluorescence (Table I). DiOC7(3) produced minimal
fluorescence in the cytoplasmic background (Table I) and thus
gave the best contrast between mitochondria and background.
DASPMI also stained mitochondria but was cytotoxic even at
low concentration (0.1 Mm) causing mitochondria to clump
within 10 min, a phenomenon observed with some other cyto-
toxic substances (Z Liu, unpublished data). D-296 gave only
weak fluorescence to mitochondria. Rhodamine 123 gave no
intracellular fluorescence even at high concentration (1 mM).

Staining Patterns and Tissue Variability in Mitochondrial
Accumulation of DiOC7(3). DiOC7(3) stained mitochondria of
living plant cells in 15 to 30 min. The dye traversed the cell wall
and plasmalemma and entered cytoplasm in about 10 min,
initially appearing as a faint general fluorescence in the cyto-
plasm. As the staining process proceeded, individual mitochon-
dria fluoresced as bright, straight rods, as thinner filaments with
one or more bends, or sometimes as spheres (Figs. 2-5). Fila-
ments frequently became spheres, especially if cells were moved
or pressed. The staining reached a maximum within an hour as
judged visually. The nuclei of maize callus cells tended to be
lighted by mitochondria which crowded around them (Figs. 2-
3). The nuclei themselves showed little or no fluorescence (Figs.
2-5). Diffuse fluorescence was usually seen in cell wall regions.
Within cells, long, thin, faintly fluorescent filaments were seen
to extend in the longest dimension of the cells. These filaments
often extended the entire length of the cell. They were more
frequent in barley and onion epidermal cells than in corn callus
cells.

Fluorescence of DiOC7(3) in cells was subject to a moderate
rate of photodestruction. About 30% of initial fluorescence was
lost within 10 min if the field was kept under continuous excit-
ation. More importantly, some individual mitochondria lost all
visible fluorescence at about 10 min. For this reason, excitation
of individual fields was limited to 30 to 60 s for quantitative
measurements of fluorescence intensity.
Within a given cell, all the mitochondria were stained with a

similar fluorescence intensity as judged visually, suggesting that
the functional state of all mitochondria was uniform in a single
cell. Furthermore, no obvious variations were observed among
cells in a given mount. However, large variations were observed
among mounts. In some, none of the mitochondria were flu-
orescent. Mitochondrial fluorescence appeared to be an on-off
phenomenon for each preparation. The reasons for the lack of
fluorescence in some mounts were not established, although care
to avoid injury to cells when mounts were prepared tended to
improve consistency of fluorescence. Among species, the relative
fluorescence intensity was highest with onion cells, intermediate
with barley cells, and lowest with maize cells. A 15% difference
was observed between onion and barley, and another 5% between
barley and maize. The differences were probably due to different
numbers of mitochondria per unit area among the three kinds
of cells (within the 314Atm2 areas used for photometric measure-

ments). The highest density of mitochondria was observed with
onion cells and the lowest density with maize cells. No obvious
differences in brightness of individual mitochondria were ob-
served with the different kinds of cells.

Effect of the Protonophore, CCCP. To establish that the mi-
tochondrial accumulation of DiOC7(3) in intact plant cells was
related to mitochondrial membrane potential, CCCP was tested
for its effect on dye-mitochondria interaction. This protonophore
is known to dissipate mitochondrial membrane potential. It was
applied at 1 ,M, the lowest concentration that consistently
stopped cytoplasmic streaming in barley coleoptile epidermal
cells. Cells were prestained with DiOC7(3). Exposure to CCCP
(Fig. 6A) led to the rapid release of the fluorescent dye from
mitochondria giving a diffuse, low level cytoplasmic fluorescence
with no mitochondrial fluorescence observable. The process took
place within 1 to 5 min of exposure to CCCP (Fig. 6A). Fluores-
cence intensity decreased to about 30% of initial values within 5
min for onion and barley cells and to about 45% within 10 min
for maize cells (Fig. 6A). Immediately after the addition ofCCCP,
fluorescence intensity peaked transiently (Fig. 6A). This resem-
bled transient peaks obtained with haustorial mitochondria (4)
and probably represented a period in which dye was released
from mitochondria but before the dye diffused out of the cell.
Optimal Concentration for DiOC7(3). The optimal concentra-

tion of DiOC7(3) as an indicator of mitochondrial potential was
determined by monitoring the change in fluorescence intensity
induced by 1 AM CCCP in the presence ofvarious concentrations
of the dye. For all three plant species tested, the optimal concen-
tration was 2 AM. This was the concentration at which the largest
change was observed from before addition of CCCP to 15 min
later (Table II). In these experiments the residual background
fluorescence was somewhat more than in the experiments of
Figure 6, because tissues were incubated with dye until CCCP
was applied without an intervening hour of incubation on water.

Effects of Cytokinins on Mitochondrial Fluorescence Intensity.
Enhancement of mitochondrial fluorescence by kinetin was ini-
tially observed qualitatively in barley epidermal cells which had
been prepared from coleoptiles, treated with kinetin at 0.1 mM
for 1 h, then given DiOC7(3) 2 AM for 1 h, and finally incubated
on water for another hour before observation of fluorescence.
The fluorescence of the mitochondria was much brighter in
kinetin-treated than in untreated tissues. Furthermore, cyto-
plasmic streaming seemed to increase after kinetin treatment as
observed by movement of fluorescent mitochondria.
Only slight increase in fluorescence intensity in barley epider-

mis was observed with kinetin at 10 AM, and no effects were
observed at 1 AM (data not shown). Zeatin, another cytokinin,
did not show any effects on fluorescence of barley mitochondria
at 100, 10, or 1 AM (qualitative observations).
To demonstrate the effects of kinetin quantitatively, fluores-

cence was monitored photometrically before and after kinetin
was applied. Cells of onion epidermis, barley epidermis, and
maize tissue culture callus were prestained with DiOC7(3) and
the background was destained as usual. Fluorescence intensity
was measured twice in a period of 10 min. Subsequently, the
cells were exposed to kinetin solutions. The response to kinetin
was rapid. Fluorescence intensity started to increase at about 5
min, reached a maximum in about 20 min, and remained stable
for the next 40 min (Fig. 6B). The effects were greatest with
onion epidermal cells, in which there was an increase of 35% in
fluorescence intensity, smallest with maize cells with 18%, and
intermediate with barley epidermal cells with 28% (Fig. 6B).
To confirm that the kinetin-induced increase in fluorescence

intensity in mitochondria was a consequence of a change in
membrane potential, CCCP was applied 60 min after kinetin
treatment. As before, fluorescence peaked temporarily after the
addition of CCCP and then rapidly declined (Fig. 6B). Fluores-
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cence intensity of control cells was measured only with barley
epidermal cells but the residual fluorescence after CCCP treat-
ment was as low or lower for kinetin-treated cells as for the
untreated barley cells in this experiment (Fig. 6B) or for untreated
maize and onion cells measured earlier (Fig. 6A).

DISCUSSION
The structures which stained prominently in these experiments

with DiOC7(3) in living plant cells were mitochondria. This was
clearly indicated by the morphology, behavior, and response to
protonophores of the organelles. They showed a dynamic pleo-
morphism ranging from filaments to spheres and an ability to
shift rapidly from filaments to spheres when cells were disturbed,
all characteristic of mitochondria (1 1). The excellent cytological
visualization of mitochondria with cyanines here in living cells
of barley, maize, and onion has also been shown for mitochon-
dria within animal cells (5, 13), within cells of carrot and tobacco

FIG. 2. Maize callus cells stained with
DiOCO(3). A, Epifluorescence microscopy
showing numerous mitochondria. Bright
fluorescence around nuclei (N) was
mostly from surrounding mitochondria
(see text). B, Differential interference con-
trast microscopy of the same field. Scale
bar, 20 Mm.

FIG. 3. Maize callus cell stained with
DiOC7(3). A, Epifluorescence microscopy
showing numerous bright mitochondria.
Bright fluorescence around nucleus (N)
was mostly from surrounding mitochon-
dria. B, Transmitted light microscopy of
the same field. Nucleus (N) is prominent.
Scale bar, 20 Mm.

FIG. 4. Onion cells stained with
DiOC7(3). A, Epifluorescence microscopy
showing numerous bright mitochondria
which tended to be spherical. Streaks (S)
were from mitochondria which moved
during photographic exposure. The nu-
cleus (N) was not stained. Mitochondria
around the nucleus (N) were not as abun-
dant as in maize cells (Figs. 2 and 3). B,
Phase contrast microscopy of the same
field. Scale bar, 20 Am.

FIG. 5. Barley coleoptile epidermal cells
stained with DiOC7(3). Epifluorescence
microscopy showing numerous mito-
chondria. Cell walls (out of focus) show
diffuse fluorescence. Scale bar, 20 Mum.

(18), protoplasts of alfalfa (26), and in haustoria of the fungus
Erysiphe graminis (4).
The mitochondria rapidly lost fluorescence upon treatment of

cells with CCCP, a protonophore known to depolarize mito-
chondria. This indicates that accumulation ofdye was dependent
on the membrane potential that exists across the inner mito-
chondrial membrane, in agreement with chemiosmotic theory
(22) and with other studies with potentiometric dyes in which
fluorescence of cyanines in mitochondria was diminished or
eliminated by respiratory inhibitors such as cyanide, azide, or
rotenone ( 13).
Other evidence that fluorescence intensity of cyanine relates

to mitochondrial membrane potential includes: (a) yeast mutants
that possessed mitochondria but were respiration-deficient had
no change in fluorescence upon addition of protonophores (15);
(b) fluorescence intensity of cyanines has correlated positively
with membrane potentials in cells as measured by microelec-
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FIG. 6. Mitochondrial fluorescence change in response to CCCP and
kinetin. Cells were stained for 1 h with DiOC7(3) and incubated 1 h in
water before measurements were started. A, With 1 AM CCCP added as
shown, without kinetin. Barley (0), maize (U), onion (A). B, With kinetin
0.1 mM added before 1 gM CCCP as shown. Barley with kinetin (0),
barley (control) without kinetin (0) maize with kinetin (U), onion with
kinetin (A).

Table II. Changes in DiOC7(3) Fluorescence with CCCP I Mm as a
Function ofDye Concentration in Cells ofOnion, Barley, and Maize

Concentration FIF__
of DiOC7(3) Onion Barley Maize

M

20 0.60 0.81 0.82
10 0.53 0.78 0.80
2 0.42 0.45 0.62
1 0.50 0.56 0.68
0.1 0.57 0.61 0.79

a Fluorescence intensity 15 min after addition of CCCP/fluorescence
intensity before addition of 1 uM CCCP. Tissues were incubated with
dye solution until CCCP solution was applied.

trodes (9, 10, 27, 28), or as estimated from distribution ofchloride
at Donnan equilibrium (1, 6); and (c) fluorescence increases or
decreases with treatments that hyper- or hypopolarize cells (9,
10, 28).
Although mitochondria gave much brighter fluorescence than

did other structures in our experiments with DiOC7(3), faint
fluorescence was frequently seen in cell wall regions, in cyto-
plasm, and in intracellular strands extending in the long dimen-
sion of cells. We did not determine if any of the fluorescence in
cell wall regions was from the plasmalemma. Fluorescence of
intracellular strands was reported by Matzke and Matzke (18)
and interpreted to be due to elements of cytoskeleton. In line
with this, we found the strands to be located within the cytoplasm
and often to coincide with paths of mitochondrial movement.
Matzke and Matzke (18) reported that nuclear membranes

fluoresce with the cyanine DiOC6(3). They showed intense fluo-

rescence associated with the nucleus of a carrot suspension cell,
much as we found with maize callus cells (Figs. 2, 3). However,
in focusing up and down on such nuclei, we judged that most of
the fluorescence was from mitochondria clustered around the
nuclei. Many nuclei of onion (Fig. 4) and barley (Fig. 5) epider-
mal cells were not fluorescent.
The results of Matzke and Matzke who used DiOC6(3) were

much like ours with DiOC7(3) which has one carbon more in its
alkyl side chains. We did not test DiOC6(3), but found that
DiOC7(3) gave better mitochondrial fluorescence than did
DiOC5(3) or cyanines with shorter side chains. Apparently, both
DiOC6(3) and DiOC7(3) can be recommended as potentiometric
dyes for plant mitochondria. However, Reich et al. (26) recently
reported that DiOC2(3) with ethyl side chains stained mitochon-
dria of isolated alfalfa protoplasts.
Whereas we obtained no mitochondrial stain with rhodamine

123, a dye commonly used for mitochondria of animal cells (3,
7), this dye has been reported to stain plant mitochondria in cells
(18) and in isolated protoplasts (26). In cells, mitochondrial
fluorescence was coupled with intense background fluorescence
which interfered with observation of mitochondria.
We found that the fluorescence intensity of mitochondria

stained with DiOC7(3) could be measured photometrically within
living plant cells, so that changes in response to experimental
treatment could be monitored quantitatively. This was facilitated
by the remarkable uniformity of fluorescence intensity ofgroups
of mitochondria as detected in the 314 Mm2 aperture of the
photometer system. To avoid effects of photodestruction, we
moved from site to site within cells and from cell to cell, yet
generally found agreement in successive measurements (as in the
data of Fig. 6). This agreed with the qualitative observation that
fluorescence intensity of all mitochondria within given cells
appeared uniform and that fluorescence of mitochondria in
different cells within a mount was also uniform.
High concentrations of kinetin (10-100 uM) increased the

fluorescence intensity of mitochondria stained with DiOC7(3).
The response occurred within 5 to 10 minutes and could be
attributed to an increase in membrane potential since the pro-
tonophore CCCP rapidly dissipated the fluorescence to residual
background levels (Fig. 6B). Zeatin had no effect on mitochon-
drial fluorescence.
Our results do not bear directly on the possible reasons why

kinetin increased mitochondrial membrane potential. Miller and
co-workers (19-21, 23) found that high concentrations of cyto-
kinin inhibited respiration in both intact plant cells and isolated
mitochondria. Their studies with respiratory inhibitors on iso-
lated mitochondria implicated the alternate (cyanide-resistant)
pathway and suggested that cytokinins ". . . influence a function
at a point between internal NADH dehydrogenase and cyto-
chrome b of the mitochondrial electron transport system . . ."
(20). This would tend to reduce mitochondrial membrane poten-
tial instead of increasing it as suggested by our results with
cyanine dyes. Thus, the relation between inhibition ofrespiration
and enhancement of cyanine fluorescence needs investigation.
Whatever the mechanisms involved, fluorescent cyanine dyes
offer a convenient way to monitor rapid responses to cytokinins.

Acknowledgments-We thank Ed. Stadelmann, Department ofHorticulture and
Landscape Architecture, University of Minnesota, who supplied onion bulbs for
this study; S. Sung, department of Agronomy and Plant Genetics, University of
Minnesota, who provided the maize tissue cultures; and Colleen Curran, who
provided photoprocessing and layout assistance.

LITERATURE CITED

1. BAKKER EP 1978 Accumulation of thallous ions as a measure of the electrical
potential difference across the cytoplasmic membrane of bacteria. Biochem-
istry 17: 2899-2904

2. BASHFORD CL, JC SMITH 1979 The use ofoptical probes to monitor membrane
potential. Methods Enzymol 55: 569-586

A~~~~~
i~~~

1389

 www.plantphysiol.org on May 25, 2017 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 1987 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/
http://www.plantphysiol.org


Plant Physiol. Vol. 84, 1987

3. BERNAL SD, HM SHAPIRO, LB CHEN 1982 Monitoring the effect ofanti-cancer
drugs on L1210 cells by a mitochondrial probe, rhodamine 123. Int J Cancer
30: 219-224

4. BUSHNELL WR, K MENDGEN, Z Liu 1987 Accumulation of potentiometric
and other dyes in haustoria of Erysiphe graminis in living host cells. Physiol
Mol Plant Physiol. In press

5. COHEN RL, KA MUIRHEAD, JE GILL, AS WAGGONER, PK HORAN 1981 A
cyanine dye distinguishes between cycling and non-cycling fibroblasts. Na-
ture 290: 593-595

6. COHEN LB, BM SALZBERG 1978 Optical measurement of membrane potential.
Rev Physiol Biochem Pharmacol 83: 35-88

7. DARZYNKIEWICZ Z, L STAIANO-COICO, M MELAMED 1981 Increased mito-
chondrial uptake of rhodamine 123 during lymphocyte stimulation. Proc
Natl Acad Sci USA 78: 2383-2387

8. FREEDMAN JC, PC LARIS 1981 Electrophysiology ofcells and organelles: studies
with optical potentiometric indicators. Int Rev Cytol Suppl 12: 177-246

9. HLADKY SB, TJ RINK 1976 Potential difference and the distribution of ions
across the human red blood cell membrane: a study of the mechanism by
which the fluorescent cation dis-C345) reports membrane potential. J Physiol
263: 287-319

10. HOFFMAN JF, PC LARIS 1974 Determination ofmembrane potentials in human
and Amphiuma red blood cells by means of a fluorescent probe. J Physiol
239: 519-552

11. HONDA SI, T HONGLADAROM, SG WILDMAN 1964 Characteristic movements
of organelles in streaming cytoplasm of plant cells. In RD Allen, N Kamiya,
eds, Primitive Motile Systems in Cell Biology. Academic Press, New York,
pp 485-502

12. JOHNSON LEB, WR BUSHNELL, RJ ZEYEN 1979 Binary pathways for analysis
of primary infection and host response in populations of powdery mildew
fungi. Can J Bot 57: 497-511

13. JOHNSON LV, ML WALSH, BI BOCKUS, LB CHEN 1981 Monitoring of relative
mitochondrial membrane potential in living cells by fluorescence micros-
copy. J Cell Biol 88: 526-535

14. KORCHAK HM, AM RICH, C WILKENFELD, LE RUTHERFORD, G WEISSMAN
1982 A carbocyanine dye, DiOC6(3), acts as a mitochondrial probe in human
neutrophils. Biochem Biophys Res Commun 108: 1495-1501

15. KOVAC L, E BOHMEROVA, P BUTKO 1982 Ionophores and intact cells I.

Valinomycin and nigericin act preferentially on mitochondria and not on

the plasma membrane of Saccharomyces cerevisiae. Biochim Biophys Acta
721: 341-348

16. LARIS PC, DP BAHR, RRJ CHAFFEE 1975 Membrane potentials in mitochon-
drial preparations as measured by means of a cyanine dye. Biochim Biophys
Acta 376: 415-425

17. Liu Z, WR BUSHNELL 1986 Effects of cytokinins on fungus development and
host response in powdery mildew of barley. Physiol Mol Plant Pathol 29:
41-52

18. MATZKE MA, AJM MATZKE 1986 Visualization of mitochondria and nuclei
in living plant cells by the use of a potential-sensitive fluorescent dye. Plant
Cell Environ 9: 73-77

19. MILLER CO 1979 Cytokinin inhibition ofrespiration by cells and mitochondria
of soybean, Glycine max (L.) Merrill. Planta 146: 503-51 1

20. MILLER CO 1980 Cytokinin inhibition of respiration in mitochondria from six
plant species. Proc Natl Acad Sci USA 77: 4731-4735

21. MILLER CO 1982 Cytokinin modification of mitochondrial function. Plant
Physiol 69: 1274-1277

22. MITCHELL P 1977 Vectorial chemiosmotic processes. Annu Rev Biochem 46:
996-1005

23. MOORE TS JR, CO MILLER 1972 Effects of cytokinins on the respiration of
soybean callus tissue. Plant Physiol 50: 594-598

24. PENA A, S URIBE, JP PARDO, M BORBOLLA 1984 The use of a cyanine dye in
measuring membrane potential in yeast. Arch Biochem Biophys 231: 217-
225

25. PHILO RD, AA EDDY 1978 The membrane potential of mouse ascites tumour
cells studied with the fluorescent probe 3,3'-dipropyloxadicarbocyanine.
Biochem J 174: 801-810

26. REICH TJ, VN IYER, M HAFFNER, LA HOLBROOK, BL MIKI 1986 The use of
fliorescent dyes in the microinjection of alfalfa protoplasts. Can J Bot 64:
1259-1267

27. Ross WN, BM SALZBERG, LB COHEN, A GRINVALD, HV DAVILA, AS WAG-
GONER, CH WANG 1977 Changes in absorption, fluorescence, dichroism,
and birefringence in stained giant axons: optical measurement of membrane
potential. J Membr Biol 33: 141-183

28. SIMS PJ, AS WAGGONER, CH WANG, JF HOFFMAN 1974 Studies on the
mechanism by which cyanine dyes measure membrane potential in red
blood cells and phosphatidylcholine vesicles. Biochemistry 13: 3315-3330

29. WAGGONER AS 1976 Optical probes of membrane potential. J Membr Biol
27: 317-334

30. WAGGONER AS 1979 The use of cyanine dyes for the determination of
membrane potentials in cells, organelles, and vesicles. Methods Enzymol 55:
689-695

1390 LIU ET AL.

 www.plantphysiol.org on May 25, 2017 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 1987 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/
http://www.plantphysiol.org

