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The measurement of cytosolic calcium concentration, ICaZ*],, in the higher plant cells has proved dBcult 
due to the negligible uptake of [Ca2’J, indicator. The uptake of the fluorescent [Caz+], indicator, quin 2, 
as its permeant ester, quin 2/&l, proved unsuccessful when used with plant cells and cell protoplasts. 
However, electrically induced membrane permeabilisation, electroporation, has allowed quin 2 uptake into 
mung bean root protoplasts to 1W8 M. Resting [Caz+] was measured as 171+41 nM. The loaded quin 2 
was responsive to changes in the Ca”+ environment of the protoplasts, indicating a reversible fall in [Ca2*] 

to 17% of the initial value, over 10 min, on incubation with EGTA. 

Cafciurn esfimation 

In vivo variations in fCa2’]i in plants have only 
been directly measured and correlated with 
physiological processes in a few cases, These have 
been limited to giant algal cells, suited to calcium 
indicator microinjection [l], or a few specialised 
systems where indicator uptake as a permeant ester 
[2] has proved successful, i.e. Waemanthus en- 
dosperm [3] and barley aleurone protoplasts [4]_ 
However, there is a lack of a suitable, generally ap- 
plicable method for the intracellular uptake of the 
impermeant [Ca’+]i indicators to small, vacuolated 
cells of higher plants. 

We report here an investigation of the possible 
methods of uptake of the [CaZ+]i-indicating 
fluorescent dye, quin 2, by higher plant cell pro- 
toplasts. A simple reversible membrane 
permeabilisation procedure, ‘electroporation’ [5], 

A~b~ev~u~~~~~ DMSU, dimethyl sulphoxide; FDA, 
fluorescein diacetate; quin 2, me~o~quinolineb~s- 
(o-~inophenoxy~thane-~,~~~~,~‘-tetr~~ti~ acid; 
quin 2/AM, tet~~~ox~~hyl ester of quin 2; DTPA, 
diethyl~net~~~nepen~~et~e acid 

@in 2 (WJB~ bean root) Protoplast 

has proved effective and represents the first 
general method of application of this indicator 
suitable for use with populations of plant 
protoplasts, 

2. MATERIALS AND METHODS 

2.1. Pro top&t isolation 
Protoplasts from the apical 2-4 mm of root tips 

of mung beans ~P~as~Q~~ mungo) were prepared 
as in [6]. Protoplast suspensions were stored at 
4°C and used within 30 min of production. 

2.2. El~~troporat~o~ 
Immediately prior to electroporation protoplasts 

were sedimented (100 x g, 10 min) and resuspend- 
ed at 4*C to lob/ml in electroporation buffer con- 
taining (mM): 385 mannitol, 100 KCl, 100 sucrose, 
20 NaCl, 0.1 MgSO4, 0.1 KHzPO~, 10 Hepes, 6 
quin 2 (Sigma). Two controls were carried out: (i) 
omission of quin 2 and (ii) replacement of quin 2 
with 6 mM EGTA to simulate the Ca’+-chelating 
action of quin 2, Ca” was not included as it re- 
duced the efficiency of, and survival of protoplasts 
after, ~rmeabilisation if present while membranes 
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were ~e~eab~l~s~d (unpublished~. 107 protoplasts 
were subjected to 2 ~rmeab~isi~g pulses of 50~s 
duration (time constant), maximum d.c. field 
strength 3.8 kV*cm-I, 30 s between pulses, using 
equipment essentially as in [7]. After incubation 
for 10 min at 4°C and 150 min at 25”C, to reseal 
membranes, protoplasts were washed 3 times 
(sedimented at 100 x g, 10 min, with resuspension 
to fresh buffer supplemented with 5OO/cM CaClz, 
to stabilise resealed membranes). After this pro- 
cedure no q&n 2 could be detected in the superna- 
tam from the final wash. Permeabilisatiun and 
resealing were assessed by the loss and reattain- 
ment. of the ability to exclude ethidium bromide 
(0.01%) for l-2 min f7]. In unelectroporated or 
resealed protoplasts ethidium bromide uptake took 
10 min; on permeabilisation uptake was 
instantaneous. 

2.3 x Fluorime fric assay 
Assays were carried out in a Baird Nava spec- 

trofluorimeter with excitation at h 339 nm (slit 
10 nm) and emission at h 490 nm (slit 10 nm). 
Prior to each assay 7% (v,v) percoli was added to 
slow protoplast setthng. 

Protoplast quin 2 content was estimated by com- 
parison of Ca2f-saturated quin 2 fluorescence 
from loaded protoplasts after lysis (0.5% Triton 
X-100) or addition of 5 pM A23187 (Sigma), to 
that of a known [quin 21 under equivalent condi- 
tions. 250 ,GM Ca-DTPA was added to remove any 
quin 2 quenching ions released on lysis 19). 

[Ca’“] was estimated according to either [2] or 
[lo], assuming cytosolic [Mg2’] of 1 mM and pH 
of 7.1. In the first 4 experiments both methods 
gave identical [Ca”] and therefore only the former 
method was used in subsequent experiments. 

3. RESULTS 

3.1. Quin 2 uptake 
Table 1 indicates a range of methods that we ex- 

haustively investigated to allow the uptake of quin 
2 by higher plant cells and protoplasts. We have 
previously found that uptake as the permeant ester 
of quin 2, quin Z/AM f2], was unsuccessful due to 
an esterase activity associated with both plant ceifs 
and protoplasts [l I]. This esterase hydrolysed the 
quin 2/AM to the extra~e~lul~ medium with no 

Fig. I. Mung bean root protoulasts, washed and + 500 FM %&8’: (A> loaded to 1W3 M quin 2 by electroporation and 
resealing in 60 mM quin 2; (3) as above but nne~~troporaied. x 100 Micrographs were taken using a Leitz Ortholux 

II microscope with Ploemopak fluarescence ifiuminator, and Ilford HP5 4OOASA black and white print film. 
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Table 1 

Potential methods for Ca2+ indicator uptake to the cytosol of plant cells and protoplasts 

General approach Treatment 

Ester-mediated quin 2 uptake (i) incubation with lo-300,uM quin 2/AM [2] 
(ii) repeated incubation with 50/rM quin 2/AM to maintain [quin 2/AM] 

gradient 
(iii) incubation with lo-250pM quin 2/AM with treatments to inhibit 

extracellular esterase activity: trypsin, O.l-0.5%; pH, 2-10; eserinea, 
l-SOpM; incubation at 4’C 

Uptake of free quin 2 (i) incubation with 50pM-50 mM quin 2 
(ii) incubation with l-50 mM quin 2 under conditions to modulate its 

charge: pH,, 2-10; Car&, O-50 mM 
(iii) fusion of quin 2-containing liposomes 

Reversible disruption of the 
plasmalemma 

(i) cycles of osmotic swelling and shrinkage 
(ii) centrifugation 
(iii) mild sonication 
(iv) chelation of membrane Ca2+ with EGTA 
(v) high-voltage electric discharge, ‘electroporation’ 

a Eserine is a potent esterase inhibitor [15] 

Methods were investigated using mesophyll protoplasts of tobacco and petunia, suspension cultures of petunia and oil 
palm and root tip protoplasts of Mung bean 

evidence of intracellular hydrolysis and release of 
free quin 2 to the cytosol [ 111. Methods to saturate 
or inhibit this external esterase activity proved un- 
successful (table 1). Of the alternative methods of 
quin 2 uptake investigated (table l), only elec- 
troporation has proved effective (83% successful, 
n = 18) and the following results relate to this pro- 
cedure as applied to mung bean root tip 
protoplasts. 

3.2. Reversible membrane permeabilisation 
Directly after electroporation ethidium bromide 

exclusion (over l-2 min) decreased from 88 f. 11 
to 23 + 15% (n = 8) indicating a loss of plasmalem- 
ma integrity. This recovered to 68 f 8% (n = 8) 
after the membrane resealing incubation, at which 
point protoplasts showed >70% FDA staining 
(retention of intracellular fluorescein) for >2 h. 
This indicated that the plasmalemma had resealed. 

3.3. Quin 2 uptake after electroporation 
Electroporation allowed the intracellular trap- 

ping of quin 2 (fig.1). Electroporation in 6 mM 

Fig.2. Fluorescence, above autofluorescence, lo6 
protoplasts/ml loaded to 10e4 M quin 2, after sequential 
addition of 2pM A23187 and 5OO/rM Mn2+ (upper), or 
5 mM EGTA and 6 mM CaC12 (lower). A23187 was 

added from a 1 mM stock in DMSO. 
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quin 2 trapped, on average, 800 f 230 pmol quin 
2 per lo6 protoplasts frr = 8). This represents a 
fquin 21 of 1.9 x 10e4 M assuming a mean pro- 
toplast volume of 4 pl (average protoplast 
diameter 20 pm) and a uniform intracellular quin 
2 distribution, At these levels of quin 2 uptake pro- 
toplast autofluorescence represented 1%50% of 
the total fluorescence signal at 490 nm. 

The fluorescence of the trapped quin 2 was unaf- 
fected by the addition of 5OOpM Mr?, a potent 
quin 2 ~uores~en~e-quenching ion [IO] (fig. I). On 
addition of 2 FM A23 187, a divalent cationophore, 
quin 2 became accessible to either the high fCa”] 
of the medium (500&M), which increased the 
C&-dependent fluorescence of quin 2 3-4-fold, 
or to quenching by 5OOpM extracellular Mn2+ 
(fig,2). These results are consistent with an in- 
tracellular location of the indicator. It is therefore 
protected from rapid changes in the medium by the 
protoplast plasmalemma unless an ionophore, 
which translocates cations across membranes, is 
present. 

In the presence of 5OOpM external quin 2, in- 
tracellular [Ca’+] was estimated at 171 t 41 nM 
(10M4 M intracellular quin 2, n = 15). On removal 
of extracellular Ca2+ (+ 5 mM EGTA) the [Ca”] 
reported by quin 2 fell, over 5 min, to 17% of the 
original level (n = 2). This effect was reversed with 
6 mM CaC12 (fig.2). 

4, DISCIJSSIUN 

Plasm~emma permeabili~tio~ by electropora- 
tion allowed intracellular uptake of the fCa2’]- 
indicating, fluorescent dye, quin 2, to 10m4 M, by 
protoplasts of higher plant cells. After l-2 h at 
2S°C these permeabilised protoplasts recovered 
their membrane integrity, trapping the quin 2 
intracellularly. 

It is likely that intracellular quin 2 is partitioned 
between various cell compartments. Therefore, the 
[Ca’“] reported here cannot be directly related to 
[Ca’“]i unti1 the extent of such partitioning, which 
is currently under investigation, has been deter- 
mined. However, there are reasons to believe the 
intracellular quin 2 is unbound and has access to 
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the cytosol {which represents some 20-30% of the 
root tip protoplast voIume) as: (i) electroparation 
is thought to permeabilise preferentially the 
plasmalemma {S], therefore initially quin 2 uptake 
must be to the cytosol; (ii) the quin 2 family of 
[Ca’+] indicators, in the cytosol of animal cells, is 
thought not to cross organelle membranes [8,12]; 
(iii) intracellular binding of quin 2 should change 
its fluorescence spectrum [g] but no such change 
was observed (not shown); (iv) intracellular quin 2 
did respond to changes in extracellular calcium 
levels. Thus the indicator is in a functional, 
Caz’-sensitive and Ca2’-responsive state and site. 

The apparent dependency shown by intracellular 
fCa’*] on extracellular ICat’] may truly reflect the 
state in intact protoplasts. Alternatively, it may 
result from a short-term loss of membrane func- 
tion/semi-permeability on electroporation from, 
e.g. the leaching of low-M, cellular constituents 
whilst pexmeabilised. However, membrane integri- 
ty was seen to recover prior to the [CaZ”] 
measurements and other investigators have found 
the technique non-disruptive of both membrane 
and cellular function f13,14]. 

Thus electroporation represents a general pur- 
pose method for ion indicator uptake which should 
prove applicable to a wide range of both indicators 
and previously inaccessible’higher plant systems. 
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