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Abstract 

Fluorescent probes allow measurement of dynamic 
changes of calcium and pH in living cells. Imaging using 
confocal scanning laser microscopy provides a route to 
spatially map these dynamics over time in single optical 
sections or in 3-D images. We have developed a dual-
excitation confocal system to allow ratio measurements 
of pH and calcium, that compensate for changes in dye 
distribution, leakage and photobleaching. Application of 
these techniques to plant tissues is complicated by the 
difficulty in loading the tissues with dye. We describe a 
new technique to assist dye loading in intact leaves of 
Lemna using a pre-treatment with cutinase. Once within 
plant tissues, many dyes compartmentalise into the 
vacuole. We report the use of chloromethylfluorescein 
diacetate as an alternative to BCECF [2' ,7'-bis-(2-
carboxyethyl)-5-(and 6)carboxyfluorescein] as a pH 
probe with greater cytoplasmic retention times. In 
addition, the confocal system allowed discrimination of 
signals from different compartments and permitted 
simultaneous measurement of vacuolar and cytoplasmic 
pH ratios in epidermal strips from Hordeum. We have 
developed a series of software tools to extract quantita
tive data from multi-dimensional images and illustrate 
these approaches with reference to pollen tube growth in 
Lili um and peptide-evoked changes in pH and calcium in 
stomata! guard cells from Commelina and Vicia. 

Key Words: Calcium, confocal microscopy, cutinase, 
pollen tubes, pH, ratio imaging, stomata! guard cells. 
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Introduction 

Fluorescent probes and quantitative imaging tech
niques provide powerful tools to map spatial heterogen
ity, ephemeral gradients, transients and oscillations of 
ion activities in living cells (For reviews see Wang and 
Taylor, 1989; Taylor and Wang, 1989; Mason, 1993; 
Farkas et al., 1993). Measurements of dynamics in 
cytosolic calcium and, to a lesser extent, pH, have 
dominated the research effort in plants, in view of their 
fundamental role in signal transduction and ion homeo
stasis (Bush and Jones, 1990; Callaham and Hepler, 
1991; Read et al., 1992; Fricker et al., 1993b; Gilroy 
et al., 1993; Read et al., 1993), though probes for other 
ions such as K+, Na+, CJ·, Mg2+, zn2+ are available 
(Haugland, 1992). Intracellular ion measurement in
volves introduction of a chelating agent whose fluores
cent properties alter with the ion activity. This may be 
a quantitative change in intensity (single wavelength 
dyes) or a shift in either the excitation or emission 
spectrum (ratio dyes) on binding to the ion of interest. 
The ratio of intensities, typically at wavelengths corre
sponding to the peak for the free and bound forms, 
automatically accounts for local variations in dye 
concentration, cell thickness, dye bleaching or leakage 
and is the method of choice for quantitative measure
ments (Bright et al., 1989). Observation of tissues with 
resolution at the cell and sub-cellular level typically 
involves magnification 100-600 fold using high numeri
cal aperture objectives. Fluorescent images are usually 
acquired using cameras with intensified and/or cooled 
detectors with a range of microscope control devices to 
provide rapid wavelength selection (Mason et al., 1993; 
Bolsover et al., 1993). Confocal laser scanning micros
cope (CLSM: Wilson, 1990; Pawley, 1995) is an 
alternative well established instrument that permits 
non-invasive blur-free optical sectioning from living 
tissues (White et al., 1987; Shotton, 1989; Shotton and 
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White, 1989) with several advantages over conventional 
wide-field fluorescence microscopy for quantitative 
measurements (Williams, 1990). Removal of the out-of
focus information improves the localisation of quantita
tive measurements by defining a sampling volume 
(voxel) in the specimen and also allows sampling deep 
within intact tissues with a significant reduction in the 
contribution of autofluorescence from structures lying 
outside the focal plane, such as cell walls (Williams et 
al., 1990). However, implementation of ratio measure
ments on CLSM instruments requires lasers with appro
priate excitation wavelengths for the fluorescent probes 
and rigorous attention to chromatic problems to ensure 
correct registration of images in X, Y and Z (Fricker and 
White, 1992). A range of dyes are now available for key 
ions such as Ca2+ and H+ with excitation wavelengths 
that coincide with readily available low-cost visible 
lasers. We have developed a multiple-wavelength CLSM 
with co-aligned excitation at 442 nm and 488 nm for (i) 
ratio measurements of pH using BCECF (Fricker and 
White, 1992; Fricker et al., 1993a,b; Thiel et al., 
1993), (ii) single wavelength measurements of calcium 
using Fluo-3 (Fricker et al., 1994) or (iii) ratio imaging 
of calcium using Fura-Red. 

Measurements of pH and Ca2+ in plants are not 
straightforward, however. Dyes are exceptionally 
difficult to load into intact tissues by non-invasive means 
and once within the cell, tend to compartmentalise 
rapidly (Read et al., 1992; Fricker et al., 1993b). In a 
mature plant cell, the cytoplasm is a thin layer, usually 
less than one µm thick, sandwiched between the vacuole 
and the cell wall, with larger accumulations around the 
nucleus and chloroplasts. This geometry and the difficul
ty in gaining access to the tissues complicates the 
quantitation of weak fluorescence signals in vivo. In this 
paper we concentrate on the benefits and limitations of 
confocal microscopy for ion imaging, using examples 
from stomata! responses in Commelina communis and 
Vicia faba, pollen tube growth in Lilium longiflorum, 
infection of Hordeum vulgare by Erisiphe graminis and 
blue-light responses in Lemna and Arabidopsis. 

Materials and Methods 

Plant material, tissue preparation, dye loading and 
perfusion conditions. 

Epidermal strips from Commelina communis were 
prepared according to Weyers and Meidner (1990) and 
securely fixed down with silicone grease in an open 
perfusion system to prevent movement during microin
jection and observation (Gilroy et al., 1991). The 
perfusion medium comprised 50 mM KC!, 1 mM MES 
(2-[N-Morpholino]ethanesulphonic acid) adjusted to pH 
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6.1 with KOH. Epidermal strips from Vicia faba were 
mounted using silicone adhesive (e.g., Corning 355-
Blatt, 1991) in a similar perfusion system, leaving an 
optically clear window for the microscope objective and 
condenser. Cells were perfused with medium containing 
5 mM Ca2+ -MES, pH 6.1 ([Ca2+] about 1.2 mM), 10 
mM KC!. Guard cells were impaled with a fine micropi
pette (tip about 0.1-0.3 µm) containing 0.1-1 mM dye 
and loaded by iontophoresis with a continuous current of 
0.1-0.5 nA for 0.5-10 min (Gilroy et al., 1991) to an 
estimated cytoplasmic concentration of 10-80 µM. 
Between 60-80 % of injections loaded the cytoplasm 
rather than the vacuole and the difference in dye distri
bution between these two compartments was readily 
observed. Stomatal apertures ranged from 6-12 µm at 
the start of each experiment. 

Lemna trisulca L: was obtained from the Jagiell
onian University collection (Krakow, Poland) and grown 
according to Tlalka and Gabrys (1993). Leaves were 
mounted using silicone adhesive or silicone grease in 
similar incubation chambers to those used for the 
epidermal strips. Leaves were perfused with medium 
containing 60 mM KC!, 10 mM glutaric acid, pH 4.5. 
BCECF (free acid) and Fluo-3 (penta-ammonium salt) 
were dissolved in distilled, de-ionised water to a concen
tration of 1 mg rn1·1, adjusted to about pH 7, and stored 
as aliquots at -20°C. For low pH loading, dyes were 
diluted immediately prior to use in perfusion medium to 
a final concentration of 12 µM (Fluo-3) or 19 µM 
(BCECF). At this pH the net charge on the dyes is 
masked rendering them membrane permeant (Bush and 
Jones, 1987). BCECF-AM (acetoxylmethyl ester of 
BCECF) and Fluo-3-AM (1 mg rn1·1 in DMSO (Di
methylsulphoxide)) were stored under identical condi
tions and diluted immediately prior to use with loading 
buffer (60 mM KC!, 10 mM Tris-HCI, pH 7.6) to a 
final concentration of 8 µM (Fluo-3-AM) or 12 µM 
(BCECF-AM). Tissues were incubated for varying times 
between 0.1-24 h. Some tissues were pre-treated with 
purified cutinase activities ranging from 0.1 - 10 µmo! 
min•' mg·' protein for 5-30 min at pH 7.6 in Tris-buffer, 
and then washed in incubation buffer (Tlalka, Fricker 
and Dewey, unpublished). Cutinase was purified using 
QAE-Sephadex A-25 column chromatography from 
culture filtrates of Fusarium solani fsp.pisi after ten 
days growth on cutin as the only carbon source accord
ing to Coleman et al. (1994). Cutinase activity was 
assayed using p-nitrophenylbutyrate and p-nitrophenyl 
palmitate as substrates (Purdy and Kolattukudy, 1975). 
Stock cutinase was dissolved in 50 mM sodium phos
phate buffer, pH 7.6 and stored at 4°C at 1 mg rn1·1, 

equivalent to an initial activity of 100-300 µmo! min•' 
mg·' protein, depending on batch. Activity declined 
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during storage and with increasing dilution. In some 
experiments probenecid (1 mM in 60 mM KC!, 10 mM 
PIPES (Piperazine-N ,N' -bis[2-ethanesulphonic acid]), 
pH 6.5 with KOH) was applied for 1 h before and 
during dye exposure (Cole et al., 1991). 

Mesophyll cell protoplasts of Arabidopsis thaliana 
were prepared by enzymatic digestion of 2-6 week old 
leaves according to Somerville et al. (1981) and washed 
in 500 mM sorbitol, 1 mM CaCl 2, 10 mM MES, pH 6.0 
with KOH. BCECF was loaded as the AM-ester for 2 h 
on ice at a concentration of 12 µM. Protoplasts were 
mounted in 0. 8 % by weight low temperature agarose. 

Pollen grains from Lili um longijlorum were collect
ed 2 days after flower dehiscence, and washed briefly in 
5 % ethanol to remove most of the pollenkitt. After 
concentration by centrifugation (1,000 g, 1 min), pollen 
grains were resuspended in culture medium (10% by 
weight sucrose, 1.6 mM H3BO3 , 1 mM KC!, 0.1 mM 
CaCl 2, pH 5.6) to a final density of approximately 3000 
grains m1·1 (Obermeyer et al., 1992). Germinating grains 
were incubated in 1-5 µM BCECF-AM for 2-3.5 h until 
most tubes had reached 200-400 µm in length. The 
DMSO had no detectable effect on pollen germination 
and tube growth. Aliquots of 100-300 µI were washed 
by gentle centrifugation to remove extracellular indicator 
and transferred to acid-washed cover-slips previously 
coated with 0.5 % by weight poly-L-lysine. 

Coleoptile strips from 6-7 day old leaves from 
resistant and susceptible lines of Hordeum vulgare RISO 
cultivar Carlsberg II R5678 were floated on 10 mM 
Ca(NO 3) 2 and inoculated with Erisiphe graminis f sp. 
hordei (CCI) according to Bushnell et al., (1967). Peels 
were loaded with BCECF-AM (12 µM) for 2 h or with 
chloromethyl fluorescein diacetate (CMFDA) at a 
concentration of 21 µM for 15 min, washed and mount
ed, cuticle side facing the coverslip. 

In l'itro and in vivo calibrations 
A series of in vitro calibration curves were deter

mined using a variety of buffers designed to mimic 
conditions in the cytoplasm: (i) the basal medium 
comprised 100 mM KC!, 20 mM NaCl, 1 mM MgSO 4 , 

IO mM MES, 10 mM HEPES (N-[2-hydroxyethyl]piper
azine-N'-[2-ethanesulphonic acid), 1 µM dye adjusted 
with KOH to the desired pH (after Bright et al., 1989), 
(ii) viscosity was increased by the addition of 60% 
sucrose (Poenie, 1990; Zhang et al., 1990), (iii) hydro
phobicity was altered by inclusion of 25 % ethanol (Russ 
et al., 1991), and (iv) ionic strength was altered with 
increasing concentrations of NaCl. Fluorescence spectra 
were recorded using a Perkin-Elmer LS50B fluorimeter 
equipped with a microtitre plate reader. In vitro mea
surements were also made using the CLSM in the same 
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chamber as the imaging experiments using the same 
optics. The response of BCECF was measured between 
pH 6.0 and pH 8.0. The response of Fluo-3 and Fura
Red was measured in the basal media at pH 7. 2 supple
mented with 10 mM EGT A plus appropriate amounts of 
CaC12 to give the required free [Ca2+] (Poenie 1990). In 
vivo calibration ofBCECF was attempted using gramici
din (10 µg m1·1 final concentration from a 10 mg m1·1 

stock in ethanol) or nigericin (10 µg m1·1 final concen
tration from a 10 mg m1-1 stock in ethanol) in the 
presence of high KCl (100 mM). For calibration of the 
calcium dyes in vivo, cells were permeabilized with 10 
µM Ca2+ -ionophore, A-23187 in the presence of Ca2+ (1 
mM). For Fluo-3 this was followed by Mn2+ (1 mM) to 
quench the fluorescence from the dye to about 8x Fmin 
(Kao et al., 1989; Minta et al., 1989) allowing Fmin to 
be calculated accurately. For Fura-Red, ~ was 
obtained direct! y by using EGT A ( 10 mM) to chelate all 
the Ca2+. 

Confocal fluorescence ratio imaging 
Cells were imaged using a modified BioRad MRC-

600 CLSM attached to an inverted Diaphot TMD 
(Nikon) microscope (Fricker and White, 1992). The 
excitation path has been improved to deliver co-aligned 
beams from five separate lasers at 633 nm laser (3.5 
mW, HeNe, Spektra Physics), 543 nm (1.3 mW GreNe, 
Melles Griot), 514/488 nm (25 mW, argon-ion, ILT 
Ltd), 442 nm (11 mW, He-Cd, Ornnichrome) and 325 
nm (30 mW UV-HeCd, Ornnichrome). 

Single-mode fibre-optic coupling was used to 
minimise transmission of vibrations from the laser 
cooling fans and beam shutters to the scanning system. 
Collimator exit lenses provided a consistent exit beam 
diameter of 1.4 mm with a divergence around 0.6 mrad 
for all visible lines. Individual wavelengths were sepa
rately aligned via precision XY adjusters and two 
beam-steering mirrors. This combination of alignment 
optics ensured that the virtual source (fibre-output beam 
waist) was at an equivalent axial position for each line. 
Beams were combined along the same optical path via 
standard dichroic mirrors. The beam diameters were 
sufficient to fill the back aperture of the x40 and x60 
objectives after expansion by the 8x eyepiece of the 
MRC600 CLSM. Computer controlled electronic 
shutters ('Uniblitz', Vincent Associates, New York) 
were installed in the 488-nm argon-ion and 442-nm 
HeCd beams to enable rapid switching (0. ls) between 
excitation wavelengths during ratio measurements. 
Neutral density filters were used to balance roughly the 
intensity of the two beams. 

Fluo-3 was imaged using single wavelength excita
tion at 488 nm, BCECF and CMFDA were imaged 
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using sequential dual-excitation at 442 run (the pH 
independent wavelength) and 488 nm (the pH dependent 
wavelength) with emission at > 520 nm or 540 ± 15 run 
(Fricker and White, 1992; Fricker et al., 1993a,b; 
Kurtz, 1993). Fura-Red was imaged with the same 
excitation for BCECF, but with emission at 635±30 nm 
or >600 nm. X,Y and Z alignment of images was 
assessed using 6 µm diameter fluorescent microspheres 
(Polysciences, Inc. Warrington, PA). The electronic 
shutters switching between the lasers were synchronised 
with the scanning microscope by the MPL™ instrument 
control program or the rationing Time-Course Software 

· (TCSM™, BioRad Microsciences Ltd). In some experi
ments, non-confocal bright field images were collected 
simultaneously using the standard transmission detector 
and light-guide coupled into the second MRC600 
detector channel. 

Image acquisition, processing and analysis 
Images were collected over a variable rectangular 

area slightly larger than the object with a pixel spacing 
of 0.24 µm (Zeiss Plan-Neofluor x25 0.8 N.A. multi
immersion lens, MRC600 zoom 3) or 0.29µm (Nikon 
Plan-Apo x60 1.4 N.A. oil-immersion lens, MRC600 
zoom 1.5). This minimised the time taken to collect 
images when following changes in Ca2+ or pH over 
time. Alternatively, three-dimensional images were 
collected by automatically stepping the microscope focus 
at 1 µm intervals between each section. The sampling 
rates depended on the number of image lines collected 
and the number of frames integrated (typically four per 
wavelength). Acquisition of each wavelength pair took 
2-5 s and sampling was repeated at 5-20 s intervals. 
Serial image sequences were stored initially on a RAM 
disc to minimise disc writing times between image 
acquisition at each wavelength. Images of the interaction 
between Erisiphe and Hordeum were collected sequen
tially with excitation at 442 nm and 488 nm, with 
simultaneous non-confocal bright field images, at 2 µm 
steps through the fungus and epidermal layer (typically 
20-30 sections). Collection was repeated at 10 min 
intervals during development of the appressorial germ 
tube for both resistant and susceptible pathotypes, 
generating 4-D images. 

The TCSM software allowed background subtraction 
and calculation of the average ratio from a number of 
user-defined regions during each frame scanned. Graphi
cal presentation of the ratios from these regions allowed 
dynamic changes to be followed during the experiment 
and synchronised with treatments via on-screen annota
tion of the traces. Post-processing and calculation of 
ratio images was performed using the MPL™ and 
COM OS™ 6.03 programs (Bio-Rad Microsciences Ltd). 
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After subtraction of the background in each wavelength 
image, the ratio image was calculated pixel by pixel for 
the 488 run image divided by the 442 run image. Re
gions below an intensity of 8-16 (0-255 scale) in the 442 
run image intensity were used to construct a mask that 
excluded the corresponding unreliable regions of high 
variance from each ratio image. Additional masking was 
used to exclude regions where the signal in either 
channel was approaching saturation (intensity greater 
than 240) and would thus yield distorted ratio values. 

A protocol was developed to extract data from 
regions, such as the tip of the pollen tube, which move 
during the course of the experiment. A cursor was used 
to draw a transect along the path of the object. The 
intensities along the line were spatially averaged over a 
number of pixels normal to the track (typically 8-32) for 
both wavelength images. Sampling was repeated for each 
XY image in the time course and data from each aver
aged transect written into successive lines of an XTime 
image using MPL commands and a DOS program 
written by NSW. XT ratio images with threshold 
masking were obtained as described for the XY images. 
In addition, the masked ratio image was used to align 
the XT images: Each line of the XT image was right- or 
left-justified, to align a reference structure in each time 
point, such as the growing pollen tube tip. A vertical 
time-transect across this normalised XT image provided 
direct access to the change in ratio for any given posi
tion along the tube. 

Final ratio images were pseudocolour coded using 
look-up tables where the ratio was represented by 254 
different colours ranging from blue through green to 
red. The 255 intensity was reserved for unreliable 
regions of saturated fluorescence and coded purple to 
avoid ambiguity. Images in this paper are reproduced in 
monochrome, where white represents high [Ca2+]i or 
high pH. Images were recorded using a thermal transfer 
printer (CKlO0, colour or P78B, monochrome, Mitsu
bishi, Japan), photographed directly from the video 
monitor screen using Fuji 100 ASA daylight colour slide 
film, or transferred as a sequence of video animation 
onto an S-VHS VCR. 

Chemicals 
All dyes were obtained from Molecular Probes 

(Eugene, Oregon). Other chemicals were from Sigma 
(Poole, Dorset). The cutin was a generous gift of Dr 
JOD Coleman. Highly purified cutinase from expression 
of the recombinant protein in E. coli was a gift of Dr. 
PE Kolattukudy (Ohio State University Biotechnology 
Center, Columbus, Ohio). 
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Results and Discussion 

Dye loading protocols 
Plant cells have proved recalcitrant to loading with 

fluorescent ion indicators (Read et al., 1992; Callaham 
and Hepler, 1991; Fricker et al., 19936). We have 
examined a variety of approaches with varying success 
in different tissues. Fluo-3 and BCECF were loaded as 
AM-esters in pollen tubes of Lilium longiflorum, and 
hydrolysed to release active indicator in the cytoplasm 
(Figure la,c). However, little signal was obtained from 
Fura-Red-AM under identical conditions (data not 
shown). All three dyes were loaded into the cytoplasm 
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Figure 1: Confocal imaging of pH and Ca2+ in growing 
pollen tubes of Lilium longiflorum. 

Germinating pollen tubes were loaded with dyes as 
the AM-ester. (a) single optical section of a Fluo-3 
loaded tube and the corresponding bright-field image (b). 
BCECF loaded tube imaged at 442 nm (c) and 488 nm 
(d). Loading was allowed to continue for 3 h. A homo
geneous distribution of dye is visible in the clear zone 
(CZ) at the tip, but, dye is visible in punctate and 
filamentous structures in the more basal streaming 
cytoplasm (SC). Rapid tube growth can cause a mis
match in the 442 nm (e) and 488 nm (f) images that 
gives an artifactual crescent of high pH at the tip (g). 
Reducing the interval between image collection at each 
wavelength alleviates this problem and pH can be 
followed over time: (h) 442 nm XY image collected at 
10 s intervals (first 7 time points out of a series lasting 
5 min); (i) corresponding 488 nm XY images; (J) XY 
ratio 488/442 images, with masking of values Jess than 
16, white corresponds to high pH; (k) corresponding 
bright-field images. Images are averages of 4 frames 
collected with a 60x 1.4 N.A. oil immersion lens at the 
mid plane of the tube. To extract quantitative data from 
such a time-series, an 8 pixel wide transect was drawn 
along each wavelength image from tip to base (right to 
left) and written into successive lines of an XT (Time) 
image ((/) 442 nm, (m) 488 nm). The mask image of 
values greater than 16 is shown in (11) and the masked 
XT 488/442 ratio image in (o). Left justification of the 
masked ratio image aligns the ratio XT image to the tube 
tip (p). An 8-pixel wide transect through this image 
extracts the ratio value for the tip region over time (q), 
which was related to pH after calibration at the end of 
the experiment. 

All scale bars=25 µm. 

of protoplasts from Arabidopsis thaliania subsequently 
immobilised in agarose, though the signal from Fura
-Red was again weak (data not shown). BCECF and 
Fluo-3 did not enter cells in intact leaves of Lemna 
trisulca even after incubation for 30 h at external pH 
values between 4.5-8.0 with the dye present as free-acid 
or AM-ester and at concentrations from 1-10 µM (data 
not shown). In contrast, intracellular fluorescence was 
visible in a population of cells after pre-treatment of the 
leaf with cutinase prior to low-pH loading (pH 4.5) of 
the free-acid form of Fluo-3 (Figure 2a) or BCECF 
(data not shown). The number of cells loaded and the 
rate of loading increased directly with cutinase concen
tration and length of cutinase exposure. Low-pH loading 
was used in preference to AM-ester loading, as the 
residual cutinase remaining externally after the wash 
stages was still sufficient to partially hydrolyse the 
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AM-esters. Cutinase treatment did not alter the rate of 
chloroplast re-orientation in Lemna (data not shown). 

Many other intact tissues, including roots, intact 
leaves, epidermis, petals and anthers from a range of 
species, could not be loaded by non-invasive techniques, 
or rapidly compartmentalised dyes into vacuoles. We 
have investigated an alternative technique to measure pH 
using the dye CMFDA. By analogy with parent fluoro
chrome, fluorescein diacetate (FDA), this is readily 
membrane permeant and the acetate groups cleaved to 
release free dye in the cytoplasm of plant cells. The 
chloromethyl group renders the dye non°fluorescent until 
catalytically conjugated to glutathione (GSH) by glutathi
one transferase (GST). CMFDA thus provides an 
indication of the level of GSH and the activity of GST 
in live cells, as well as providing a ratioable pH-sensi
tive indicator, due to the fluorescein group (Figure 3). 
We are currently assessing the specificity of this reaction 
for GSH in plant cells by comparison with the more 
commonly used dye, mono-chlorobimane (Fricker and 
May, unpublished). In addition, we are calibrating the 
pH response of the fluorescein-glutathione adduct. In 
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Figure 2: Cutinase pre-treatment allows loading of 
Fluo-3 in Lemna. 

Leaves of untreated Lemna did not take up Fluo-3 
by any loading technique tested and only exhibited 
chloroplast autofluorescence with excitation at 488 run. 
However, after 10 min cutinase treatment, Fluo-3 could 
be loaded at pH 4.5 and accumulated in the cytoplasm 
of a number of cells and was imaged at 540±30 nm (a). 
The distribution of chloroplasts was monitored simulta
neously with emission at 635 ±30 (b). After prolonged 
incubation (2 h), dye accumulated in the vacuoles (c). 
Fluo-3 retained in the cytoplasm remained sensitive to 
calcium, and responded to A-23187 and high external 
calcium levels with a dramatic increase in fluorescence 
after 3 min (compare e and g). The corresponding 
chloroplast autofluorescence images are shown inf and 
h. Single optical sections averaged over 4 frames 
collected with a x25 0.8 N.A. oil immersion lens at an 
approximate depth of 15-25 µm into the tissue. Scale 
bars = 25 µm. The change in ratio due to selective 
chlorophyll absorption for the pH dye, BCECF, is 
shown as a graph of the ratio ( 488/442) averaged for the 
cytoplasm of a single mesophyll cell in 7 successive 
optical sections taken at 2 µm intervals from the base of 
the cell. There was a progressive shift to lower values 
from the base to the mid region of the cell. We think 
this reflects differential absorption of the 442 nm versus 
the 488 nm excitation beam as it passes through the 
chloroplasts, giving a higher ratio for the first image in 
the sequence near the base of the cell. 

principle, the reaction takes place in the cytoplasm and 
the observed retention time of the adduct in the cyto
plasm is longer than BCECF for example, however, we 
have also observed accumulation of the adduct in the 
vacuole (Figure 3), in a cell- and tissue-specific manner 
(Fricker and May, unpublished). This may reflect 
operation of a GSH-based de-toxification pathway via a 
specific tonoplast transporter. 

In guard cells of Commelina communis or Vicia 
faba, microinjection provided direct access to the 
cytoplasm and allowed introduction of Fluo-3, Indo-1, 
BCECF or Fura-Red (Figure 4 a,b,cj respectively). 
Microinjection was very time consuming, however, and 
stringent controls were required to ensure that the guard 
cells were not disrupted by this invasive loading tech
nique. One advantage of the confocal imaging system is 
that the loading electrode can remain in place during the 
experiment (Figure 4a) as the massive out-of-focus 
signal from dye in the pipette is excluded by the confo
cal optics. This also opens the possibility of simulta
neous electrophysiological measurements. 
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Figure 3: 4-D pH ratio images using CMFDA of 
epidermal cells from Hordeum vulgare infected by 
Erisiphe grami11is f sp. pisi during development of the 
appresorial germ tube. 

Epidermis was loaded with CMFDA and XYZ 
images collected at 2 µm intervals through the fungus 
and the epidermal cell layer, with repeated sampling at 
10 min intervals. A single optical section near the 
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mid-plane of the epidennal cell layer is shown for the 
first three time points with excitation at 442 run (a-c) 
and 488 nm (d-j). The corresponding ratio images for 
488 nm/442 nm are shown in (g-i). After this Jong 
loading time, the fluorescent glutathione adduct has 
compartmentalised into the vacuole, though some signal 
remains in the cytoplasm. The ratio images clearly 
indicate a difference in ratio between these two compart
ments. A representation of the complete 4-D image is 
shown in(;). Serial optical sections for each time-point 
are laid horizontally, viewed from the bottom left 
comer, and stacked to form a 3-D model. The three 
models in tum are stacked in order, with the first 
time-point at the top, and are viewed as a tilted block. 
The strong signal from the top surface is probably due 
to extracellular dye binding to the cuticle, which unfor
tunately obscures the fungal spore and appressorial germ 
tube lying on the surface. The 4-D ratio image can be 
segmented using a simple threshold to visualise regions 
of low ratio and presumed low pH (k) or high ratio and 
presumed high pH ([). These images are height-coded 
where white represents an occurrence of the threshold 
near the viewer and black, further away. The segmented 
regions in k and I correspond to the morphology expect
ed of the vacuoles and the cytoplasm, respectively. 
Images were collected with a x60 1.4 N.A. oil immer
sion Jens. Scale bar=25 µm. 

Figure 4: Imaging of calcium and pH in stomata! guard 
cells of Commelina communis and Viciafaba. 

Single guard cells in the stomata! complex were 
iontophoretically microinjected with the free-acid form 
of each dye. (a) Single optical section averaged over 4 
frames of Fluo-3 loaded guard cell from Viciafaba with 
the injection micro-electrode still in place (arrow). (b) 
Single optical section near the base of a guard cell from 
Commelina communis loaded with Indo-1 with excitation 
at 325 nm and emission at > 400 nm. (c-h) Simulta
neous dual-excitation, dual-emission imaging of pH and 
calcium using BCECF and Fura-Red, respectively. 
Single optical sections averaged over 8 frames near the 
mid-plane of a single guard cell from C. communis with 
excitation at 442 nm (c&f) or 488 nm (d&g) and emis
sion to 540±30 nm (c&d) or >600 nm (f&g). The ratio 
images were calculated as 488/442 for BCECF where 
white equates to higher pH (e) and 488/442 for Fura-
Red, where white equates to low calcium (h). The 
chloroplasts are visible by autofluorescence in the red 
emission channel but can be distinguished easily from 
dye signal as the ratio does not alter during calibration. 
Scale bar=25 µm. The intensity wedge is not calibrated 
in these images. 
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Dye distribution and compartmentalisation 
Optical sectioning using CLSM showed that dye 

signals were not uniformly distributed in the cytoplasm 
for any of the tissues studied. The nucleus accumulated 
6-10 fold higher concentrations of fluorochrome (e.g., 
Figure 4). Punctate fluorescence from dye in endoplas

mic reticulum, mitochondria or other small vesicles was 
apparent in some tissues, such as pollen tubes (Figure 1 
c,d), but not others, such as guard cells (Figure 4). In 
pollen tubes, BCECF gave a relatively homogeneous 
fluorescence in the clear zone (CZ) near the tip with 
excitation at 442 nm, equivalent to an even dye distribu
tion in the cytoplasm. However, vesicles and strands 
were visible in the streaming cytoplasm (SC) basal from 
the tip. This signal probably arises from compartmentali
sation of the free-acid form of the dye after hydrolysis 
as it also occurs after microinjection (Read et al., 1992). 
The amount of punctate fluorescence was variable, but 
tended to increase with longer incubation in the AMester 
(Figure 1 c,d). The punctate regions had differing ratios 
to the clear zone, also indicative of localisation of the 
dye in different compartments (data not shown). Prelimi
nary experiments on epidermis from Hordeum coleop
tiles indicates that the ratio from the vacuolar and 
cytoplasmic compartments determined by optical section
ing was markedly different after sequestration has 
occurred (Figure 3g-i). We have not yet assessed how 
well these ratio values can be related to the difference in 
pH between these compartments, though the vacuolar 
ratio is unlikely to be very reliable since the expected 
pH (pH 5.0-5.5) is outside the useful range for BCECF. 
In Lemna, the anion transport inhibitor probenecid (Cole 
et al., 1991) was partially effective in preventing 
vacuolar compartmentalisation, but required very high 
(1-2.5 mM) concentrations and had significant effects on 
sub-cellular morphology (Oparka et al., 1991). The 
effectiveness of probenecid may have been reduced by 
the low pH required for acid loading, as the drug tends 
to precipitate below about pH 6.0. 

Data collection: signal-to-noise, sampling speed and 
spatial resolution 

For measurements on live cells, the concentration of 
fluorochrome introduced should be kept low to minimise 
buffering of the ion involved and any potential non-spe
cific chemical or photo-chemical side-effects. The 
number of photons emitted per voxel and registered by 
the detection photomultiplier is often less than eight per 
scan and requires photon-counting for accurate quantita
tion. This reflects the limited number of true grey-level 
intensities that can be distinguished, rather than the 
nominal 256 separate levels resulting from digitisation of 
the analogue signal to 8-bits. In addition, we routinely 
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exclude signals within about ~ 255 of saturation (240) 
and mask out signals below 16 as the variance in the 
ratio becomes excessive, further reducing the useable 
dynamic range of the detector system. An increase in 
signal-to-noise can be achieved with temporal averaging, 
spatial averaging, increasing the wavelength bandwidth 
of the detector (which decreases the sensitivity to dye 
responses) or increasing the aperture of the pinhole 
detector on instruments where this is variable. We have 
found setting 5 on the BioRad MRC600 to be acceptable 
for ion measurements. Sheppard (1993) has reported a 
near linear increase in signal to 70 % of the maximum, 
with the aperture set to the 1st minimum of the Airy 
disc for an on-axis confocal configuration, with only a 
30-40 % increase in the optical section thickness. These 
figures cannot be transferred directly to the BioRad 
system as the optical path used to achieve confocal 
sectioning is different. However, Lemasters et al., 
(1993) have measured optical section thickness on the 
BioRad instrument and show that there is no substantial 
increase in resolution below an aperture setting of 4, 
though they do not quote the figures for the increase in 
signal, or signal to noise ratio, with the higher aperture 
settings. 

The maximum sampling speed (about 2 µs voxe1·1) 
is dependent on the scanning hardware and photo
multiplier integration circuitry and this determines the 
most rapid transients that can be reliably measured, i.e., 
at a sampling rate at least twice the maximum transient 
frequency. In experiments where temporal resolution is 
critical, the area scanned can be reduced to a single line 
(about 2 ms) or even a single point (about 2 µs), though 
16-64 scans are usually averaged to increase the signal 
to noise. In excitation ratio experiments there is a finite 
interval between collection of each wavelength image, 
during which time there must be minimal change in the 
sample for reliable rationing. Artifacts from organelle or 
specimen movement are particularly pronounced with 
confocal systems because of the reduced depth of field. 

The growing pollen tube tip advanced at up to 0.2 
µm s·1 at room temperature (18-22°C). Slow sampling 
and the delay between each wavelength during disc 
writing up to about 5 s was sufficient to give mis-regist
ratio between the two wavelength images and initially 
resulted in a crescent of dramatically different ratio at 
the tube tip (Figure Ie-g). Sampling intervals between 
each wavelength were reduced to sub-second levels with 
fewer frames averaged and the use of a RAM disc for 
rapid image storage to minimise the temporal sampling 
artifact (Figure Ih-k). Signal to noise was then increased 
by averaging a thick (8-32 pixel) curve transect along 
the centre of the tube for each time point to construct a 

single XT (X vs Time) image for each wavelength 
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(Figure 11,m). An XT ratio image was calculated as the 
488 nm-XT/442 nm-XT image (Figure lo) and masked 
at values less than 16 in the 442 nm-XT image (Figure 
ln). Values for changes in pH at the tube tip were 
extracted with a second thick transect through the 
XT-ratio image after re-aligning to the pollen tube tip 
for each time point (Figure Ip), and displayed graphi
cally (Figure lq). This alignment was necessary so that 
the averaging normal to the transect only occurred in the 
spatial (X) dimension. 

In guard cells, the sampling frequency was fairly 
low (0.1 Hz), as no rapid transients have been reported 
for this tissue to date using sampling rates of up to 1 Hz 
(e.g., Gilroy et al., 1991). The high spatial resolution of 
the confocal microscope, however, was used to allow 
unambiguous discrimination ?f cytoplasmic signals even 
in the presence of much higher signals from the nucleus 
and auto-fluorescence from the chloroplasts (Figure 4h). 
Using software tools to extract quantitative data from 
such images, an original 3-D XYT image file was 
typically reduced from several Mbyte, to a set of 
numerical values that were displayed graphically or 
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Figure 5: Changes in pH and calcium in stomata! guard 
cells in response to peptides derived from the auxin 
binding protein 

Guard cells from vicia faba were loaded with 
BCECF (a,b) or Fluo-3 (c-e) by iontophoretic microin
jection and imaged at > 520 nm with sequential excita
tion at 442 nm and 488 nm at a focus plane at the mid 
plane of the cell, using a Nikon Fluor 40x 0.85 N.A. 
lens. Cells were exposed to peptides derived from near 
the N-terminus (Pzl0-21) or the C-terminus (Pz151-163) 
of the auxin binding protein from 'Zea mays at the points 
indicated. (a) Time course of changes in ratio derived 
from the averaged area of cytoplasm near the nucleus, 
with a pH scale based on in vivo calibration with nige-
ricin and high K+ at the end of the experiment. (b) Time 
course of changes in fluorescence with excitation at 442 
nm<•) and 488 nm(■). The 442 nm signal represents 
dye concentration and illustrates the decline in dye from 
leakage and photobleaching during the experiment. (c-e) 
Three replicate experiments showing the change in 
fluorescence of Fluo-3 with time for a region near the 
nucleus extracted using the transect analysis (see text for 
details) during exposure to the C-terminal peptide, 
Pz151-163, at the points indicated. 

output for statistical comparison with other treatments 
(Figure 5). 

Calibration 
Most in vivo calibrations involve selective permeabi

lisation of the plasma membrane with an ionophore to 
allow equilibration of internal ion activities with defined 
external levels. We have encountered three major 
difficulties with this approach. Firstly, dye often leaks 
rapidly out of ionophore clamped cells or is compart
mentalised into the vacuole, where the prevailing pH, 
viscosity and ionic conditions in the vacuole are marked
ly different from the cytoplasm and affect the Kd of the 
dye, which is used to calculate free ion concentration 
from the following equations. 

for a single wavelength dye: 

[ion] = KjF-F muJIF max-F) (1) 

F = intensity of fluorescence measured, F min= fluores
cence of free dye, F max= fluorescence of saturated dye. 

for a ratio dye: 

R= FA/FA2 where >-. is the excitation wavelength 
R,,,;,. = fluorescence ratio of free dye 
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R,,,.. = fluorescence ratio of saturated dye 
Sr= fluorescence of free dye at ;\2 

Sb= fluorescence of bound dye at Ai 

It is not clear how calibrations under these conditions 
relate to cytoplasmic activities. In addition, dilution into 
the large volume of the vacuole caused a decrease in the 
signal intensity by an unknown factor, which can only 
be corrected for ratio dyes. Thirdly, the ionophore/ion 
clamping protocol has a dramatic effect on the subcell
ular morphology (and presumably physiology) in some 
cell types. In pollen tubes, addition of nigericin causes 
abrupt cessation of growth and a surge of vesicles 
towards the tip. Further increasing the external pH to 
8.0 often caused the tube to burst. Thus, precise or 
accurate quantitation using a single wavelength is 
difficult, though it is appropriate to determine the 
direction and relative magnitude of changes. Calibration 
of ratio dyes appears to be consistently more reproduc
ible. Thus, a calibration scale derived from in vivo 
measurements is provided for pH measurements for 
experiments on pollen tubes (Figure 1) and stomata! 
guard cells (Figure 5). The Ca 2+ changes shown in 
Figure 5 for the single wavelength dye Fluo-3 can be 
estimated as an increase of 400-800 nM above resting 
(about 230 nM) based on (i) in vivo calibration at the 
end of the experiment and (ii) a single exponential fit to 
the resting level signal before stimulation to partially 
correct for dye leakage and bleaching. 

Artifacts 
We have encountered four other potential artifacts 

that are particularly obvious using confocal microscopy, 
but may occur in conventional ratio imaging experiments 
and remain undetected. We have not yet rigorously 
characterised the errors introduced in quantitation. 
Fluorescence ratio techniques, by definition, involve 
three wavelengths which must be coincident at the 
sample and at the detector if the confocal geometry is to 
be successful. Lateral and axial chromatic aberration 
causes displacement of one or more wavelengths, 
distortion of the point spread function, loss in detection 
efficiency and mis-registration of .images. Lateral 
chromatic aberration does not seem to be a major 
problem for small images in the center of the field of 
view. Axial chromatic aberration is more significant, 
however. Conventional Plan-Apo microscope objectives 
are corrected for three wavelengths, typically in the blue 
(e.g., hydrogen F-line at 486 nm), green/yellow (e.g., 
helium d-line at 587 nm) and red (e.g., hydrogen C-line 
at 656 nm). The relative focus shift for intermediate 
wavelengths depends on the design of the objective. The 
overall focus shift depends on the sum of all the axial 
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chromatic aberrations in the light path. We have mea
sured the plane response function for a number of 
wavelengths for our multiple laser system (325 nm, 442 
nm, 488 nm, 514 nm and 633 run) and a commercial 
multi-line laser system (488 nm, 567 run and 649 nm) 
(Fricker and White, 1992). With a Nikon 60x 1.4 N.A 
Plan-Apo lens, the maximum focus shift was 0.3 µm 
(half the minimum section thickness with the confocal 
detection aperture fully closed) between the blue and red 
wavelengths. In practice, increasing the detection 
aperture diameter to increase the signal (see section iii) 
relaxes the depth of field and generates increased 
overlap between the voxels sampled at different wave
lengths. In the fibre-optic coupled system described 
here, the virtual source of the exit beam waist can be 
readily adjusted to compensate for minor axial chromatic 
aberration and there is facility to introduce additional 
pre-focussing lenses to correct for longer focus shifts. 

The next three problems arise from interaction of 
the excitation and emission wavelengths with the speci
men. Light attenuation is a complex function of wave
length, local refractive index variation, absorption and 
scattering, and results in a wavelength- and depth-depen
dent loss of the excitation and emission intensities 
(Fricker and White, 1992). The most significant depth-
dependent attenuation arises from spherical aberration 
due to mis-match of the refractive index between 
immersion fluid, sample and perfusion medium (White, 
Wood, Errington and Fricker, in preparation). An 
additional wavelength dependent component is superim
posed on this net attenuation and, in preliminary studies, 
suggested a variation in the ratio for a constant ion 
activity with a shift in favour of signal from longer 
wavelengths (Fricker and White, 1992). The absorption 
problem results from the extensive array of pigments 
prevalent in plant cells. Chloroplasts are the most 
notable examples, with substantial absorption by chloro
phylls of blue and red wavelengths and variable absorp
tion of other wavelengths depending on the type and 
quantity of accessory pigments. Differential absorption 
of blue ( 442 nm) versus blue/green ( 488 nm) by chloro
plasts gives an increase in the ratio for BCECF towards 
apparently more alkaline values (Dixon et al., 1989; 
Fricker et al., 1993a). In small cells with few chloro
plasts such as guard cells, the spatial resolution of the 
confocal microscope can be used to discriminate areas 
occupied by chloroplasts relatively easily. In spherical 
protoplasts or leaf mesophyll, where large numbers of 
chloroplasts are distributed more randomly around the 
periphery, these effects become more pronounced 
(Figure 2i). Ratio values determined for a single plane 
over time still provide a reliable description of changes 
in pH, but the absolute value of the ratio becomes more 
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difficult to calibrate. The final problem relates to the 
physiological response that the excitation or emission 
wavelengths used for imaging may trigger in the speci
men. For example, chloroplasts can be readily imaged 
with excitation at 442 nm, but this may also trigger 
blue-light dependent responses. Fortunately, chlorophyll 
also fluoresces with excitation at 633 nm or 647 nm, 
allowing chloroplast movements to be tracked without 
triggering the blue-light dependent pathway. Equally, 
however, these red wavelengths may stimulate phyto
chrome mediated responses in some tissues. 

Biological applications of ion measurements: pH and 
Ca2+in stomata! guard cells 

We have used dual-excitation confocal imaging of 
BCECF to investigate the presence and activity of the 
putative plasma membrane docking protein thought to be 
the first link in transduction of auxin stimulus after 
association with the auxin binding protein (ABP). The 
biological activity of synthetic peptides derived from 
predicted hydrophilic surface regions of the ABP was 
screened for effects on cytosolic pH, Ca2+ and mem
brane transporters (Thiel et al., 1993; Fricker et al., 
1994). The 12 amino-acid peptide corresponding to the 
C-terminal portion of the ABP from Zea mays (PzlSl--
163) caused rapid and reversible increases in cytosolic 
pH from resting levels (pH 7.2-7.5) up to around pH 
7.8 (mean ~pH 0.4±0.1, n=6) (Figure 5a,b) (Thiel et 
al., 1993). The time course was variable with the most 
rapid responses essentially complete within 20 sand the 
mean half-time of 54±33 s. Cytosolic pH values stabi
lised at the new pH and were maintained over the 
longest period examined (120 s), but returned to resting 
pH levels upon washout of the peptide with a mean 
half-time of 150±80 s. We have not yet examined 
longer term kinetics of the pH response. Five other 
ABP-peptides tested did not give detectable changes in 
pH, even in cells shown to respond to PzlSl-163 (e.g., 
Figure 5 a,b). PzlSl-163 also caused changes in cyto
solic calcium levels of varying magnitude (Figure Sc) 
(Fricker et al., 1994). Calibration of the signal was 
complex (see above). An estimate of the magnitude of 
the change in Ca2+ was obtained from in vivo calibration 
at the end of the experiment with A23187 followed by 
Mn2 +, using a single falling exponential fit to the resting 
fluorescence level before stimulation to partially com
pensate for the loss in signal from dye leakage or 
bleaching suggest rises typically of 400-800 nM above 
resting. The absolute figures should be treated with 
some caution, however. The response half-time was also 
variable (35 ± 19 s, n=4), as was the decay time upon 
washout of the peptide (90±43 s, n=4). Repeated 
exposure of the same cell to PzlSl-163 resulted in a 
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similar pattern of response (Figure Sc). In trials so far 
of two of the other peptides, no marked changes in 
fluorescence were recorded, but it was difficult to 
discriminate small perturbations from the background 
decay rate using a single wavelength dye. 

The excitation wavelengths used for dual-excitation 
ratio imaging of BCECF are also appropriate for excita
tion of the visible calcium ratio dye Fura-Red, whose 
emission maximum (630 nm) is sufficiently distinct from 
BCECF to allow simultaneous dual-emission detection 
(Figure 4c-h). The quantum efficiency of Fura-Red is 
significantly lower than the single wavelength calcium 
dyes and currently we have to load a higher concentra
tion (50-100 µM) to obtain a useable signal. Fura-Red 
also has an additional emission peak around 540 nm with 
excitation at 442 nm, which is still responsive to calci
um. This causes potential bleed-through from the 
Fura-Red channel into the BCECF channel, in addition 
to the expected bleed-through of the BCECF into the 
longer wavelength channel. In practice, these errors can 
be minimised by careful balancing of the laser intensi
ties, dye concentrations and filter combinations, though 
it is difficult to maintain all four signals within the 
dynamic range of the system during the experiment and 
calibration procedure. Combination of pH and Ca2+ 
measurements should allow us to distinguish the order of 
changes in these key signal intermediates, which is vital 
to understand how the complete signal transduction 
network is co-ordinated. 

Conclusions 

CLSM reduces a number of problems associated 
with quantitative measurements of free ion concentra
tions using camera-based imaging or photometric 
measurements and also highlights several potential 
sources of imaging artifact that would normally be 
obscured by the poor spatial sampling of these tech
niques. Removal of out-of-focus blur by high-resolution 
optical sectioning makes quantitation more accurate for 
the defined volume sampled in the specimen, without 
contribution of signals from neighbouring structures 
(Bolsover et al., 1993). In plant cells, one of the most 
notable benefits is the resulting low or negligible level of 
autofluorescence from structures such as the cell walls 
over-lying the cytoplasm. This is important, as correc
tion for spatially heterogeneous autofluorescence in 
conventional wide-field camera images is difficult, 
particularly for specimens that changes shape over time, 
such as a pollen tube or a stomata! guard cell (Gilroy et 
al., 1991), or where there is considerable cytoplasmic 
streaming and organelle movement. The relatively small 
and constant probe volume, in the range of 0.4 
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(µm)(x)0.4 (µm)(x)l.2 µmin XY and Z, also decreases 
the effect of gross differences in signal from variation in 
cell thickness, as long as the dye loaded compartment 
exceeds the voxel volume. This improves quantitation 
and calibration of single wavelength dyes. The restricted 
depth of field does make measurements very sensitive to 
signal variation due to specimen movement, however. In 
conventional wide-field images small displacements up 
to about 1 µm are disguised in the out-of-focus blur, 
whereas in confocal microscopy an equivalent shift 
would effectively sample a non-overlapping optical 
section. 

Out-of-focus blur removal also allows deeper 
sampling of intact tissues such as whole leaves from 
Lemna and even interactions between two cell types in 
the Hordeum - Erisiphe example. The major difficulty 
here remains development of appropriate loading proto
cols to introduce the dye into the cytoplasm of a suffi
cient number of cells. Treatment with cutinase provided 
an additional tool to aid loading into some intact plant 
tissues without perturbating indicators of cell function, 
such as cytoplasmic streaming and chloroplast re-orienta
tion. Cutin is a polyester of cross-linked Cl6 and Cl8 
fatty acids and occurs embedded in a soluble mixture of 
waxes associated with the pectinaceous layer of the 
secondary plant wall (Kolattukudy, 1981). We have not 
determined the extent of cutinisation for Lemna, howev
er, typically the upper epidermis in the Lemnaceae 
differs considerably from the lower, being more highly 
cutinised and un-wettable (Hillman, 1961). The concen
tration and exposure time to cutinase in this study would 
have been insufficient to hydrolyse many of the ester 
bonds, so we predict the increased dye uptake is through 
hydrophilic routes opened in the cutin layer by cleavage 
of a relatively small number of bonds. Cutinase may 
thus provide increased access to the plasma membrane 
and allow subsequent low-pH loading of ion indicators. 
This treatment proved effective in previously recalcitrant 
tissues and may represent an enzymatic equivalent to the 
harsher abrasion techniques or 'wax' removal protocols 
used in other tissue studies (Gehring et al., 1990;a,b). 
As the cutinase gene has been isolated, cloned and 
functional cutinase expressed in E. coli (Abergel et al., 
1990), routine use of this technique is now feasible. 

The problems associated with calibration of the dyes 
have been extensively discussed (Callaham and Hepler, 
1991; Read et al., 1991; Bolsover et al., 1993; Fricker 
et al., 1993b). One neglected aspect is perhaps the 
reason for attempting a quantitative calibration. In plant 
tissues we are not yet in a position to ascribe signifi
cance to most of the changes in Ca2 + and pH that are 
reported for many tissues, as the relationship between 
Ca2+ or pH change and response remains to be defined. 
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However, the relevant biological information is not just 
the absolute level of Ca2+ or pH measured, but whether 
the changes reported have any physiological role. 
Controlled injection of ions (e.g., Zhang et al., 1990) or 
the use of caged-compounds to artificially modulate ion 
levels (e.g., Adams and Tsien, 1993; Kao and Adams, 
1993; Gilroy et al., 1990), are needed to allow direct 
correlation between the fluorescence change measured 
and the physiological response. 

The final points for consideration are the tools 
required to visualise and extract quantitative data from 
increasingly large and complex data sets. We have 
developed certain application specific tools to display 
and analyse dual-wavelength XYT images (e.g., Figs. 1 
and 5). The next generation of data includes 
multiple-wavelengthXYT images (e.g., Figure4c-h) and 
timelapse sampling in three dimensions to generate 
multiplewavelength XYZT images (e.g., Figure 3). We 
are currently exploring a number of possibilities to 
visualise and extract biologically useful data from such 
complex images (Figure 3j-l). 
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Discussion with Reviewers 

R.B. Moreton: Artifacts due to mis-registration of the 
two wavelength images on account of tissue movement 
could be further reduced if the component images are 
justified by reference to the bright-field image, before 
the ratio is constructed. All that is needed is regular 
recording of the bright-field image, and careful timing 
of the fluorescence images so that the extent of the tissue 
movement appropriate to each can be calculated by 
interpolation. It is, of course, necessary to assume the 
tissue moves at a uniform speed. Has this been tried ? 
Authors: This approach is valid for movements relating 
to the whole cell or tissue using conventional wide-field 
imaging. It could only be applied to confocal images if 
the movement is restricted to the XY plane as any 
movement in Z would cause sampling of a different part 
of the specimen. It is not usually possible to detect 
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Figure 6: Excitation and emission spectra during in vitro 
calibration of BCECF (top panels) and Fura-Red (lower 
panels) using the protocols described in Materials and 
Methods. 

movement in Z from the bright-field images as they are 
collected with a non-confocal transmission detector. This 
form of correction would also not be valid for the pollen 
tube example, as the movement artifact is created by the 
growth of the tube altering the tube morphology rather 
than simply a lateral displacement of the existing struc
ture. The terminology we used to describe this particular 
artifact as 'mis-registration' may have been ambiguous 
in this context. The best means to minimise this artifact 
is to reduce the image collection time and the switching 
time between each wavelength. 

C. Brownlee: How significant is the bleed-though of the 
Fura-Red signal into the BCECF channel, given the 
quantum efficiency of Fura-Red is very low ? 
Authors: There is no simple answer to this problem. 
The spectrum of Fura-Red (Figure 6 lower right panel) 
has a significant shoulder that overlaps the BCECF 
emission (Figure 6 top right panel). The relative contri
bution this peak makes will depend on the concentration 
of the two dyes (normally 10 fold higher levels of 
Fura-Red are needed) and the relative pH and Ca2 + 

levels. Increasing the level of BCECF minimise the 
interference from Fura-Red in the 540 nm channel 
(CH2), but introduces problems with BCECF bleed
through into the red channel (CHI - Figure 6). 

C. Brownlee: How is intracellular dye concentration 
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estimated? 
Authors: Dye concentrations were estimated by compar
ison of signals from region of cytoplasm larger that the 
sampling voxel volume with known dye concentrations 
in fluorochrome seas. For BCECF, the isosbestic 
wavelength provides a straightforward comparison. For 
the calcium dyes, the signal at the Ca2+ -bound wave
length after calibration was used. 

N.D. Read: How common is nuclear dye compartmenta
tion observed in the different cell types examined by the 
authors? 
Authors: The nucleus is characterised by a strong signal 
with all the dyes tested, whether loaded as AM-esters, 
low pH or microinjection in all of the tissues so far 
examined. There may be some debate as to whether this 
reflects compartmentation of the dye in the nucleus. The 
confocal sampling volume (voxel) would normally be 
completely contained within the nucleus whereas thin 
regions of cytoplasm, such as cytoplasmic strands, could 
be smaller than the voxel volume sampled and give 
proportionally lower signals. Despite this, the fluores
cence signals from the nucleus are often 6-10 fold higher 
than the neighbouring cytoplasm, which suggests that 
there is active uptake of the dye, non-specific binding to 
nuclear components or an alteration in the fluorescence 
properties of the dye in the different environment within 
the nuclear matrix. 

N.D. Read: Why was the ester-loading of Arabidopsis 
protoplasts performed on ice? 
Authors: So far reduced temperatures give a more 
consistent cytoplasmic loading with less dye accumula
tion in the vacuole or loss across the plasma membrane. 
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