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The isotopic water exchange across the membrane of a single-cell alga is made visible ~ '  optical differences 
of H~O and "~H20. in "~. near infrared (NIR) (1000 to 2500 urn) H20 shows immom~ed absorption bamls 
while 2H20 is almmst tranSlmr~t. Results from in vlvo experiments on the diffusive water permeation across 
the membrane of the ~ freshwater alga Eronmplutem viridis are presented. The evaluation of the 
isotope-exdumge kinetics allows rite calculation of the permeability coefficient, P~, and the approximation 
of OJe intracellular diffusion constant, D, The extension of H20/ZHzO-exchange measllrelnent$ tO 
dimensions opens new ways to study transport pathways up to the spatial reselution of a microscope. First 
NIR video images demonstrate the eapability of the method, 

Introduction. Light microscopy, includin$ video 
enhancement techniques [1], is becomin~ a 
widespread tool for the observation of cellular 
processes. It is presently possible to do quantita- 
tive spectroscopy on micrometer-spots, i.e. less the 
size of erythrocytcs, "~:th significant wavelength 
resolution at a high repetition rate (~.me spectrum 
in 15 ms (Lawaczeck, to be published)). However, 
the visualization of the flow of water and of most 
electrolytes lacks behind. Only a few ion-specific 
probes [2,3] are available for the direct observa- 
tion of ion transports. The visible observations 
were recently complemented by micro NMR- 
images of water from single cells [4]. 

Water plays an essential role for all living 
organisms. Thus it is desirable to look at the 
permeation and diffusion of water down to cellu- 
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lar dimensions. In the following a strategy to- 
gether with first results will be described for the 
direct observation of the water exchange across 
membranes of single cells. The studies performed 
rely on the isotope absorption difference spec- 
troscopy (IAD$) in the near infrared (NIR) [5]. 
The method has so far been explored to study the 
water exchange in thi~ tissues and plant leaves in 
situ [5]. Here first in rive measurements of the 
isotopic water-exchange will be reported with the 
spatial resolution of the ligl,.t .,r'~crc~pe and a 
time-resolution in the ms range. This time-scale is 
only limited by the mixing of normal and deu- 
terated buffer. Results on the water permeation 
across the membrane of the single-cell freshwater 
alga Eremosphaera viridis will be presented. The 
evaluation of the data further allows the ap- 
proximate calculation of the intracellular diffusion 
of water. The extension of the permeability mea- 
surements to two-dimensional images offers new 
perspectives to study transport phenomena. First 
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results on this line by a NIR video technique have 
been obtained. The direct visualization of the water 
flow or exchange is especially helpful for the un- 
derst~n.ding of permeation pathways in organized 
systems where - depending on the height of the 
barriers - water can use trans- and/or extracellu- 
lar pathways. On the b~sis of image processing 
devices H20/2H20-difference maps can further 
be produced at various time intervals. 

Measuring principle. The method to follow the 
H:O/ZH20 exchange is based on the difference 
of the absorption of H~O and :H20 in the near 
infrared (NIR), i.e. in the spectral region from 
about 1000 to 2500 rim. Representative NIR spec- 
tra of H20 and 2H20 are redrawn in Fig. 1. HzO 
shows a pronounced absorption while 2H20 is 
practically transparent in that spectral region. The 
absorption fines axe due to overtones and combi- 
nations of the fundamental IR vibration modes 
and may further serve as fingerprints of the water 
structure [6]. For experimental reasons (availabil- 

ity of sensitive detectors and vidicons) we have 
focussed on the prominent absorption difference 
of H20 and 2H20 at 1450 nm. From the absorp- 
tion at 1450 nm the H20/2H20 exchange-kinet- 
ics can be monitored in situ by recording the 
intraccllular NIR absorption while an isotope 
change of the extraccllular solvent (e.g. H20 vs. 
2H20) is performed. In previous m,;asurements on 
plant leaves, fibre optics were used with an ob- 
servation area in the range of 5 mm 2. The present 
studies were performed in a transmission micro- 
scope spectrometer allowing to scale down the 
observation area to the p m 2 range so that the 
transmitted light from intracellular areas can be 
recorded. 

Material and Methods. The algae Eremosphaera 
viridis were grown in Mes (~morpholine~thane- 
sulfonic acid) or phosphate buffer at pH 5.6 by 
Dr. K. KOhler at the Institute of Botany, Univer- 
sity of Wtirzburg [7]. The algae had an average 
diameter of 150 pm. 
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Fig. L Near infrared (NIR) spectra of HzO (×) and 2H20 (o). Absorbance vs. wavelength in nm, cuvctte length I ram, room 
temperature, neutral pH (p2 H). 



Inorgardc chemicals at highest available purity 
and deuterium oxide, 2 H 2 0 ,  w e r e  obtained from 
E. Merck, Darmstadt. The deuterated buffer was 
prepared by lyophifisation of the normal buffer 
and resolubilization in 2H20. The algae were fL(ed 
with thin cotton filaments between glass support 
and cover slide on the stage of the Zeiss UEM 
rpJcroscope working in transmission mode. The 
microscope was equipped with a spectrometer 
accessory allowing quantitative measurements of 
light inten~_i_ties fro.m small oh~ervatic~n areas. The 
size of these areas depends on the magnification 
chosen. The present experiments were performed 
with neofluar objectives with either 10- or 25-fold 
magnification. Either a Zeiss XBO 75 W or a 
halogen 100 W la~p served to illuminate the 
probes; both light sources extend into the near 
infrared region./* 'NIR narrow-band interference 
filter (Oriel, Darmstadt) was placed in front of the 
eondensor lens so that only light at 1450 nm 
passed into the cell, Measurements on plant leaves 
had revealed that light at this wavelength is harrr- 
Jess in contrast to light at the fundamental water 
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absorption in the IR. No temperature changes 
could be measured by directing the NIR-light on a 
thermocouple. For quantitative measurements the 
light was chopp~ at variable frequencies in order 
to compensate small drifts of the dark current. 
The transmitted NIR light was detected by a 
Peltier-cooted NIR-sensitive detector (PbS photo- 
conductive cells P1026, Hamamatsu). The re- 
sultant signals were stored in a transient recorder 
(Krenz Electronics, Hirzenhain) connected to a 
microcomputer. A soft-ware program demod- 
ulated the signals and displayed the averaged dif- 
ferences between the on/off  positions of the light 
chopper. Usually 32K data points at 12 bit resolu- 
tion were measured for one experiment. The iso- 
tope exchange of the buffer was performed by 
carefully sucking the new buffer through the small 
gap between glass support and cover slide. 

For some experiments a NIR-sensitive camera 
system (Hamamatsu microscope video camera 
C2400 with infra-red vidicon) was connected to 
the microscope allowing the direct visualizatiop, of 
the H20/2H20-exchange on the video monitor. 
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Fig. 2. Intensity of  the transmitted light (/14so) through the microscopc-st;~ctromctcr vs. the stoic~omctric mole fraction of H20  
(x (H20) )  of layers, 0.15 mm thick. The straiBht fine drawn (by a finear least-squares fit) is an approximation of the curvilinear 

behaviour. 
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These studies revealed that the algae remained in 
the focal plane in about 805 of the mixing experi- 
ments. 

Results and Discussion. The microscopic 
observation system of the H 2 0 / 2 H 2 0  exchange 
was calibrated in stationary experiments. For that 
purpose thin layers (thickness 0.15 mm) of 
H20 /2H20  mixtures were placed in the focal 
plane. The measured intensities of the transmitted 
light as function of the H 2 0 / 2 H 2 0  composition 
are shown in Fig. 2. The small deviation from 
linearity is expect~ on the basis of the minor 
H2HO-contribution to the absorption at 1450 nm 
[8] and can be tolerated. Spectra (1000-1750 nm, 
with NIR monochromators) from these thin layers 
pointed to pronounced H 2 0 / a H 2 0  differences at 
1450 nm qualitatively reflecting the isotope be- 
haviour o f  Fig. 1, though these (single beam) 

intensities contained the wavelength depende:~ce 
of the total microscope system (light source, 
prism-monochromator, optics, detector). Tbas any 
changes of the transmitted light at 1450 ,Lrn are 
directly correlated with the H 2 0 / 2 H 2 0  content  
in the observation area. 

Fig. 3 summarizes results of experiments with 
Eremosphaera viridis using an observation spot of 
35/~m diameter. The transmitted light at 1430 nm 
from the 35-#m spots outside or inside the spheri- 
cal algae of 150 pm diameter are plotte~ as func- 
tion of the time. The data storage was started 
before the solvent change. For some experiments 
the cells were centrifuged for short times which 
led to a separation of the intracellular compart- 
ments. One can thus distinguish between cyto- 
plasm plus chloroplasts and vacuole without de- 
stroying the cell integrity (the vacuole fills about 
75% of  the intracellular volume; KShler, K. private 

Fis, 3. A series of H20/2H20-exchansc experiments. Inten- 
sity of the transmitted light (a.u., upwards decreasing) at 1450 
nm vs. time. Maximal observation time is 16 s. The alga was 
fixed between glass support and cover slide while the isotope- 
exchanges of the solvent, indicated by arrows, were performed. 
Observation spot 35 Itm. The isotope.changes are (from top to 
bottom); (a) H20 vs, H20 (control); (b and c) 2H20 vs. H20; 
(d and e) H20 vs. 2H20. (c) refers to a normal cell, b and d to 
centrifuged cells, respectively. (e) measures the solvent flux 
through the observation area of 35 #xm diameter just outside 

the cell. 
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communication). From top to bottom the experi- 
ments in Fig. 3 refer to the mixing of H20/H20 
(control), H20/2H2 O, H20/ZH20, 2H20/H20, 
and 2H20/H20, resl:ectively. In Fig. 3e the 
observation spot was placed outside the cell; thus 
the signal showed the mathematically expected 
sigmoidal (for spherical observation areas) shape 
allowing the determination of the flow rate. In 
Fig. 3c a normal and in Figs. 3b and 3d centri- 
fuged cells, were observed, respectively. 

The water permea;ion across biological mem- 
branes (diffusive and osmotically driven) is exten- 
sively studied [9,10] with a great number of inves- 
tigations devoted to the red cell membrane (see, 
for example, Ref. 11). So far most of the studies 
on the water permeation are concerned with sys- 
tems where the plasmamembrane or the fipid hi- 
layer separates two aqueous compartments. The 
permeability coefficients, Po, are calculated from 
life-times or exchange relaxation times, "re~, within 
the intracelhlar compartment at known volume to 
surface ratio, V/,.g, according to 

• ,.. = W(s.e¢) (i) 

For spherical cells like the Eremosphaera viridis 

with radius, r, 'rex is simply given by r / (3  P~). In 
the present case several barriers in series have to 
be considered, i.e. the external unstirred layer, the 
cell wail, the plasmalemma and the vacuole mem- 
brane. Furthermore the intracellular mixing might 
be hindered by intracellular organelles. Far reach- 
ing external unstirred layers can certainly be ex- 
cluded due to the miniaturization of the experi- 
mental observation. For Eremasphaera viridis the 
removal of the cell wall leading to intact proto- 
plasts was so far not successful (Ref. 12, and 
K0hler, K. private communication). The cell wall 
is 0.7 Fm thick and has a fibril structure [12]. 
However, the cell wall should only slow down the 
permeation process if the diffusion constant within 

the cell wall is rather small and pores are absent. 
Usually the barrier built up by cell walls is not 
considered as rate-limiting for the transfer of small 
molecules (including ions). In a first approxima- 
tion the exchange relaxation times, ,r~, were ob- 
tained by a monoexponential fit of the time-de- 
pendent transmission intensity, I,, from Fig. 3 
according to 

I, = A 1 .exp(  - t / v~ , )+  A 2 (2)  

where the A~ values are constants. 
Table i shows the values of ,r~ and Pd for the 

two cases, normal cells with intracellular organelles 
within the cytosol and centrifuged cells with the 
organelles at one side of the cell only. The flux 
through the observation window (35 ~m diameter) 
was 2.1.10 -3 cm/s. Major effects due to dif. 
ferences of the self-diffusion coefficients for H20 
and 2H20 were not observed (the diffusion of 
2HzO is about 165 slower than that of HzO [13]). 

For small cells up to the size of mammalian 
erythrocytes the permeation step is rate-determin- 
ing at',d the intracellular mixing times can be 
neglected [11]. In the present case the intraceUular 
mixing/diffusion might well contribute to the ob- 
served time course. Using equations derived by 
Crank [14] for the effect of internal diffusion and 
evaporation, one can approximate the influence of 
the intracellular diffusion on the permeation rates 
observed. LBvtrup [15] has considered the diffu- 
sion within and the water exchange across animal 
cells, this ease is comparable to the present mea- 
surements. He arrived at the following estimates 
of the time-dependence for exchange-type experi- 
ments: 

!~ - l ~ ,  6 L  2- exp( - ~2Dt/r2) 
/o-loQ ,82[,8'~ + L ( L  - l ) ]  

(3) 

with L = r.  Pd /D and ,8 given by the solution of 
Eqn. 4. 

TABLE ! # = ( l - / . ) . t an  # (4) 

Normal cell Free cytosol 
Exchange time, ~c~ 8.62 s 2.87 s 
Permeability coefficient, Pa 2-9"10-4cm/s 8-7"10-Acm/s 

D is the intracellular diffusion coefficient; 1,, 10 
and 1,0 are the signal intensities (proportional to 
the HeO/2H20 content for thin layers) at time t, 
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Fig. 4. Influence of the intracellular mixing by diffusion on the 
observed exchange time, ~-~. lntracelhlar diffusion coefficient, 
D, vs. permeability coefficient, Pa, compatible with the experi- 
mental results (.r~ ~ 8.62 and 2.87 s, respectively). The cells 
were trea'ed as hollow spheres w/~h a radius of 75/~m (volume 
to surface ratio--25 #m). The curves drawn refer to the 
normal (a, (+)) and centrifuged (b, (D)) cells. For a diffusion 
coefficient of 4.5-10 -6 cm2/s of the free intracellular space 
(centrifuged cells) the permeability coefficient is 1.25-10 -3 
cm/s leading to a diffusion coefficient of 1.10 -6 cm2/s for the 

chloropl~tst-filled cytosol (normal cells). 

0 (before the mixing) and infinity, respectively. 
Eqn. 1 is no longer valid and is substituted by 

For low values of L (L << 1) Eqn. 5 approaches 
Eqn. 1. Low values of /_. correspond to small 
cellular radii and/or small Pd/D ratios. For the 
latter case the permeation step is rate-limiting. At 
known relaxation time, %~, and cellular radius, r, 
the permeability coefficient, Pd, and the diffusion 
constant, D, are related by the Eqns. 4 and 5. D 
vs. Pa curves were constructed in Fig. 4. The two 
curves indicated are compatible with the cellular 
radius of 75/~m and with results of the exponen- 
tial fit of the curves in Fig. 3. For each of these 
two .q, values D is chosen and ,8 calculated on 
the basis of Eqn. 5. This ~0 is inserted into Eqn. 4 
and the corresponding L and consequently Pd 
were obtained either by a graphical or by a ,  
iterative solution. Curves analogous to Fig. 4 have 
been considered earlier [16,17] for a general dis- 
cussion of the relation between 1~ D and the 
observable exchange relaxation tirae %~. From the 

two curves in Fig, 4 calculated for the normal and 
particle-free system it is evident that the Pd values 
become equal if the diffusion coefficients in the 
free and chloroplasts containing cytosol are differ- 
ent with D,,~ ~,o~l > Dno.,~l. 

The permeation across both the cell wall and 
the membranes should not be affected by the 
centrifugation of the cells therefore the Pd values 
should be equal for the two cases considered. Fig. 
4 reveals that a common P0 is only possible for 
small D values with Df~ ~,~t  < I .  10-5 cm2/s 
and D.o,m ~ < 2-10 -6 cm2/s. On the other hand 
for the Pd values an opposite limit holds with 
Pd > 1.10 °3 cm/s. Compared with the free self- 
diffusion a reduction of the intracellular diffusion 
seems reasonable since chloroplasts or other in- 
tracellular particles should increase the resistance 
to diffusion and therefore the times for the in- 
tracellular mixing as is experimentally observed in 
Fig. 3. Reported values for Di,t,a~u,.,a , are in the 
order of 1.10 -6 to 1-10 -s cm2/s [18,19]. Within 
these values for the intracellular diffusion an up- 
per limit of Pd would be around 2-10 -3 cm/s. 
The limits for the P0-coefficients (1.10-3 < Pd< 2 
• 10 -3 in cm/s) fall well into the range determined 
for the diffusional water perraeation across mem- 
branes from plant [20-22] and animal cells 
[I 1,23,24] and even for the water permeation across 
lipid bilayers in the fluid state [11,25]. The similar- 
ity of these values argues against a major contri- 
bution of the cell wall to the permeation barrier. 
As observed for the permeation across membranes 
from other cells the osmotic permeability coeffi- 
cient, Pf, for the algae Eremosphaera viridis is 
reasonably higher (by a factor of 5-10 [26]) than 
the diffusional Pa values described here. 

So far the studies refer to an experimental 
set-up where the H:O/2 H20-exchange is directly 
measured at a single spot of 35 #m diameter just 
outside (control) or within the cell. However, the 
experiments can be carried on one step further 
using video-camera systems with extended NIR- 
sensitivity. This leads to two-dimensional 
H20/2H:O-exchange maps with a spatial resolu- 
tion in the order' of i.ILe wavelength chosen. First 
studies with a NIR camera revealed a fast bright- 
cning of the background following the mixing 
event due to the H20/2H20-exchange. With a 
short time-delay a gradual brightening of the cyto- 
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Fig. 5, Two micro.phomlpraphs of the single cell alga Eremosphaera viridis observed at 1450 nm witii the Haraamatsu mi~oscop¢ 
video system C2400 (infrared vidicon) mounted on the Zeiss UEM microscope. The two photos show the same alga in the normal 
(HzO) (left) and some seconds later in the deuteratod (2H20) buffer (right), respectively. Except for the isotopic solvent eharlge all 

settings were equal. The diameter of the cell is 150 lain. 

sol/vacuole area and of the intracellular particles 
was noticed. In the case of the reverse mixing 
experiments (2H20/H20)  a consecutive darken- 
ing took place. These experiments are at the be- 
ginning and Fig. 5 documents the potential of the 
method for the two extreme cases, i.e. the same 
alga in normal (H20) and some seconds later in 
deuterated buffer. Fig. 5 further reveals the cellu- 
lar architecture with the radial distribution of the 
cytosol cords containing the chloroplasts. The re- 
sults obtained so far are promising and it is hoped 
to get further insight into transport processes 
across cells, organized systems and tissues using 
image processing devices combined with the iso- 
tope absorption difference spectroscopy (lADS) 
described above, The comparably long relaxation 
times of the water protons seem to be a major 

obstacle for equivalent studies of fast exchange 
images by NMR microscopy. 
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