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Abstract. A dual-wavelength digital holographic microscope to measure absolute volume of living cells is pro-
posed. The optical setup allows us to reconstruct two quantitative phase contrast images at two different wave-
lengths from a single hologram acquisition. When adding the absorbing dye fast green FCF as a dispersive
agent to the extracellular medium, cellular thickness can be univocally determined in the full field of view. In
addition to the absolute cell volume, the method can be applied to derive important biophysical parameters of
living cells including osmotic membrane water permeability coefficient and the integral intracellular refractive
index (RI). Further, the RI of transmembrane flux can be determined giving an indication about the nature of trans-
ported solutes. The proposed method is applied to cultured human embryonic kidney cells, Chinese hamster ovary
cells, human red blood cells, mouse cortical astrocytes, and neurons. © 2013 Society of Photo-Optical Instrumentation Engineers
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1 Introduction

Membranes of animal cells are highly permeable to water;
movement of water across membranes is therefore dictated in
large part by osmotic pressure gradients.! Any imbalance in
intracellular and extracellular osmolarity is paralleled by water
movements across cell membranes affecting cell volume along
with the concentration of intracellular compounds.” However,
even at constant extracellular osmolarity, volume constancy
of any mammalian cell is permanently challenged by the normal
activity of the cells.'? Thus, the maintenance of a constant
volume is critical for cell homeostasis and requires the contin-
ued operation of cell volume regulatory mechanisms.'* Water
crosses membrane though several routes (simple diffusion
through the lipid bilayer, transmembrane proteins, specialized
water channels, aquaporins, AQP, etc.). Membrane water per-
meability P, represents therefore an index which can provide
information about the different mechanims involved in the trans-
membrane water movements. Consequently, a technique that
provides real time quantitative measurements of both cell vol-
ume and osmotic water permeability P, while retaining the cell
functionality would represent an efficient time-resolved tool to
investigate the complex and multiple mechanisms underlying
cell volume regulation.

Absolute cell volume measurements have been success-
fully achieved by confocal fluorescence imaging,” staining of
membrane surfaces with fluorescent beads,® transmission-
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through-dye based estimation of cellular thickness.”® Such tech-
niques are either limited by their low temporal resolution as they
involve optical scanning>® or are only applicable for cells that
show no light absorption.”* Only relative cell volume variations
can be assessed by techniques that measure changes of intracel-
lular fluophore concentration,”!® or volume dependent fluores-
cence quenching.'! A drawback of these techniques is that they
allow only the measurement of variations of fluorescently
labeled compartments of the cell volume. Other techniques
that are not based on light microscopy and that do not allow
the assessment of volume variations at a single cell level have
been proposed. Cell content dilution has been assessed by meas-
uring equilibrium concentration of radio labeled molecules'”
and cell volume variations could be correlated with electrical
resistance changes of the cell chamber.'?

The osmotic membrane water permeability Py is in turn usu-
ally determined by measuring the relative cell volume time
course in response to an osmotic gradient applied between intra-
cellular and extracellular compartments.'®''*!5 Indeed, tech-
niques providing such relative cell volume measurements
offer the advantage of a high temporal resolution combined
with low computational cost and low data storage capacity
requirements.

Our approach is based on digital holographic microscopy
which has demonstrated its capacity to efficiently image living
cells by accurately recording the phase retardation of a light
wave when transmitted trough a transparent specimen.!'¢°
Practically, this phase retardation contrast, proportional to the
thickness of the observed specimen, is a result of the difference
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in refractive indices between the specimen and the surround-
ing medium. Consequently, quantitative phase signal provides
information about both cell morphology and intracellular con-
tent related to the refractive index. Although the quantitative
phase signal depends on both, cell volume and integral refractive
index (RI), conventional quantitative phase microscopy (QPM)
techniques do not allow to measure these two parameters sep-
arately and consequently, cell volume cannot be inferred from
the quantitative phase information. Nevertheless, attempts to
determine separately cell volume and intracellular RI from
the quantitative phase signal have been made by an experimental
phase decoupling procedure,?! by placing cells into a known
confining geometry?* or by deducing a cell radius of spherical
cells in suspension.®> However, all of these approaches present
drawbacks. In the first case of experimental phase decoupling,*!
the measurement cannot be performed in a continuous fashion
to monitor dynamic volume variations, confined geometry
approaches?? can only be performed on a few cells which are
placed in the confinement and whose cell height matches the
dimension of the confinement. Finally, cell radius determina-
tion? restrict measurement to spherical cells in suspension. A
promising method to measure cell volume and intracellular
RI, which exploits the dye-enhanced dispersion of the extracel-
lular medium, has been proposed in a proof of principle paper by
Rappaz et al.?* Here, based on this dye-enhanced dispersion
approach, we have developed a single shot dual-wavelength
digital holographic microscope (DHM) strategy as an efficient
tool to accurately measure the dynamics of absolute cell volume
and intracellular RI. As described by Kiihn et al.,? the proposed
transmission dual-wavelength DHM setup allows us to recon-
struct two quantitative phase images at different wavelengths
from a single hologram acquisition. Practically, dispersion
enhancement of the extracellular medium is obtained by adding
the absorbing fast green FCF dye to the perfusion solution.

We applied this approach to the study of water permeability
coefficient P based on monitoring of absolute cell volume in a
variety of cell types, including red blood cells (RBC), cultured
Chinese hamster ovary (CHO), and human embryonic kidney
(HEK) cell lines as well as primary cultures of neurons and
astrocytes. We further investigated the relation between intra-
cellular integral RI and cell volume and could show how dual-
wavelength DHM combined with dye-enhanced dispersion of
the extracellular medium can be applied to measure the RI of
transmembrane fluxes.

2 Materials and Methods

2.1 Cell Culture

Wild-type CHO cells and HEK 293 cells were cultured at 37°C
in 5% CO, and maintained in a minimum essential medium con-
taining 7% fetal bovine serum and 0.5% antibiotics (50 TU/ml
penicillin and 50 ug/ml streptomycin). Primary astrocyte cul-
tures were prepared from neocortical tissue of newborn mice
as described in Ref. 26. Briefly, cells were grown to confluence
on polyornithine coated glass cover slips in Dulbecco’s modi-
fied Eagle’s medium (DMEM/ D7777 sigma) containing anti-
biotics (100 TU/ml penicillin and 100 ug/ml) and 10% fetal
calf serum (FCS). Cells were incubated at 37°C in 5% CO,
and the medium was changed twice a week. After two weeks,
the medium was replaced by DMEM containing 10% FCS and
250 uM dibutyryl cAMP to induce differentiation. Cells were
used for experiments three to five weeks after dissection.
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Neuronal cell cultures were prepared as described in Ref. 27.
Briefly, primary cultures of cortical neurons were prepared
from mice embryos and transferred into dishes containing glial
cell monolayers. Neurons were maintained in supplemented
Neurobasal medium at 37°C in 5% CO, and were used for
experiments after 21 to 35 days. For the RBC preparation,
100 to 150 ul of blood was drawn from a healthy laboratory
person by fingerpick, collected and diluted at a ratio of 1:10
(v/v) in cold HEPA buffer (15 mM HEPES pH 7.4, 130 mM
NaCl, 5.4 mM KCl, 10 mM D-glucose, | mM CaCl2, 0.5 mM
MgCI2 and 1 mg/ml bovine serum albumin). Blood cells were
sedimented at 200 g, 4°C for 10 min and buffy coat was gently
removed. RBCs were washed twice in HEPA buffer (1000 gXx)
2 min at 4°C). About 8 pl of the RBC suspension was added
onto a polyornithine coated cover slip and incubated at 37°C
for 1/2 h prior to mounting of the cover slip onto the cell
chamber.

2.2  Perfusion Medium

The standard perfusion medium contains (in mM): NaCl 140,
KCl 3, D-glucose, 5, HEPES 10, CaCl, 3, and mM MgCl,
2. The pH is set to 7.3 and all experiments are carried out at
room temperature. The dispersion enhancement is achieved by
adding 20 mM fast green FCF (Sigma) to the standard medium.
Additionally, water is added to preserve an osmolarity of the
perfusion solution of 300 mOsm. Osmolarities are measured
with a freezing point depression osmometer (Roebling osmo-
meter 13DR) and refractive indices of the extracellular medium
are measured with an Abbe-Refractometer (Nade 2WIJ) in
reflection mode. The absorption spectrum shown in Fig. 1 is
derived from an absorption spectrum of a solution with a lower
dye concentration, measured with a Tecan Safire plate reader.

2.3 Dual-Wavelength-DHM Setup

Figure 2 shows the schematic of the dual-wavelength DHM
setup. It consists of two basic DHM Mach-Zehnder interferom-
eters that share a common object path, but have a distinct
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Fig. 1 Gray line: imaginary part of Rl of 20 mM fast green FCF solution
as a function of wavelength. The curve was derived from an absorption
spectrum of a 500 uM fast green FCF solution. Black line: real part of Rl
of 20 mM fast green solution calculated via Kramer-Kronig relation,
Black circles: real part of Rl of 20 mM fast green solution measured
with an Abbe-Refractometer. The value at 543 nm corresponds to
the measured RI. For the other wavelengths Rl dispersion of water is
subtracted. Black dashed line: water RI dispersion Sellmayer-equation
at 24 taken from Ref. 28. Vertical dashed lines: recording wavelengths.
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reference path. A He-Ne laser (1; =543 nm) and a laser
diode (4, = 682 nm) are used as light sources. Object waves
are magnified by a 63x oil immersion objective (NA = 1.4)
and interfere with the reference waves to form a dual-wave-
length hologram recorded by a charge-coupled device camera
(Basler A101f). By adjusting the off-axis angle of the two refer-
ence beams separately, one can adjust the orientation of the
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Fig. 2 Schematic representation of optical setup. LD: laser diode
A =682 nm; HeNe: helium neon laser 1 =543 nm; DM: dichroic
mirror; BS: beam splitter; PBS: polarizing beam splitter; 1/2: half wave
plate; DS: delay stage; SF: spatial filter; CL: condenser lens; MC: micros-
copy chamber; MO: microscope objective; and CCD: charge-coupled
device camera.
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interference fringes to lye orthogonally to each other [see
Fig. 3(a)]. The frequency content of each object wave is then
filtered in the Fourier space of the hologram and phase images
are reconstructed individually with the standard Fourier
reconstruction algorithm in DHM.? Holograms are acquired
in focus and digital propagation of electric fields is therefore
omitted. For imaging, cells are mounted on a custom made
flow chamber in which the height of the chamber is limited
to approximately 200 ym in order to reduce light absorbance
by the dye. Data were processed using MATLAB R2008a
(The Mathworks, Natick, Massachusetts). In one case, a differ-
ential equation was solved by using Mathematica 7 (Wolfram
Research, Champaign, Illinois). For hypothesis testing, a paired
students t test is performed.

3 DHM Quantitative Phase Signal

The phase retardation ¢ induced by a cell can be given in terms
of the cellular parameters as

2
Tﬂd(nc —n,) « dAn = OPD. (1)

(p =

Here, A denotes the wavelength, d cellular thickness, n, inte-
gral refractive index (RI), defined as the mean cellular RI along
the optical axis, n, the refractive index of the extracellular sol-
ution, and OPD is the optical pathlength difference. Net water
flux across the cell membrane causes both a swelling or shrink-
age of the cell and a variation of the concentration of the intra-
cellular components, in particular proteins, resulting in a integral
RI change. However, the actual variations of both parameters
cannot be determined based on a single phase measurement.
Moreover, during water flux across cell membrane an increase

o OPD

140
200,
= 120 Lo TN e 4 —_ N o~
E M — g \"'w S 4000 1437 3
—_ =1 e/ Q
z 100 ‘2 150 ™ °
5 5 ——— OPD A 682 nm € 3500 1365
g 80 g ====0PD A 543 nm ° =
© T 00 — 290 MOsm E ?
) ) 2 3000 1.36 ‘5
o 60 o i 180 mOsm g &)
o (e}
c 40 c
8 8 50 2500 11.355
=, =
with Dye with Dye 2000 135
0 0 0 100 200 _ 300 400 500 600
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 Time [s]
Time [s] Time [s]

Fig. 3 (a) Dual-wavelength hologram of HEK cells with zoom on interference fringes. (b) Reconstructed OPD image at 4 = 682 nm. (c) Reconstructed
OPD image at 4 = 543 nm. (d) Mean OPD signal of region 1 depicted in B during a hypotonic challenge in the presence or absence of fast green FCF
dye 20 mM in the extracellular solution. () Mean OPD signal of region 2 depicted in B. (f) Cellular volume and integral Rl during hypotonic challenge
derived from OPD measurements shown in D.
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of one parameter (e.g., d) is accompanied by a decrease of the
other parameter (e.g., n.). Therefore, when translating variations
of the parameters d and n, into phase variations ¢, some part of
the signal is annihilated.

3.1 Phase Decoupling Procedure

The phase ambiguity can be resolved with two consecutive
phase measurements at two different wavelengths when adding
a highly dispersive agent to the extracellular medium. As a dis-
persive agent, the absorbing dye fast green is added to the
extracellular medium. Laser wavelengths are chosen on either
side of the absorption peak in order to fully exploit the anoma-
lous dispersion regime of the dye. Figure 1 shows the imaginary
part of the refractive index of 20 mM fast green FCF in a physio-
logical solution. The real part of the refractive index, which is
derived from the imaginary part of the RI by the Kramer-Kronig
relation, is in good agreement with measured refractive indices
at different wavelengths. To derive explicit formulas for cell
thickness and integral RI, we write the intracellular RI n.(1)
as the sum of water RI ng,(4) and the contribution of intra-
cellular dry mass (proteins, lipids,...). As proposed by Barer
et al.,*" this contribution is written as the product specific refrac-
tive increment of cell dry mass a, times the cell dry mass
concentration C.:

nc(/l) = N0 (;L) + accc’ ()

Similarly, the extracellular RI ny(4) is written in terms of
water RI, contribution of dye [refractive increment of dye
4yc(4) times the concentration of dye Cpy.] and contribution
of other substances present in the extracellular solution (mean
refractive index increments of ions and metabolites a, times
their concentration C,):

n?(/l) = nH2O(A) + aDye(/l)CDye + (X,Cr. (3)

Here, we assume that extracellular dispersion is caused by
water dispersion [ny,o(4)] and dispersion of added dye
[npye(4)] and the wavelength dependency of intracellular RI
is primarily caused by water dispersion. The wavelength
dispersion of the other terms (a.C.,a,C,) are assumed to be
negligible compared to dispersion of water and dye (further
discussed in Sec. 4.1).

Solving for the unknown cell parameters d and n.(4) by
introducing the two OPD measurements OPD,;, OPD,, leads to

OPD, —~OPD,, _ OPD, —OPD,,
[aDye (’12) - aDye (/11 )] CDye AnDye (/12,1 ) ’

n(y) = OPD, XAnDye(’lll) na(Ay)
e OPD,, — OPD,, sV

d=
)

The intracellular RI n, is given for the laser wavelength
A1 = 543 nm. All the measured intracellular RI . in this article
refer to this wavelength. The term Anpy. (4, ;) denotes the RI
difference at the two laser wavelengths 4, ; that is due solely to
the dispersion of dye. This term is measured experimentally by
subtracting the dispersion of water from the measured RI of the
extracellular solution: Anpye(4 1) = Ang(dy1) — Anpag(day).
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4 Results and Discussion

As a first validating experiment, we measured the volume and
integral RI time course in a HEK cell during an osmotic chal-
lenge. Figure 3(b) and 3(c) shows OPD images of the swollen
cells in the hypotonic extracellular solution. Figure 3(d) and 3(e)
shows the mean OPD time courses of the selected regions
defined in Fig. 3(b), i.e., a region integrating over an area con-
taining the whole cell, and a region inside the perimeter of the
cell. The hypotonic challenge was performed twice: first by
perfusing the chamber with a hypotonic medium containing
the dye, and second with a medium containing no dye. In
the absence of dye, one readily sees that the intrinsic RI cell dis-
persion is negligible when comparing OPD differences between
the two wavelengths. Also, it can be seen that there is practically
no phase signal variation during an osmotic challenge when the
phase signal is integrated over the entire cell surface area [see
Fig. 3(d)], meaning a conservation of the cell dry mass (an indi-
cator of the cell biomass resulting mainly from the protein
content)’! during the osmotic shock. However, in the presence
of dye in the extracellular solution the two OPD time courses are
significantly different during the hypo osmotic shock. At the
wavelength 1, = 682 nm, due to the presence of dye, the extrac-
ellular RI is considerably increased compared to the RI of the
entering water. Consequently, a strongly amplified OPD varia-
tion results in response to water flux. Thus, when the dye sig-
nificantly modifies the extracellular RI, the OPD signal during
an osmotic challenge is not only sensitive to variations of the
dry mass spatial distribution but also to the transmembrane
water flux. Coherently, at the wavelength 1 = 543 nm, the
minute OPD increase [Fig. 3(d), gray dashed curve] results
from a slightly lowered extracellular RI due to the anomalous
dispersion of the fast green FCF dye. Finally, the derived vol-
ume and mean integral RI time course, as shown in Fig. 3(f), can
be determined.

4.1 Precision and Accuracy of the Measurements

The measurement precision of the cell parameters n, and d
depends strongly on the precision of the OPD signals. In the
presence of noise in the measured OPD signal, evaluated as the
temporal standard deviation a of consecutive OPD measure-
ments in time, i.e., std[OPD;; ,(f)] =a », the standard deviation
on the measured cell parameters d and n, is

B a% + a%
std(d) = [Anpye,)
std(n,) {\/(ﬂzaz)Z Z (ﬂmtz)q’ ®)
pi = Anpye(s, ) .

The hypothesis leading to these expressions is that the noise
on the two OPD signals is uncorrelated and independent of the
cellular parameters. The expression of the standard deviation of
n, was derived from a second order Taylor expansion of the
function n.(OPD,;, OPD;,).

The expected standard deviation on the thickness measure-
ment is then inversely proportional to the difference in RI of
extracellular solution at the recording wavelengths AnDye(lz,l ).
This value depends linearly on the concentration of dye added
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to the medium. Therefore, a compromise has to be found
between the desired precision and the perturbation of the
intra- and extracellular ionic concentrations induced by the
dye. In contrast, the precision of the measured value n, depends
on the cell parameters; the expected standard deviation is
inversely proportional to the cell thickness and depends on the
intracellular RI itself. Theoretically, the best signal-to-noise
ratio (SNR) could be expected for an intracellular RI of n. =
(g +ng1)/2~1.34 in the case of equal noise amplitude
on both OPD signals. The typical intracellular RI n, for most
cells is, however, situated around 1.36 to 1.4 and consequently
the SNR value for the intracellular RI n. is lower than what
could be theoretically obtained. The measurement precision
was assessed in CHO cells by evaluating the standard deviation
of the cell parameters during 40 s of acquisition. Spatially aver-
aged OPD signals on the cell body showed a temporal standard
deviation of @; ; ~ 0.4 nm, leading to a measurement precision
on the mean cellular thickness of std(d) ~ 34 and 69 nm for dye
concentrations of 20 and 10 mM, respectively. Figure 4 shows
that the experimental measurement precision on the mean inte-
gral RI of three different CHO cells correlates, as predicted, with
the respective height. For a cell thickness of & ~ 10 ym a pre-
cision of std(n.) ~ 5 X 107 is achieved. Due to coherent noise,
shot-noise, and noise added in the digital reconstruction process
the measurement precision on a single-pixel level is about an
order of magnitude lower in comparison to measurements aver-
aged on the cell body. Apart from noise on the OPD signal, the
accuracy of the measurements of the cell paramaters can be
influenced by some additional sources of error, including the
accuracy of the determination of the extracellular RI n(4,,),
and the subtraction of optical path length reference values cor-
responding to background regions where there is no biological
material. Occasionally, in dense cell cultures such background
regions cannot be delimited easily. A small error in the mea-
surement of the cell parameters is also introduced by the
assumption that refractive increments of cell dry mass (proteins,
lipids) . is wavelength independent. Dispersion of specific
refractive increments of some purified proteins like bovine
serum albumin has been measured in the past’? and modeled
according to Eq. (6).
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Fig. 4 Measurement precision of intracellular Rl as a function of height
of CHO cells. Temporal standard deviations were calculated from time
series measurements as shown in the inset.
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2
a.(2) = a,(578 nm) X (0.940 + %}. ©)

For a typical intracellular RI of =1.38, such a refractive
increment dispersion would yield a difference in RI at the
two measuring wavelength of =1 x 10~ or, equivalently,
OPD differences of ~5 nm for an average cell thickness of
5 um. Although this error is small, it is still bigger than the meas-
urement precision. However, when performing control experi-
ments without dye in the perfusion medium no significant
differences between OPD measurements could be detected
(AOPD = 0.56 £ 3.6, n =36 CHO cells, p =0.23). Thus,
refractive increment dispersion of intracellular dry mass is pre-
sumably lower than dispersion of specific proteins, and the
resulting error in accuracy is in the order of the measurement
precision.

4.2 Osmotic Membrane Water Permeability
Measurement

The osmotic membrane water permeability P, of a semi-
permeable membrane determines the water volume flux per
unit of time per unit of membrane surface for a given applied
osmotic gradient.'*** For a closed cell membrane, it is measured
according to Eq. (7),

1 av AV
Prm— () -2 )
UWA()AHO ot 0 TUWA()AHO

where Al is the initially applied osmotic gradient between
intra- and extracellular compartments, »,, the partial molar vol-
ume of water, A, the cell surface area, and (9V/0r), the initial
cell volume change rate. This last value is practically determined
by fitting an exponential decay function, parameterized as
V(t) = Vo + AV x {1l —exp[—(t/7)]}, to the volume time
course, from which the fitted values of 7 and AV are determined.
The cell surface area A is evaluated based on two assumptions.
First, the surface area is evaluated in the swollen state. In fact,
because cell membranes can only stretch their surface area by
approximately 2% to3% before undergoing lysis,** it is pre-
sumably the case that the apparent surface expansion during
swelling is mainly due to an unfolding of the membrane.
Consequently, an evaluation of the surface area in the swollen
state minimizes an underestimation of the actual surface area,
i.e., the area of the folded membrane surface through which
water can pass during the osmotic challenge. Second, we
assume that water flow through the cell membrane that attaches
to the coverslip is strongly reduced and does not substantially
contribute to the water permeability of the cell. Thus, we neglect
the surface in contact with the coverslip and calculate the surface
area A by interpolating the cell thickness by a triangular mesh
for which the surface area is evaluated [see Fig. 5(b)].

The membrane water permeability was measured according
to Eq. (7) in CHO cells (n = 46), HEK cells (n = 14), neurons
(n =11), astrocytes (n =19), and red blood cells (RBCs)
(n =22) when applying a hypo osmotic challenge. Table 1
shows the retrieved experimental data from which an average
Py value of 0.00165 cm/s for CHO cells, 0.00304 cm/s for
HEK cells, 0.00469 cm/s for neurons, 0.00764 cm/s for astro-
cytes, and 0.0052 cm/s for RBCs was calculated [see Fig. 5(d)].

The high membrane water permeability of human RBCs is
mainly determined by the endogenously expressed water
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channel AQP1.33% In the past, approximately 4-fold higher val-
ues for the osmotic water permeability coefficient in human
RBCs have been reported.*> We cannot exclude that this discrep-
ancy with our measurements might be due to a limited solution
exchange in the cell chamber (x1 s) that doesn’t yield a suffi-
ciently fast step response in extracellular osmolarity compared
to the measured time constant 7, leading to an underestimation
of the P, value for the RBC. However, the RBC provides an
example where the water transport mechanism can easily be
altered by pharmacological inhibition of AQP1 with mercury
chloride HgCl, a potent, rapid inhibitor of AQP1.* After a
first hypo osmotic challenge on the RBC preparation, the cell
chamber is perfused for 100 s with a solution containing
200 uM HgCl, before the second hypo osmotic challenge is
applied. Figure 5(a) shows the mean volume time course of n =
10 RBCs in response to the osmotic challenge with or without
addition of HgCl, to the perfusion medium. A slower cell vol-
ume equilibration is observed when inhibiting AQP1 with
HgCl,, both when decreasing and re-increasing the osmolarity
of the medium. The permeability coefficient P, was reduced in
all cells, in average by a factor of 4.333 £ 2.69 to a value of
1.5+ 1.2 cm/s (p;0.001).

In wild-type CHO cells a P, value of 0.0012 cm/s has been
reported by Farinas et al.,” which is in good agreement with
our measurements. Comparable results on HEK cells have been
shown by Gao et al.*® In our measurements, the P ¢ coefficient
in astrocytes was about 5-fold higher than in wild-type CHO
cells. The membrane water permeability in astrocytes has so far
been measured with fluorescence based methods and reported
values range from 0.05 to 0.0008 cm/s.!%!!® The high water
permeability in astrocytes is usually attributed to the endoge-
nously expressed water channel aquaporin AQP4 (Refs. 10, 40,
and 41) and it has been shown that astrocytes from AQP4 defi-
cient mice show a 7-fold reduced osmotic water permeability.'!
The water permeability measured in primary cultures of neurons
was about 3-fold higher than in wild-type CHO cells.
Presumably, this higher water permeability cannot be attributed
to aquaporin channels, as aquaporin expression in the brain
parenchyma is primarily observed in astrocytes and in specific
neuronal subtypes such as brain stem catecholaminergic neu-
rons.*'*? A possible explanation of the increased water per-
meability in neurons compared to wildtype CHO cells could
be an increased expression of specific solute transporters that
exhibit an intrinsic water permeability.*’
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Fig. 5 (a) Mean volume timecourse of n = 10 RBCs during a hypoosmotic challenge (black line). A second challenge was performed on the same cells
when 200 xM HgCl, was present in the perfusion medium (gray line). (b) Height profile image of CHO cells interpolated by a triangular mesh. Cell
surface area is evalutaed on mesh. (c) Mean volume time course of n = 46 CHO cells during an osmotic challenge (gray line) and fitted solution to the
differential equation governing the volume time course (black cross). (d) Membrane water permeability coefficient P; of n = 46 CHO cells,n = 14 HEK
cells, n =11 neurons, n = 19 astrocytes, and n = 22 RBCs with or without 200 uM HgCl, present in the medium. P; is on a logaritmic scale.
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Table 1 Osmotic challenge: measured parameters in different cell types.

Vo (um?) AV (umd) (AV +Vo)/Vo IL/10, Ao (um?) 7 (s) P¢ (1073 cm/s)
CHO 1660 + 669 718 +£294 1.4341 +£0.065 1.452 747 + 340 33.71£5.6 1.65+0.318
HEK 1996 + 562 1437 £ 377 1.739 £0.16 1.667 676 £153 34.6 +£10.9 3.04 £0.87
Neuron 1671 £1116 609 + 429 1.376 £ 0.09 1.452 475+ 226 17.8 £8.42 4.69 +2.89
Astrocyte 861+ 324 347 £132 1.463 +£0.319 1.452 475+ 137 6.44+2.78 7.64 +3.54
RBC 95448 35+11 1.457 £0.277 1.553 129 + 44 3.62+2.05 52+29
RBC/HgCl, 101 £ 49 33+ 14 1.41 £0.30 1.553 135+ 45 11.17+£4.8 1.5+1.2
ot o s sy b sl S

cells in slice preparations*> has been reported. Surprisingly,
often an absence of neuronal swelling or shrinkage in response
to osmotic challenges was observed.*

In all the measurements, the ratio of final volume to initial
volume (AV + V,))/V, corresponds well with the respective
ratio of the initial osmolarity to the hypo osmotic osmolarity
I1; /I1, (see Table 1), suggesting that intracellular and extracel-
lular osmolarity are rendered equal mainly through water flux
across the membrane and that active processes such as regula-
tory volume decrease (RVD) did not strongly influence cell vol-
ume within the short measurement period. Assuming that cells
behave like a perfect osmometer, the osmolarity difference
across the membrane AII can be expressed at any moment in
time in terms of V(¢),V,, I1;, and I1,. Following Eq. (7), a differ-
ential equation that governs the volume time course V(¢) during
an osmotic challenge can thus be derived:

V(¢ VoI,
v _ Pv,AgAL(7) = Pyv,Ag [0— -

ot V(1) H”} - ®

A solution to Eq. (8) is found numerically and is fitted to the
mean volume time course of n = 46 CHO cells during a hypo
osmotic challenge [see Fig. 5(c)]. Good agreement between
measured and theoretically evaluated volume time course is
observed when the modeled solution is fitted to the experimental
data by adjusting the free parameter Py X Ay. This agreement
suggests that the product of water permeability coefficient
and surface area Py XA, can adequately be modeled as a
constant term throughout the osmotic challenge. Thus, a pos-
sible unfolding of the membrane does presumably not strongly
alter the effective membrane surface area available for trans-
membrane water movement.

4.3 Determination of Refractive Index of
Transmembrane Water and Solute Flux

The RI of most solutions increases linearly with the concentra-
tion of the dissolved solute. The factor of proportionality that
relates the two quantities is the specific refractive increment
a. Accordingly, Barer et al*’ related the intracellular RI of
cells to the dry mass concentration C via a cell specific refractive
increment a:
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Here, n, denotes the solvent RI, m the cellular dry mass, and
V the cell volume. A mean value of @ = 0.185 and 0.1899 ml/g,
respectively, has been reported for soluble proteins®'*® and the
solvent RI n, corresponds to water RI.

An interesting application of the method is the determination
of the RI of transmembrane fluxes n;. We consider a transmem-
brane flux of water and solutes characterized by an RI of n; =
ng + a;C beginning at ¢ = f, that leads to an accumulation of
dry mass:

m(t) = m(1o) +[cf%’)dt
= m(ty) + Cy X [V(t) = Vo). (10)

Here, the solute concentration C of the flux is assumed to be
constant in the interval [#y; ¢]. Expressing n.(7), when taking into
account the transmembrane flux, yields:

(Zfo X [V(t) - Vo] (Xm(to)
+ . (11)
V(1) V(1)

nL.(t) =ng+

Substituting in Eq. (11), the initial dry mass m(zy) by using
the relation in Eq. (9) and solving for the RI of the trans-
membrane flux ny = ny + ayCy yields

n.(t) X V(1) — n.(ty) X V(1)
v v @

From Eq. (11) it also follows that the term

k() = [n.(t) = no — apCyl X V(1) = [n (£) = n] x V(1)
(13)

is an invariant quantity, i.e., [k(#)/k(ty)] = 1Vz. If the net solute
flux across the membrane is zero, then n; = ny and the term
k(t) X a corresponds to the initial dry mass m(z).

The above relation is used to illustrate the precision in the
measurement of the RI of the transmembrane flux ny.
Figure 6(a) shows the calculated values of k(t)/k(#,) during
an osmotic challenge averaged over n = 8 CHO cells in the
field of view. The expression k(t)/k(t,) has been evaluated for
different values of ny. For a value of n; = 1.33456, which
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Fig. 6 Assessement of Rl n; of transmembrane flux. (a) Gray trace: mean volume time course of n = 8 CHO cells in field of view during the osmotic
challenge. Black traces: the mean value k(t) /k(ty) of n = 8 CHO cells is evaluated for different values of n; during a hypotonic challenge. For ny = nyq
the evaluated values k(t)/k(ty) are invariant throughout the experiment. (b) Gray trace: volume time course of an actrocyte when T mM glutamate
is added to the extracellular solution. Glutamate was applied 6 min before hologram acquisition started and medium was not removed during the
acquisition period. Cell swelling is observed throughout the acquisition period. Black traces: evaluated values k(t)/k(t,) for different values of n;. For
n; = 1.3410 the evaluated values k(t)/k(ty) are invariant throughout the experiment. (c) Height profile image of astrocyte after 6 min and after 1 h of

glutamate application.

corresponds to the RI of pure water at 543 nm wavelength (see
Fig. 1), a ratio k(z)/k(ty) remarkably constant is obtained, i.e.,
presenting variations of only ~0.4% of the initial value. For val-
ues of n; = ny,o = 0.001 the evaluated expression k(z)/k(t)
already varies by 1% during the osmotic challenge. This sug-
gests that the osmotic induced transmembrane water flux is not
accompanied by a net solute flux. Indeed, a different value of n,
can be expected if the water flux is accompanied by solute trans-
port. To test this hypothesis, we applied glutamate to cultured
astrocytes. Glutamate uptake into cultured astrocytes has been
shown to induce cell swelling*’ ™ and the sodium coupled glu-
tamate transporter is known to co-transport water together with
glutamate and sodium.*® Figure 6(b) shows the volume time
course of an astrocyte bathing in a solution containing 1 mM
glutamate. A steady volume increase is observed throughout
the glutamate application period. The height profile image at
the beginning and after 1 hr of glutamate exposure is shown
in Fig. 6(c). The RI of transmembrane flux is evaluated by intro-
ducing the value n, that leaves the measurement k(z)/k(t)
unaltered. A value of n, = 1.3401 is determined [see Fig. 6(b)],
clearly indicating that water and solutes are co-transported. For a
value of n; = nyy an increase of ~6% of the initial value k(z,)
is observed after 80 min of glutamate exposure, indicating an
accumulation of dry mass [in the sense of Eq. (9)] via glutamate
uptake. Is a measured RI of transmembrane flux of 1.3410
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possible? When considering a transmembrane flux of 2300 mM
of active solutes, which preserves intracellular osmolarity,
one obtains a value of a; = (n; — nyyy/300 mM) = 2.14 X
10~> mM~! for the specific refractive increment of the trans-
membrane flux. Based on the tables published in Ref. 51 refrac-
tive increments of a, of 1.002x107%, 1.012x 1075, and
3.16 x 107> mM~! for KCI, NaCl and glucose solutions, respec-
tively, are obtained. A value of a; of 1.699 X 10~> mM~! for
glutamate monosodium salt was derived from RI measurements
with an Abbe-Refractometer, yielding an approximate value for
ay of 2.4 X 1073 for a pure glutamate solution. Thus, the mea-
sured RI of transmembrane flux is in accordance with the refrac-
tive increments of the solutes involved in the transmembrane
transport.

4.4 Influence of Dye on Cell Properties

Fast green FCF dye was chosen for this application for various
reasons: first, it is an FDA approved food dye and presents
relative low toxicity for living animals;’”> second, it has a
high molar extinction coefficient (eg)5 nm = 102000 cm~' M=)
which reduces the amount of dye that needs to be added to the
extracellular solution to obtain a sufficient RI dispersion;
and third, it presents a low diffusion rate across the cell mem-
brane. Indeed no continuous drift of the measured signals due to
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intracellular dye uptake could be detected for measurement
periods longer than 1 h. However, synthetic food dyes are phar-
macologically active substances and their use in nutrition is
controversial.>* For our application, the question must thus be
addressed whether fast green FCF at high concentrations can
influence cell properties? A study on hippocampal interneurons
reported that fast green FCF reduced the frequency of synaptic
events in a dose-dependent manner.’* As amplitudes and
kinetics of the miniature events were unaltered by fast green
FCEF, it was suggested that the dye acts primarily at a presynaptic
locus. Likewise, our control experiments performed on cultured
cortical neurons also revealed inhibitory effects of fast green
FCF related to synaptic transmission. At the standard concen-
tration of 20 mM fast green FCF, glutamate elicited transmem-
brane water movements?’ were strongly reduced. The phase
shift (1 = 682 nm) upon application of glutamate (30 uM,
30 s) was in average about 5- to 10-fold lower than in fast
green-free solution. The effect was reversible. After washout
of dye, typical phase responses to glutamate exposure were mea-
sured. Thus, the use of fast green FCF dye at a high concentra-
tion can limit the applicability of the method to study certain
physiological processes like synaptic transmission in neurons.
When studying specific transmembrane transport mechanisms,
control experiments in dye free solution should therefore always
be performed.

5 Conclusion

A method to measure absolute cell volume and intracellular RI
in living cells is presented. The method, based on quantitative
phase information reconstructed from a single hologram, is
attractive because of its high temporal resolution, high measure-
ment precision, and the full field of view acquisition scheme that
requires no optical scanning. Here, we applied the method to
quantitatively monitor osmotically induced cell volume changes
and measure the membrane water permeability in different cell
types. Further, we demonstrate how the method can provide
information about the solutes accompanying water movements
by accurately measuring the mean RI of transmembrane fluxes.
The proposed method has a great potential in characterizing
transmembrane transport processes and can contribute to a better
understanding of water and ionic homeostasis at the single cell
level. Furthermore, by providing quantitative measurements of
absolute cell volume changes, membrane water permeability
and mean RI of transmembrane fluxes the proposed method rep-
resents an efficient tool to explore the complex question of cell
volume regulation.
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