Chapter 2

Cell Volume Regulation Monitored with Combined
Epifluorescence and Digital Holographic Microscopy

Nicolas Pavillon and Pierre Marquet

Abstract

Quantitative phase imaging emerged recently as a valuable tool for cell observation, by enabling label-free
imaging through the intrinsic phase-contrast provided by transparent living cells, thus greatly simplifying
observation protocols. The quantitative phase signal, unlike the one provided by the widely used phase-
contrast microscope, can be related to relevant biological indicators including dry mass, cell volume
regulation or transmembrane water movements. Here, we present quantitative phase imaging coupled
with live fluorescence, making it possible to follow the phase signal in time to monitor the cell volume
regulation, an early indicator of cell viability, along with specific information such as intracellular Ca?*
imaging with Fura-2 ratiometric fluorescence.
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1 Introduction

Phase imaging has been historically one of the first tools available
to visualize transparent living cells, since the invention of the
phase-contrast microscope in the forties of the last century [1].
Nowadays, a microscope employing phase-contrast or differential
interference contrast (DIC) microscopy [2] is a fundamental tool
of'any wet laboratory, for example to assess cell cultures condition.

Outside routine observation, these tools have then been mostly
supplanted by more specific imaging approaches such as staining,
which permits to differentiate tissues in histological slides, or func-
tional imaging through fluorescence. There is however a renewed
interest for phase imaging in the recent years, thanks to the rapid
development of a new type of imaging called quantitative phase
microscopy (QPM).

Unlike most microscopy methods which rely on intensity
contrast, such as the absorption of a specimen or the emission of a
specific fluorophore, phase imaging is based on the measurement of
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1.1 Principle
of Quantitative Phase
Measurement

1.2 Phase Signal
Interpretation

the variation of a light wave front passing through a specimen, making
it sensitive to its refractive index, a physical property intimately
linked with the density of intracellular components, but primarily
determined by the intracellular protein concentration. One of its
main characteristics is that it does not require labeling, making
experimental protocols far simpler than for most recent imaging
approaches. Another feature worth mentioning is its recording
speed capability (10-100 frames per second with standard cameras).
On the other hand, the signal it delivers is typically less specific than
fluorescence, which can be used for instance with specific chemical
bonding dyes, so that its interpretation is more challenging.

It has been demonstrated in the past years that QPM could be
used, for example, to monitor cell morphology and life cycle [ 3, 4],
to measure the cell dry mass [5, 6], or to assess cell viability [7, 8].
This chapter discusses a particular application of phase imaging,
where it is used in conjunction with wide-field fluorescence [9], in
order to obtain, in parallel, the phase information along with spe-
cific information from a chosen dye. The fluorophore presented
here consists of Fura-2, a ratiometric dye which makes it possible
to monitor the concentration of free intracellular Ca?* [10, 11].

While a complete description of the technical aspects involved in
the measurement of QPM is beyond the scope of this chapter, it is
worthwhile mentioning some fundamental elements. For more
details, interested readers can refer to existing reviews mentioning,
in particular, the numerous methods allowing to obtain a quantita-
tive phase signal (see refs. [12-141]).

In the application presented here, phase imaging is coupled
with fluorescence, by employing a spectral separation scheme; this
implies that the light used for QPM must not overlap with the
excitation and emission bands of the employed fluorophore. For
this reason, we focus on QPM with laser light, and more particu-
larly on a technique called off-axis digital holographic microscopy
(DHM) [15, 16].

Oft-axis DHM is a specific implementation which uses coher-
ent light to generate holograms, from which quantitative phase
images can be extracted through numerical reconstruction. Its
main feature is a fast imaging capability by enabling phase retrieval
with a single hologram. Interested readers can refer to existing lit-
erature for a detailed overview of the theoretical steps involved in
hologram reconstruction [17, 18]. In this context, the laser light
employed for DHM is well defined in the optical spectrum and can
be separated from the fluorescence emission, yielding two inde-
pendent signals [9], as employed in this chapter.

One key point when employing phase measurement on biological
samples such as cells is to interpret the measurement correctly. The
phase is essentially proportional to the refractive index of the
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Fig. 1 (a) Schematic representation of the generation of the phase signal, where the input wave front is
deformed by the optical density of the different organelles. (b) Naive interpretation of the effect of a cell volume
increase on the phase signal, through the increase in height A(x,)). (¢) Correct interpretation, when taking into
account intracellular dilution during volume increase

intracellular content of a cell and to its thickness. The generation
of a phase wave front is depicted in Fig. 1a, where the light of an
input planar wave front passing through a cell is deformed as it is
retarded by the cellular content which has a larger optical density
(refractive index) than the extracellular medium. Organelles can be
identified by an additional phase shift, being either positive or neg-
ative depending on their refractive index.
Mathematically, the phase signal can be expressed as

A¢(x9y) = (pi (x7 y) _q)rcf

2w

ZT(Hi(x’y)_nm)h(x’y)’

(1)

where @x,y) is the phase shift at a location in the cell, @, is the
phase shift outside the cell (background signal), A is the DHM laser
wavelength, #,(x, y) is the average refractive index value along the
optical axis, 7, is the refractive index of the perfusion medium, and
h(x,y) is the cell height at a given location, as represented in Fig. 1b.
The phase signal can be counter-intuitive at first sight, since a
cell volume increase, as depicted in Fig.1b, leading to an increase
of the height 4(x,y), does not correspond to a phase increase, as
Eq.(1) could indicate. This is due to the fact that through cell vol-
ume homeostasis, a volume increase is concomitant with water
entry through various membrane pathways, as depicted in Fig. lc,
which implies an intracellular content dilution, and consequent
decrease of the refractive index #,(x,y) and phase. In the case of
cellular bodies, the changes in refractive index #«,y) are indeed
more significant than the height 4(x,y) on the phase signal. This is
due to the fact that a change in height, which purely modifies the
respective contributions of #; and #,, has a low influence as the
intracellular #; is classically close to the one of the medium #,,.
The phase signal should thus be understood generally as
an indication of intracellular dilution for proper interpretation.
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1.3 Ratiometric
Fluorescence

In this fashion, the phase signal can be used as an indicator of cell
volume regulation (CVR), which is related to the transmembrane
water movements occurring for instance during ionic homeostasis
[7,19]. In this context, the CVR can be employed as an early indi-
cator of cell viability [20], since a prolonged dysregulation is
known to trigger several cellular death pathways [21].

Live fluorescence can be employed to monitor specific biological
parameters. In this chapter, we employ intracellular fluorescent
probes [22] to measure the free Ca** concentration. Ionic concen-
tration dyes are based on the activation of the fluorophore upon
bonding with the investigated ion, so that the intensity of the mea-
sured fluorescence signal depends on the amount of ions attached
to fluorescent molecules, in function of the dissociation constant
of the bonding chemical reaction [11].

Several dyes denoted as ratiometric have the property of chang-
ing their absorption spectrum, so that their maximum of absorp-
tion shifts in wavelength upon bonding with their affinity ion [10].
In this case, the signal can be calculated as a ratio between two
excitation wavelengths as

R=—, (2)

where F) is the fluorescent signal at the first excitation wave-
length, and F; at the second. A ratiometric measurement presents
several advantages, such as making the final measurement indepen-
dent of the intracellular concentration of fluorophore molecules,
and more robust towards photobleaching.

Fura-2 is a ratiometric fluorophore sensitive to [Ca**] at low
concentrations (typically 100 nM). It is excited in the ultraviolet
with typical wavelengths 4, =340 nm and 4,=380 nm, and emits
light in the green region.

2 Materials

On a general point of view, QPM is characterized by rather simple
protocols, thanks to its label-free imaging capability. This implies
that nearly any sample can be imaged directly out of the cell incu-
bator. However, several steps described in this chapter can greatly
increase the image and signal quality.

Furthermore, it should be reminded that the phase signal can
be indiscriminately coupled with any fluorophore, as long as the
DHM wavelength laser does not overlap with the excitation and
emission spectra of the dye. The materials and methods provided
here for fluorescence, namely intracellular [Ca?*] dynamics
monitored with a ratiometric probe, could thus be interchanged
with other standard protocols for other fluorophores, in order to
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observe another cell property along with the phase signal (see
Note 1). Several examples employing other fluorophores such as
Fluo-4 or propidium iodide can be found in the literature [23].

Similarly, the excitation solution provided here is meant for
observation of the response of neuronal cells under glutamate per-
fusion, but the protocol can be modified in order to observe other
types of responses.

While the protocols below assume the type of equipment
detailed in the following, they should still be valid or easily adapt-
able for different configurations.

Unless specified otherwise, all operations are supposed to be
performed at room temperature. For the preparation of solutions,
employ ultrapure sterilized water. For each employed chemical,
follow the handling instructions provided by the manufacturer.

1. DHM T1000® microscope (Lyncée Tec, Lausanne,
Switzerland).

2. Epi-fluorescence module for DHM T1000® [9] (Lyncée Tec).
3. Koala® software (Lyncée Tec).
4. MetaFluor® software (Molecular Devices, Sunnyvale, CA).

1. Poly-L-ornithine (PLO) pre-coated microscopy glass coverslips
(Sigma Chemicals, St. Louis, MO). See Notes 2 and 3.

2. Six- or twenty-four-well plates.
3. Perfusion chamber. See Note 4.

4. Perfusion system.

1. L-glutamate stock solution: dilute a vial of L-glutamate (Tocris
Bioscience, Bristol, UK) to 25 mM with ultrapure water. Store
in small aliquots at -20 °C.

2. Perfusion solution: 140 mM NaCl, 3 mM KCl, 3 mM CaCl,,
2 mM MgCl,, 5 mM glucose, 10 mM HEPES. Dilute in ultra-
pure water (75 % of the final volume). Then, adjust the pH to
7.3 by gradually adding 1 M NaOH. Adjust finally the volume
to the desired quantity (see Notes 5 and 6). If not used at
once, store at 4 °C.

3. Excitatory solution: right before the experiment, dilute the
L-glutamate stock solution to 30 pM in a small volume (typi-
cally 10 mL) of the perfusion solution.

1. Calcium indicator stock solution: dilute one vial of Fura-2 ace-
toxymethyl ester (AM) salt (Molecular Probes®, Life
Technologies™, Carlsbad, CA) at 2 mM with dimethyl
sulfoxide (DMSO). Store at —20 °C and protect from light.

2. Loading solution: dilute the calcium indicator stock solution at
4 uM in 1 mL of perfusion solution.
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3.

4.

Place cells in a 35 mm Petri dish with the loading solution and
incubate at 37 °C for 30 min.

Wash 2-3 times with the perfusion solution to remove the
loading solution and incubate at 37 °C for 10 min to ensure
full de-esterification of the dye before observation.

3 Methods

3.1 Measurements

The method described below consists of two main steps, first being
the measurement itself, where holograms and fluorescence images
are acquired in a given set of conditions. The second step consists
in the data treatment, in order to extract the signals from the mea-
surements. In case of fluorescence and DHM measurements, the
offline processing of the data is also of key importance, as careless
treatment can lead to incorrect results, making it a step of similar
importance to the measurement itself to derive reliable results.

1.

Mount cells in the perfusion chamber (se¢ Note 7) and place
them under the microscope (see Note 8).

. Connect the chamber to the perfusion system. The perfusion

chamber and system must ensure rapid delivery and exchange
of the perfusion solutions. Start flux with the perfusion solu-
tion. See Note 9.

. Select a magnification of 10-20x (see Notes 10 and 11), and

choose a zone of interest (se¢ Note 12) to be measured. The
field of view should contain enough cells for imaging, but
avoid too dense regions, as cells may be difficult to identify
afterwards.

. Open the fluorescence lamp shutter, and focus the fluorescence

image. It is important to ensure a proper focus for a good fluo-
rescence signal (see Note 10), but this should be performed
rapidly, to avoid bleaching of the fluorophore (se¢ Note 13).

. Close the fluorescence lamp shutter, and set it to open only

during image acquisition.

. Set the fluorescence acquisition to successive excitation at

41=340 nmand 4,=380 nm (se¢ Note 14).

. Start acquisition of both holograms (with the Koala® software)

and fluorescence images (with the MetaFluor® software) in
order to record a baseline of at least 5-10 min, with an acquisi-
tion rate of 0.5 Hz in fluorescence, and typically 1-5 Hz with
DHM (see Note 15).

. After baseline measurement, increase the acquisition rate of

fluorescence to 2 Hz to ensure being able to follow the rapid
[Ca?*] rise, and perfuse the excitatory solution for 30 s.
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Fig. 2 Typical images of hippocampal neuron cells in culture measured with (a) label-free quantitative
unwrapped phase, representing a dynamic range of [0, 9.6] radians and (b) Fura-2 fluorescence, excited at
380 nm. The field of view represents a region of 360 x 350 um. (¢) lllustration of the selection of 2 cell soma
(1, 2) and a background region (3) for computation of the average fluorescence intensity

3.2 Treatment
of Data

9. After calcium reached its maximum, reduce the frame rate of
fluorescence back to 0.5 Hz.

10. Continue acquisition to follow the rest of the response, during
typically 30—40 min.

11. If required, perform a second excitation, otherwise terminate
the experiment.

An example of typical measurements taken with the protocol
given above is shown in Fig. 2, with the quantitative phase image
reconstructed from the hologram (see Fig. 2a) and the Fura-2 fluo-
rescence image at 380 nm (see Fig. 2b).

One can appreciate the difference of contrast between the two
images, where all neurons can be easily identified in phase, while
their visibility in fluorescence depends on the intracellular Ca*
concentration, but also on the fluorescent dye loading efficiency
for each cell.

1. With fluorescence images use the MetaFluor® software.
Compute the mean fluorescence intensity value of the mea-
sured cells by selecting the soma. Ensure that the selection
region is well placed within the cell in order to avoid signal
disruption from pixels outside the cell (see Fig. 2¢). Also select
a background region outside any cell (se¢ Note 16).

2. Extract the temporal fluorescence signal on the chosen regions
by running through all measured images.

3. Subtract the background signal from the different cell signals,
in order to suppress the background fluorescence and potential
temporal drifts. For a ratiometric measurements, this implies to
make the subtraction on both measured wavelengths.
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Fig. 3 Typical glutamate-mediated responses obtained by monitoring quantitative phase and Fura-2 fluores-
cence on neuron cells soma. (a) Physiological response, characterized by transient signals which are rapidly
regulated. (b) Pathological response, associated with a dysregulation in both phase (indicative of an absence
of CVR) and [Ca*]

4. Compute the ratiometric signal by dividing the two signals
according to Eq. (2).

5. From the acquired holograms, reconstruct the phase signals
with the Koala® software (se¢ Note 17).

6. Perform a similar analysis on phase images by repeating points
1-3, i.e., by selecting similar regions on the cells and a back-
ground signal, and subtracting the background.

7. The two signals can be compared by matching the two tempo-
ral axes, as shown for example in Fig. 3.

An example of typical measurements as obtained from the pro-
tocol given above is provided in Fig. 3, where the temporal signals
of phase and ratiometric Fura-2 are presented for both a physiolog-
ical response (see Fig. 3a) and a pathological one (see Fig. 3b).
Glutamate, the main excitatory neurotransmitter in the brain,
induces an early response characterized by an intracellular increase
of Na* and Ca?*, as well as a neuronal swelling resulting from a
transmembrane influx of water associated with the ions entrance
for osmotic reasons. The physiological case is characterized by a
transient phase decrease, indicative of a cell swelling, which is regu-
lated in the minutes following the stimulation. This decrease is
concomitant with the intracellular [Ca®*] increase, which rapidly
returns to basal levels. On the other hand, the pathological response
is characterized by an irreversible decrease in phase and rise in
[Ca?*] levels, which are not regulated. This absence of CVR was
shown to be an early marker of the subsequenty neuronal death
[7], linked here with the known toxicity of intracellular [ Ca?*] dys-
regulation during glutamate stimulation [24].
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4 Notes

. As the principle for combined imaging presented in this

chapter only relies on the absence of overlap between the laser
light of DHM and the excitation/emission spectra of the fluo-
rophore, nearly any dye could be employed with a similar pro-
tocol. Changing the dye thus essentially corresponds to change
the filter cube, as in any standard fluorescence microscope. As
an example, the laser wavelength used in this chapter is 680 nm,
so that any dye emitting in the blue, green, yellow, or orange
could be used. Additionnally, the DHM laser light is not fixed,
so that another laser could also be employed to extend the
usable range of fluorophores.

. As phase is sensitive to the surface quality of the different inter-

faces, glass substrates are usually preferred to ensure the best
signal stability. Plastic can indeed have scratches which can
appear in the image, and add noise to the signal. For this rea-
son, in case Petri dishes are used for observation, it is usually
preferable to use glass-bottom dishes, or to culture cells on
microscopy slides, which can be stored in Petri dishes or well
plates during cell culture.

. The protocol described in this chapter is exemplified with

measurements on astrocytes-neurons cocultures. PLO is
known to provide a better adherence for astrocytes, but the
coating should be adapted depending on the cell type, such as
poly-L-lysine or collagen as a replacement for PLO.

. It is assumed here that a closed perfusion chamber is used,

which implies that both interfaces in the sample are made of
glass. This ensures the best results for phase measurements,
and a better control of the flux during perfusion. The closed
perfusion chamber can however be replaced with an open
chamber such as a Petri dish. In this case, the air-liquid inter-
face may vary during the experiment and thus induce addi-
tional noise, which may have to be compensated with additional
procedures [18, 25].

. It has to be noted that it is also possible to perform DHM

measurements in other solutions than isotonic ones, such as
growth medium. However, fluorescence requires to avoid
media with dyes such as phenol red, which can cause autofluo-
rescence. Furthermore, isotonic solutions have a lower refrac-
tive index, so that a slight improvement in contrast may be
observed also in phase.

. As the phase is sensitive to volume changes and transmem-

brane water movements, it is important to ensure that the
osmolarity of the perfusion solution is close to the one of the
growth medium, in order to avoid hyper- or hypotonic shocks
which could disrupt the baseline of the measurement.
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7.

10.

11.

12.

13.

14.

Phase imaging is sensitive to surface quality, so that cleaning
the bottom of the dish or of the coverslip with alcohol before
the experiment can tremendously improve the image and
signal quality by removing potential dust or dirt resulting from
cell growth or previous manipulation.

. Itis good practice to turn on the different devices of the micro-

scope a while before the experiment (at least 30 min), to let the
light sources stabilize to ensure constant illumination, and let
the whole setup come at functioning temperature to avoid
mechanical drifts.

. It is very important to avoid having any bubble in the perfu-

sion system, as even small bubbles in tubes can gather while
passing in the flux, and eventually wash cells when passing in
the perfusion chamber.

A magnification which is too small makes it difficult to identify
the cell soma during the processing of the experiment, and a
too high one significantly reduces the field of view, so that only
a few cells can be measured during the experiment. A magnifi-
cation between 10x and 20x is a good compromise in case of
neurons, but may have to be adjusted depending on the cell
size and distribution.

High magnifications have the issue of inducing a short depth
of field, so that small mechanical drifts can lead to strongly
defocused images, which severely degrade the fluorescence sig-
nal. In this case, mechanical refocus during the experiment
may be necessary to ensure a reliable fluorescence signal.

It is usually very useful to ensure that a part of the measured
field of view is free of cells, in order to provide a region on
which a background signal can be recorded, for suppressing
the autofluorescence and stray light contribution in fluores-
cence, and for retaining a reliable phase reference to ensure
measurement stability.

The mechanical focus should be adjusted according to the
fluorescence image, as DHM possesses a feature of digital
focusing [26], so that cells can be brought into focus during
off-line DHM reconstruction, making it possible to avoid
perturbating the experiment with manual refocusing.

The excitation wavelengths for Fura-2 are classically chosen at
41=340 nm and 4,=380 nm, corresponding to the maximum
absorption wavelengths of respectively the bonded and free
form of the molecule. However, an excitation as low as 340 nm
can require specific optical components to ensure a sufficient
transmittance, which are not always available. For this reason,
it is also possible to use 4, =360 nm, which corresponds to the
isosbectic point of Fura-2—the absorption point which stays
constant upon bonding with Ca?>*—to ensure a better trans-
mittance of the excitation light.
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The temporal resolution of the phase measurement can be set
at will, as there is no concern about phototoxicity, bleaching or
too long exposure times. The usual practical limit can be deter-
mined in order to adequately sample the studied phenomenon
without employing too much space on hard drives. In contrast,
acquisition of fluorescence images must be limited in order to
avoid too much bleaching. For this reason, a shutter system is
also necessary to expose cells only during image acquisition.

It can happen that cells move during the measurement. It may
therefore be necessary to adjust the regions throughout the
treatment of the measurements, or track the cell soma over all
images in order to retrieve a proper signal.

Phase shifts induced by cells can be rather large, and go beyond
the accessible dynamic range of the phase signal, which is
bound between [0, 2x] radians. It may thus be necessary to
employ unwrapping procedures to obtain a continuous signal.
There are several methods for unwrapping phase signals, but
typical examples of use and implementations can be found in

refs. [27, 28].
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