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In Vitro Models for Glaucoma Research: Effects of

Hydrostatic Pressure

Yuan Lei,"*> Shadi Rajabi,>*> Ryan M. Pedrigi," Darryl R. Overby," A. Thomas Read,*

and C. Ross Ethier"*>°

Purrost. The response of cells (e.g., optic nerve head [ONH]
cells) to mechanical stress is important in glaucoma. Studies
have reported the biological effects of hydrostatic pressure on
ONH cells cultured on a rigid substrate. An apparatus, designed
to independently vary hydrostatic pressure and gas tension
(including oxygen tension) in culture medium, was used to
evaluate the effects of pressure and tension on cell migration,
shape, and o-tubulin architecture in a transformed cell line
(DITNC1 rat cortical astrocytes).

MerHODS. During the assay period, cells were exposed to one
of four experimental configurations: (1) control pressure and
control gas tension; (2) high-pressure (7.4 mm Hg) and re-
duced gas tension; (3) control pressure and reduced gas ten-
sion; and (4) high-pressure and control gas tension.

ResuLts. Calculations suggested that the cells in configurations
2 and 3 were hypoxic, as confirmed by direct measurements in
configuration 2. No effects of hydrostatic pressure were ob-
served on cell migration or a-tubulin architecture. However,
cells cultured under low gas tension (configurations 2 and 3)
showed increased migration at 48 and 72 hours (P < 0.05).

Concrusions. A hydrostatic pressure of 7.4 mm Hg has no effect
on DITNCI1 astrocytes cultured on rigid coverslips, whereas
hypoxia associated with a fluid column creating this pressure
does. These results differ from those in a previous report, the
results of which may be explained by altered gas tensions in
the culture medium. Steps are recommended for control of
secondary effects when testing the effect of pressure on cul-
tured cells. (Invest Opbthalmol Vis Sci. 2011;52:6329-6339)
DOI:10.1167/i0vs.11-7836

levated intraocular pressure (IOP) remains the primary risk
factor for the development of glaucomatous optic neurop-
athy. Consistent, sustained, and significant reduction of IOP
slows visual field loss," and thus there is a great deal of interest
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in understanding how the mechanical stimulus imposed by IOP
affects the function of ocular cells, including trabecular mesh-
work cells,? retinal ganglion cells,® and optic nerve head astro-
cytes.* For example, research toward this end has used ro-
dent>>"® or monkey models® in which IOP was elevated,
either spontaneously or by intervention.

Recently, studies have been published that have used an
alternate model: the application of hydrostatic pressure to cells
cultured on a rigid substrate.?” %1014 These studies have used
optic nerve head astrocytes and retinal ganglion cells, among
other ocular cell types, and have generally shown that the
application of hydrostatic pressure leads to significant biolog-
ical effects, such as increased apoptosis of retinal ganglion
cells>” and alterations in astrocyte morphology,? migration,®
proliferation,* cytoskeletal organization, elastin synthesis,'®
and neural cell adhesion molecule (NCAM) production.'' Be-
cause of its simplicity, the application of hydrostatic pressure
to cultured cells appears very attractive for examining the
effects of elevated IOP in glaucoma, and it has been advanced
as a model system for this purpose.

However, there are reasons to believe that the application
of hydrostatic pressure as described in those reports is not a
good model system for studying the mechanobiological effects
of elevated IOP. For example, depending on how the pressure
is applied, this approach alters gas tensions (including oxygen
tension) in the culture medium, raising the possibility that
some of the biological effects reported in the papers were
artifacts of low oxygen tension or other gas tension changes
(e.g., changes in pH caused by changes in the level of carbon
dioxide dissolved in the medium).

The first goal of the present work is to present the design of
an experimental apparatus for separating the effect of hydro-
static pressure and gas tension on cultured cells (i.e., to permit
application of hydrostatic pressure with no change in oxygen
tension to cultured cells, or vice versa). The second goal was to
use this apparatus to evaluate the cellular response to elevated
hydrostatic pressure and/or gas tension, so as to help us un-
derstand whether previously reported effects were due to
pressure alone, gas tensions alone, or both.

METHODS

Design of the Experimental Apparatus

In this study, cells were exposed to two levels of oxygen tension and
two levels of hydrostatic pressure, for a total of four different experi-
mental conditions. These were achieved by using the following exper-
imental configurations (Fig. 1):

1. Normal pressure, normal gas tension in culture medium (control
condition). Two experimental configurations were used to create
these conditions. In configuration 1A, the cells were grown on cov-
erslips placed at the bottom of vertical columns filled with 15 mm of
medium, similar to the arrangements commonly used for cell culture.
This was the same arrangement as that used by Salvador-Silva et al.* In
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FiGure 1. Four different experimen-
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tal conditions created by the five sets
of specially designed experimental ap-
paratus. Configurations 1A and 1B for
control condition; configuration 4 for
elevated pressure and normal oxygen
tension; configuration 3 for normal
pressure and reduced oxygen tension;
configuration 2 for elevated pressure
and reduced oxygen tension. Each sys-
the tem is filled with medium so the free
surface of medium is 15 mm (control
pressure) or 100 mm (elevated hydro-
static pressure) above the level of the
cells on the coverslips; P, pressure;
[O,], oxygen concentration.

configuration 1B, the cells were placed in a closed culture chamber,
and a peristaltic pump (multichannel PD5001; Heidolph Brinkmann,
Saffron Walden, UK) was used to circulate medium between a reser-
voir exposed to incubator gases and the culture chamber. This ar-
rangement supplied fresh medium in equilibrium with the incubator
gases to the cells inside the culture chamber and was used as a control
for configuration 4. This design and that of configuration 4 were
originally proposed by Obazawa et al.'”

2. Elevated pressure, reduced oxygen tension in medium. In con-
figuration 2, cells on a coverslip were grown under a static
column of medium producing a pressure of 7.4 mm Hg (liquid
column height, 100 mm). This replicates the high pressure
experiments of Salvador-Silva et al. ¥ As we show below, cul-
tured cells are exposed to reduced oxygen tensions in this
configuration.

3. Normal pressure, reduced oxygen tension in medium. In con-
figuration 3, cells were grown in contact with a horizontally
oriented volume of medium. The system was designed in such
a way to give the same reduced gas tensions as in configuration
2, but the same pressure on the cells as in configurations 1.

4. Flevated pressure, normal oxygen tension in medium. Configuration
4 was the same as configuration 1B, except that the medium reservoir
was placed at a height of 100 mm above the cells to produce the same
pressure as in configuration 2 (7.4 mm Hg) but normal oxygen
tension.

Vertical (configurations 1A and 2) and horizontal (configuration 3)
columns were made by cutting off the round end of a glass culture tube
(160 mL, with screw cap; VWR, Mississauga ON, Canada) to give a total
tube length of 185 mm for vertical columns or 105 mm for horizontal
columns. The corrugated part of the horizontal column was a segment
of fluoroethylene polymer (FEP) tubing (length, 12 in.; inner diameter
[ID], 1.5 in.; outer diameter [OD], 2 in.; minimum curvature radius, 2
in., cuff length, 2 in.; Industrial Rubber Ltd., Mississauga, ON, Canada).
A polycarbonate platform fit inside the cap end of each horizontal
column, and the coverslip was mounted on the platform with a small
amount of silicone vacuum grease (VWR) applied to the back of the
coverslip. The cells in configuration 3 were oriented upside down with
the coverslip adhering to the bottom of the polycarbonate platform

(Fig. 1), but this orientation is likely to be unimportant, since many
adherent cells are oriented upside down in vivo, and the net gravita-
tional force on a single cell (of order pN) is negligible with respect to
cell-substrate adhesion forces. In configurations 1A and 3, medium
was added so that the height of the free surface was 15 mm above the
coverslip.

In the pump system (configurations 1B and 4), the cylindrical
culture chamber was made by cutting off the top of a 30-mL beaker
(Cole-Parmer Canada, Montreal, QC, Canada). The medium reservoir
used in the pump systems was a 50-mL beaker (Cole-Parmer). The
tubing that connected the culture chamber and the medium reservoir
was chemically and biologically inert tubing (internal diameter, 0.25
mm; OD outer diameter, 2.08 mm; Pharmed; Cole-Parmer), selected in
part because of its very low permeability to gases, including oxygen.
The stopper used to seal the cell culture chamber was made of
FDA-approved platinum-cured silicone (Cole-Parmer). The stoppers
were custom drilled so that a piece of tubing (Pharmed; Cole-Parmer)
and a polycarbonate tube could pass through while maintaining a
gas-tight seal. The polycarbonate tube was attached to the outlet tube
(polyethylene tubing, ID, 1.14 mm; Cole-Parmer; Fig. 1). The medium
was pumped from the medium reservoir to the culture chamber via the
inlet tubing (Pharmed; Cole-Parmer) and was then recirculated to the
medium reservoir via the outlet polycarbonate tube.

Calculations Underlying Design of Apparatus

As part of our experimental design, we estimated the oxygen levels
that cells would be exposed to in the configurations described above.
This required knowledge of the initial oxygen tension in bottles of cell
culture medium, since the vacuum filtration used by the manufacturer
to sterilize the medium could affect dissolved gas tensions. We there-
fore measured the oxygen tension in culture medium at room temper-
ature, using a fiber optic oxygen sensor (OxyMicro system with Mi-
croTip; WPI UK, Stevenage, UK), calibrated by a two-point calibration
(0% and 100% air saturation), according to the manufacturer’s recom-
mendations. Immediately after opening a previously unopened bottle
of culture medium, we placed the oxygen sensor in the medium with
the tip positioned along the centerline approximately halfway down
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the bottle and took an oxygen concentration reading. This process was
repeated in three different bottles of medium.

For modeling purposes, we assumed that the diffusivity of oxygen
in the culture medium at 37°C was 3 X 10”2 m?%/s'® and that oxygen
solubility in culture medium was 1.01 mM/atm, this latter value differ-
ing slightly from the solubility of oxygen in water at 37°C (1.06
mmol/L/atm) due to the composition of culture medium.'” We further
assumed that the composition of gas in the incubator was a mixture of
95% dry air and 5% CO,, at 100% relative humidity. The partial pressure
of oxygen in dry air is 0.2095 atm, but the high CO, and H,O vapor
levels in the incubator gas reduce the oxygen partial pressure in the
incubator atmosphere to 0.187 atm.'” This implies that the concentra-
tion of oxygen in medium in equilibrium with the incubator gas at
37°Cand 1 atm is 0.188 mM. In a study by Rouleau et al.,'® the oxygen
consumption rate of a rat spinal cord glial cell line was reported to be
12.1 fmol/min/cell in early cultures, which translates into 2.02 X 10~ ¢
moles O,/s/cell. This number, although it is measured for a general rat
glial cell line, is very close to that calculated using the studies by
Jacobson et al."® and Hasselblatt et al.>° with rat cortical astrocytes.
Jacobson et al.'® measured the oxygen consumption rate for these cells
to be 35.1 nanomoles oxygen/min/mg of protein. Hasselblatt et al.*®
stated that the average protein content of wild-type rat cortex astro-
cytes was 20 pg for 60,000 astrocytes. From these data, the oxygen
consumption rate by a single astrocyte from rat cortex is calculated to
be 1.95 X 10 '° moles O,/s/cell. Consistent with all these data, we
assumed an oxygen consumption rate of § = 2 X 107 '° moles O,/s/
cell for the DITNC1 astrocytes used in this study.

Vertical Columns: Configurations 1A and 2. The distribu-
tion of oxygen in the stagnant normal and high hydrostatic pressure
vertical columns (Fig. 1) was estimated using calculations and numerical
simulations. Oxygen was assumed to be transported only by diffusion, so
that the governing equation for the local concentration, c, is simply

dc ,
E=DV c (@)}

where D is the diffusivity of oxygen in culture medium. The initial
oxygen concentration in the medium was assumed to be uniform and
equal to ¢,, and the medium at the top surface was assumed to be in
equilibrium with incubator gases, leading to a fixed oxygen concen-

tration ¢, at the top surface:

oz = 1) = cyp (&)
ct=0)=c, (€))

where z is the vertical direction normal to the cells, z = 0 is the cell
surface and z = L is the free surface of the fluid column.

Finally, at the level of the cells, we assumed that the diffusional flux
of oxygen supplied the consumption of oxygen by the cells (i.e., that
the oxygen concentration obeys)

Jac Bn

ngzo = “H

where [ is the oxygen consumption rate per cell, 7 is the number of
cells on the coverslip, and 7 is the radius of the coverslip on which the
cells reside.

For long-duration experiments, the steady state solution of equa-
tion 1 subject to equations 2 and 4 is of interest. Steady oxygen
transport was computed by finite element modeling using commercial
software (Fluent, ver. 6.2.16; Fluent Inc., Lebanon, NH). Briefly, since
the vertical column is rotationally symmetric, a 2-D finite element mesh
was generated on a vertical plane comprising half the cross-sectional
area of the column (Gambit, ver. 2.2.30, Fluent Inc.). The tube walls
were assumed to be impermeable to oxygen, and the number of cells
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on the coverslip was assumed to be 30,000.'” This is the number of
cells initially seeded onto the coverslip and is therefore a conservative
estimate that neglects cell proliferation.

Although the above steady calculation is a useful starting point, we
must also consider unsteady effects, which arise from two sources: the
increase in oxygen consumption as the cells on the coverslip prolifer-
ate, and the depletion of the oxygen in the medium over time as cells
consume oxygen in the medium. To account for the former effect, we
assume that the number of cells, n, increases according to

n=nye" (&)

where v is a suitable rate constant for cell growth, # is time and 7, is
the number of cells originally seeded onto the coverslip. The above
growth model assumes continuous exponential growth, which will
break down as the cells approach confluence, particularly if the cells
are contact inhibited.

If we assume a constant oxygen consumption rate per cell, then
equation 4 becomes

ac | = Bn, .
Y4

(4a)

—0 = e
z=0 Tr’,Z

A quasi-steady one-dimensional solution of equation 1 subject to equa-
tions 2 and 4a exists for the special case in which the equilibration time
for the oxygen concentration in the fluid column is much faster than
the characteristic cell division time, in which case the unsteady term in
equation 1 can be neglected. Assuming that the diffusion can be
treated as one-dimensional, which is reasonable, since the coverslip
covers most of the base of the fluid column and the cells are seeded
uniformly onto the coverslip, then the quasi-steady oxygen concentra-
tion in the culture medium at the level of the cells is given by

Ln,Be”
wr’D

c=0,0=cpp— (@)

The inherently unsteady case is more complex, and there is no exact
solution to equation 1 subject to equations 2, 3, and 4a that we are
aware of. However, a useful approximate solution to equation 1 can be
found by noting the form of the solution: there will be an oxygen
deficit adjacent to the cells that will propagate into the medium (away
from the cells). Over a time 7 the characteristic propagation distance of
this deficit is \@, which for oxygen over a 3-day duration (the
longest interval between medium changes) gives a propagation dis-
tance of 39 mm, which is less than the 100-mm fluid column height for
configuration 2. Thus, to a first approximation, the medium column in
configuration 2 (although not in configuration 1A) can be treated as
semi-infinite. If we further assume that the diffusion is one-dimensional
in the z-direction, we can then seek a solution to

dc a%c
o~ Doz ‘o

subject to equations 3 and 4a.
This problem has been considered by Chaudhry and Zubair,?" who
present the solution as

n,Be”
2m? \JyD

[e *\¥2’/4D erfe (=°/4Dt — \/;t) — \¥Z/4D erfe (274Dt + \’];t)]

Az, H=c,—

where erfc is the complementary error function. This can be evaluated
at the level of the cells (z = 0) and simplified to obtain
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=0 = n.Pe” \/,
cz=0,D=c, ?zmcrf( D (@2

where erf'is the error function. Equation 7 was evaluated numerically.

Horizontal Columns: Configuration 3. According to the
same logic as for configuration 2, gas tensions experienced by cells in
configuration 3 will be determined by the propagation of an oxygen
deficit away from the cells, which will approximately follow equation 7
with z now referring to horizontal distance from the cells. Therefore, so
long as the length of the medium column is ~100 mm and the maximum
elapsed time between medium changes is 3 days or less, the oxygen
tensions experienced by cells in configuration 3 are predicted to be the
same as for configuration 2. Thus, in principle, any arrangement that
exposes cells on the coverslip to the same pressure as in the control
configuration (configuration 1A; Fig. 1) with a medium column of
~100-mm length is acceptable for configuration 3. However, it is foresee-
able that one might wish in future experiments to consider longer elapsed
time between medium changes or other combinations of parameters that
lead to oxygen transport being quasi-steady in configuration 3. We there-
fore also carried out steady simulations of oxygen diffusion (Fleunt soft-
ware; Fluent), with the goal of having an oxygen concentration on the
coverslip equal to that for the vertical high hydrostatic column (configu-
ration 2; Fig. 1) under steady conditions.

Pump System: Configurations 1B and 4. Suitable dimen-
sions of the culture chamber, the positions of the inlet and outlet
tubes, and the medium flow rate were determined by simulations of
fluid flow and oxygen transport, with the goal of exposing the cells to
the minimum possible shear stress from flowing medium (to avoid the
effects of mechanostimulation) while providing them with adequate
oxygen. We considered the oxygenation to be adequate if all cells on
the coverslip experienced an oxygen tension =95% of the oxygen
tension in the medium in the inlet tubing.

To carry out the simulations, the distance between the outlet and
the inlet and how deep the tubes would be inserted into the flask were
chosen. The simulations were then begun, using an initial value for the
inlet fluid speed, and the maximum of the computed shear stress on
the surface of the coverslip (which was located at the bottom of the
culture flask) was compared to a threshold value of 1 X 10 ? Pa, which
is several orders of magnitude smaller than the smallest values of shear
stress reported in the literature to have appreciable effects on
cells. 22724 If the value of shear stress on the surface of the coverslip was
smaller (or larger) than the threshold value, the inlet speed was
accordingly increased (or decreased), and the simulations were re-
peated until the maximum shear stress on the surface of the coverslip
was within a few percentage points of 10~ > Pa. The oxygen concen-
tration distribution over the cross-section of the culture chamber was
then obtained from this final simulation. This process was repeated
with different tube locations and lengths, until a combination was
found with low shear stress and adequate oxygenation.

Cell Culture Experiments

DITNCI1 cells, a transformed cell line obtained from brain diencephalon
tissue of 1-day-old rats, were purchased from ATCC (CRL-2005; London,
UK). These cells show phenotypic characteristics of a type 1 astrocyte cell
line.?> The cells were cultured according to the supplier’s recommenda-
tions in ATCC-Hformulated Dulbecco’s modified Eagle’s medium (ATCC
UK) containing 10% fetal bovine serum (Sigma-Aldrich, Poole, UK). The
cells were grown in T75 flasks (Corning Life Sciences, Chorges, France) in
an incubator at 37°C with a fully humidified mixture of 95% air and 5%
CO,. They were subcultured before confluence with 1X trypsin EDTA
solution (Sigma-Aldrich) when necessary.

We characterized the growth rate of DITNCI1 cells by plating
150,000 cells on each of several 35 mm dishes (BD Biosciences, UK).
Cultures were collected in suspension at various time points following
plating using 1X trypsin EDTA solution, and the cells were counted
with a hemocytometer.
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After previous reports,’ we examined the effects of hydrostatic
pressure and oxygen tension on DITNCI1 cells using a cell migration
assay and a-tubulin staining, as described below.

Experimental Creation of a Cell-Free Area and Migra-
tion Assay. We used a cell migration assay to study the effects of
hydrostatic pressure. In this assay, a cell-free area (CFA) was created
within a confluent monolayer of cells, and cell migration into the CFA
was measured. Cells were seeded onto 22-mm diameter circular cover
slips (VWR) at a density of 30,000 cells/coverslip, where the center of
the coverslip was masked by a polydimethylsiloxane disc (PDMS, 4 mm
diameter; Sylgard 184; Dow-Corning, Barry Wales, UK). The coverslips
were then placed in plastic Petri dishes and cultured under standard
conditions for 5 days, including a single change of culture medium on
the third day. This produced a confluent or near-confluent layer of
DITNCI1 cells on the coverslip.

On the sixth day, the PDMS disc was carefully lifted using a pair of
fine forceps to create a CFA. The CFA was then imaged (see below),
the coverslips were carefully transferred into one of the experimental
configurations shown in Figure 1 and a suitable amount of fresh
medium was very gently added to create the relevant level of pressure.
Cultures were left undisturbed in the incubator without change of
medium for either 24, 48, and 72 hours, after which point they were
removed and images of the CFA were taken using an inverted phase-
contrast microscope (DM 1L; Leica, Wetzlar, Germany) and a digital
camera (DF 360FX; Leica, Solms, Germany). Length measurements
were calibrated using a hemocytometer slide incorporating a standard-
ized grid. Data were expressed as the reduction in area (in square
millimeters) of the CFA (i.e., the difference between the area of the
CFA when it was formed and the area of the CFA at each later time
point). The CFA data were analyzed by ANOVA with Bonferroni cor-
rection (SPSS 17; SPSS, Chicago, IL).

During culture experiments, the laboratory ambient pressure was
routinely measured using a weather station (BAR90OSHG_UV; Oregon
Scientific, Maidenhead, UK). Ambient pressures ranged from 750 to
762 mm Hg (0.987-1.003 atm), which was comparable to the imposed
hydrostatic pressures. Therefore, all experiments were run in a parallel
manner (i.e., coverslips were placed in high- and low-pressure config-
urations at the same time, and the CFAs were measured in each
configuration at the same time so that high- and low-pressure cultures
experienced the same variations in atmospheric pressure during each
experiment. For purposes of computing oxygen concentrations in
medium from percentage saturation values, we did not account for
variations in ambient pressure, which will lead to a maximum error of
less than 6% in oxygen tension.

a-Tubulin Staining. For a-tubulin immunostaining, DITNC1
cells from selected experiments above were fixed with 4% paraformal-
dehyde (PFA) for 10 minutes at room temperature at specific time

DITNC1 growth curve
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FIGURE 2. Growth curve for DITNCI1 cells (log-linear plot), with fitted
regression line shown superimposed on data. Each data point is the
average of two determinations.
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points (24, 48, or 72 hours after creation of the CFA). Fixed cells were
rinsed in Dulbecco’s phosphate-buffered saline (DPBS), permeabilized
with 0.2% Triton X-100 in DPBS for 5 minutes at room temperature,
washed again with DPBS and then blocked with 10% goat serum in
DPBS for 30 minutes at room temperature. Cells were incubated with
mouse monoclonal a-tubulin antibody (1:1000 in DPBS; Abcam, Cam-
bridge, UK) for 30 minutes at room temperature, followed by three
5-minute washes in DPBS, and then an incubation with Alexa Fluor 546
goat anti-mouse IgG (1:200 in DPBS; Invitrogen, Paisley, UK) for 30
minutes at room temperature. Tubulin immunofluorescence was visu-
alized with an epifluorescence microscope (Olympus, Tokyo, Japan;
objective lens, DPlan 40X NA 0.65 160/0.17; Olympus).

Oxygen Measurements. Under experimental conditions iden-
tical with those described above for measurement of the CFA, direct
oxygen tension measurements were made in cell culture medium for
configurations 1A, 2, and 4 using a fiber-optic system (Neofox; Ocean
Optics, Basildon, UK) with the fiber-optic probe mounted on a micro-
manipulator (M3301R; WPI UK). Immediately after the coverslip was
positioned in the appropriate configuration and placed in the incuba-
tor at the start of the experiment, the fiber-optic probe was inserted
into the medium so that the probe tip was as close as possible to the
cells (typically within 100 wm). For configurations 1A and 4, no
modifications to the apparatus were needed, while for configuration
2 a small hole was drilled in the lid of the culture chamber to allow the
probe to pass while maintaining a seal. The probe remained in place
throughout the experiment so as not to disturb the oxygen concen-
tration profile within the medium, and oxygen readings were taken
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either every 12 or 24 hours. It was not possible to suitably modify the
apparatus to allow oxygen tension measurements to be made in con-
figuration 3.

RESULTS

At room temperature, the oxygen concentration in newly
opened bottles of culture medium was measured to be 17% =
0.5% (mean * SD; n = 3), slightly less than the oxygen
concentration in room air (~21%). We used the value of 17% as
the initial oxygen concentration in the medium, c,, for all
subsequent calculations. Using the oxygen solubility coeffi-
cient for culture medium (see the Methods section), this is
equivalent to a concentration of 0.172 mM.

The growth curve of DITNC1 cells is shown in Figure 2.
Regression to this data showed that the rate constant for cell
growth, vy, was 0.0327 hour ' (equation 5).

Design Calculations

Fluid Columns: Configurations 1A and 2. The character-
istic time for attainment of a steady oxygen concentration profile
in a fluid column of depth L subject to equations 2 and 4 is of
order L?/4D. For the control pressure vertical columns (configu-
ration 1A), where the medium depth is L = 15 mm, this time is
approximately 5 hours. This can be compared with the charac-
teristic time for cell growth, 1/, which is approximately 31

FIGURE 3. Computed oxygen con-
centrations at the cell surface under
various conditions. Top: the com-
puted concentration for configura-
tion 1A under steady conditions for
the situation in which there are
30,000 DITNCI1 cells on the cover-
slip. Bottom: the computed concen-
tration at the level of the cells in
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configurations 1A and 2 versus time, 0.20
as obtained from analytical calcula-
tions (equations 6 and 7, respec- <0.18
tively). The data shown are for an © j\
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1A should be ignored near time 0, ¥ qg4
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steady solution. For the same reason, g
equation 6 predicts that the oxygen %5 0.10
concentration at time 0 is ¢y, — o
In,B/m>D) rather than ¢,, which € 0.08
explains the offset of the two sets of 8
curves at time 0. As discussed in the g 0.06
text, this initial transient lasts for sev- o

eral diffusional equilibration times, 5 0.04
L?/4D, which is approximately 5  ®o
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which the model predictions for con- o™
figuration 1A become more valid. 0.00 ) ) ) i

Note also that inclusion of this initial
transient would cause the concentra-
tions predicted for configuration 1A
to be greater than those plotted.

24
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hours. Thus, diffusion equilibrates at a rate nearly sixfold faster
than cell growth, indicating that for configuration 1A, oxygen
transport can be approximated as quasi-steady for much of the
experiment, with a continuously increasing oxygen consumption
rate at the bottom of the column (due to cell proliferation).
Since oxygen transport in configuration 1A is approxi-
mately quasi-steady, it is useful to first consider the idealized
steady case. For a fixed population of 30,000 cells on the
coverslip, computed contours of oxygen tension under steady
conditions are shown in the Figure 3, top. This figure shows
that the one-dimensional approximation for oxygen transport
is reasonable (and is even more so for configuration 2 on
account of its larger aspect ratio) and further indicates that the
oxygen concentration at the level of the cells would be only
slightly reduced compared with the oxygen tension at the free
(top) surface of the medium. If we now account for cell
division, the quasi-steady nature of the oxygen transport indi-
cates that the oxygen concentration distribution will remain
approximately linear, similar to the distribution shown in the
Figure 3, top, except that the oxygen contour levels, including
the oxygen tension experienced by the cells, will decrease
over time as the cells proliferate. This is expressed by equation
6, which is plotted for some specific cases in Figure 3, bottom.
If cells continue to divide at the rate shown in Figure 2, oxygen
tensions at the level of the cells are predicted to approach 0
(assuming no change in consumption rate per cell) approxi-
mately 2 days after the initial seeding with 30,000 cells. In
reality, there is likely to be a reduction in the metabolic rate of
the cells, in their growth rate, or both as the local oxygen
tensions decreased. For example, if growth rate, vy, decreased
by a factor of two, then the cells would not experience hy-
poxic conditions until approximately 4 days after seeding.
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The situation with the high pressure columns (configura-
tion 2) is slightly different. The characteristic time for ap-
proaching a steady concentration profile in this configuration
I?/(4D) is approximately 231 hours, and thus gas transport is
inherently unsteady and the analytical formula given in equa-
tion 7 applies. If cells proliferate at the rate shown in Figure 2,
equation 7 predicts that the oxygen tension at the level of the
cells approaches zero after approximately 2 days (Fig. 3, bot-
tom), similar to the situation in configuration 1A. However,
unlike the situation for configuration 1A, a halving of cell
division rate delays the onset of hypoxia by approximately 1
day in configuration 2, as opposed to a 2+ day delay for
configuration 1A.

Pumped Systems: Configurations 1B and 4. The chosen
dimensions for the culture flask in the pump design are given in
Figure 4. This design provided cells with good oxygenation while
exposing them to only very small shear stresses, with an average
oxygen tension experienced by the cells over the entire coverslip
predicted to be approximately 98% of the inlet value.

Horizontal Tube: Configuration 3. Computed oxygen
tensions for the horizontal tube (Fig. 1) under steady condi-
tions are illustrated in Figure 5. For the optimum length of the
glass tube (66 mm), cells were predicted to experience oxygen
tensions similar to those in high-pressure vertical columns
(configuration 2). Note that although this result is for steady
oxygen transfer, as discussed in the methods, a similar equiv-
alence between oxygen tensions in configurations 3 and 2 is
expected to hold for the unsteady case.

Experimental Measurements of Oxygen Tensions

In configuration 1A, measured oxygen concentrations at the
level of the cells decreased over the first 24 hours until reach-

A 30 mm
4mj1
" 18mm - Stopper
Al E
i mm
Outlet
i 20mm
Inlet j
18mm

Coverslip FIGURE 4. Computed oxygen ten-
V. =0.07 m /s sions and shear stresses, 7, in the
in pump system (configurations 1B and
4). (@) The configuration of the cul-
B C ture flask showing selected position-
ing of the inlet and the outlet tubes,
0.188 with the coverslip located directly
0.186 underneath the inlet. (b) Contour
plot of shear stress (en face view) on
0.183 the coverslip in the configuration
0.181 shown in (a). With an inlet speed of
0.07 m/s, the maximum shear stress

0.178 . . . .
on the coverslip in this design
0.176 reached the threshold value of
0.174 10~>Pa. (¢) Contours of oxygen con-
centration on the cross-section of the
0471 culture flask in (a). Oxygen carried
0.169 down toward the cells by oxygen-
0166 ated culture medium is clearly visible
i as a blue jet extending from the inlet,

Oxygen concentration (mmol/liter) j X

where it is consumed by the cells.
Note the different contour scales
compared with Figures 3 and 5.
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FIGURE 5. Configuration and con-
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the coverslip. (¢) Computed oxygen
concentration contours for configu-
ration 2, for the same conditions as
shown in (b).

I 0.138 0.148
X

ing a steady state of 50% to 60% of their starting values (Fig. 6).
The shape of the curve was different from that predicted
theoretically (Fig. 3), being consistent with a slowing of cell
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FIGURE 6. Measured oxygen concentrations in three different exper-
imental configurations: control column (configuration 1A); high-pres-
sure column (configuration 2); and high-pressure pump (configuration
4). Points for configuration 4 have been offset by 2 hours on the time
axis so as not to overlap points for the other configurations and hence
improve the clarity of plotting; in reality they were measured every 12
hours starting at time 0. There was a slight increase in oxygen con-
centrations at 72 hours in configuration 1A, but this was not signifi-
cantly different from the value at 48 hours (P = 0.13), although it was
different from the value in configuration 4 at 72 hours (P = 0.014).
This increase could be due to experimental error, or to a reduced
cellular oxygen consumption rate in conjunction with oxygen diffu-
sion from the free surface. Error bars are SEM at each time point; P
values refer to comparison between matching symbols by two-sided
t-test at the indicated times.
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division and/or a downregulation of cellular oxygen consump-
tion rate as oxygen tension decreased. A very similar trend was
observed in configuration 4, consistent with oxygen tensions
at the inlet of the supply tubing being slowly reduced until
reaching a new steady state. Because the supply tubing inlet
was placed approximately 1 cm below the free surface of the
upper reservoir, oxygen tensions at the inlet will be deter-
mined by a balance of diffusion from the free surface of the
upper reservoir and mixing of oxygen-depleted medium re-
turned from the culture chamber. Finally, unlike the situation
in configurations 1A and 4, oxygen tensions in configuration 2
showed a much more marked decrease, to a value of approx-
imately 10% of the starting tension by 72 hours. This oxygen
tension in configuration 2 at 72 hours was only approximately
one-fourth of that present in configuration 4 and one-fifth of
that present in configuration 1A.

Experimental Measurements of Cell Migration

After the cellfree area was created, cells migrated into this
region, reducing the CFA size with time (Fig. 7). As seen in
Figure 8a, under control conditions, there was no significant
difference in the cell migration (i.e., in the reduction of the
CFA), at any time point between the vertical column (config-
uration 1A) and the pump system (configuration 1B). This
confirms that the pump system itself did not significantly affect
the migration of the cells.

Cell migration was significantly faster in vertical columns (con-
figuration 2, low oxygen tension) than in the pump system with
the same pressure (configuration 1B, normal oxygen tension) at
48 and 72 hours (Fig. 8b). Similarly, under normal pressure, the
migration rate of cells in the horizontal tubes (configuration 3)
was faster than in configuration 1A at 48 and 72 hours. This
suggests that, under both high pressure and normal pressure
conditions, oxygen tension had a significant effect on cell migra-
tion, with reduced tension increasing cell migration. This suggests
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FIGURE 7. Micrographs of DITNCI cell migration into the cell free area.
(a-c) Images taken of three different coverslips after leaving the cells under
vertical control pressure (configuration 1) conditions and allowing the cells to
migrate into the CFA for 24, 48, and 72 hours, respectively. The edge of the
CFA has been traced on each image in black; the number of pixels enclosed
in the black curve was used to calculate the CFA.

that it is not pressure per se that affects cell migration, but rather
gas tension in the culture medium.

This is consistent with Figure 8c, which shows the same
data plotted in a different manner (i.e., grouped by oxygen
tension rather than by pressure). For a given gas tension level,
elevated hydrostatic pressure did not significantly increase cell
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migration at any time point tested compared with control
pressure conditions.

Experimental Measurements of a-Tubulin Staining

We did not observe marked changes of cell morphology or
a-tubulin architecture in cells at any time point for any of the
experimental conditions (i.e., the shape of a-tubulin architec-
ture was similar under all the conditions; Fig. 9).

Di1scussioON AND CONCLUSIONS

Our goal was to design and use equipment to separately test
the effects of pressure and altered gas tension on cultured cells.
Our major experimental finding is that pressure alone, at least
at the modest levels used in this study (7.4 mm Hg above
atmospheric pressure), had no effect on the migration rate or
a-tubulin architecture of cultured DITNC1 astrocytes, whereas
reduction in oxygen tension was associated with increased cell
migration. Hence, it was not hydrostatic pressure, per se, that
affected cellular behavior, but rather changes in the dissolved
gas concentration in the medium. Our conclusions are broadly
similar to those recently reported by Russ et al.,?® who also
designed equipment to independently evaluate the effects of
pressure and hypoxia on cultured proximal tubule epithelial
cells and observed no direct effect of ~60 mm Hg pressure.
Our conclusions also agree with the results of Obazawa et al.,'>
who measured optineurin and myocilin expression in trabec-
ular meshwork cells after exposure to an elevated pressure of
33 mm Hg for various times, which did not result in any
observed changes between control and pressurized cultures.
In this context, it is important to consider that when a cell is
cultured on a rigid substrate, the elevation of hydrostatic pres-
sure should not lead to any significant cellular deformation;
instead, the pressure in the cell should simply rise to match the
externally imposed pressure, since the cell membrane is flex-
ible, and the cell is filled with a nearly incompressible fluid
(water). Further, theoretical estimates predict that a 50-mm Hg
increase in the hydrostatic pressure in a rigid container would
lead to relative deformations of cellular components of less
than 0.005%.%” It is hard to understand how such minute
deformations would lead to biological effects. It is only when
cells are grown on a flexible substrate that is deformed by
pressure that they experience significant mechanical stimula-
tion (namely, stretch) secondary to elevated pressure.

Our results differ from several reports showing an effect of
modest pressure on cell behavior, most notably those of Salva-
dor-Silva et al.,* who used a pressurization system essentially
identical with the vertical columns (configurations 1A and 2)
used in this study and showed a CFA in their configuration 2
that was approximately 55% smaller than the CFA in their
configuration 1A at 72 hours, which was interpreted as a
pressure effect. We saw no statistically significant effect of
pressure on CFA at 72 hours. There are several possible reasons
for this discrepancy. The first is a difference in cell lines;
Salvador-Silva et al.* used primary cultures of human astro-
cytes, whereas we used an immortalized D1TNCI rat astrocyte
cell line. In view of the discussion below, we do not believe
that this is the most likely explanation; nonetheless, future
work should repeat the studies reported here using human
astrocytes. The second possible reason is that the effects re-
ported by Salvador-Silva et al.* were due to alterations of gas
tension in the culture medium, secondary to experimental
conditions intended to change only hydrostatic pressure.
Changes in gas tension affect cell function by changing the
concentration of dissolved oxygen and carbon dioxide in the
medium, influencing cellular metabolism and affecting local
pH. Based on our direct measurements of oxygen tension and
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the physical arguments presented below, we believe that the
latter explanation is much more likely.

Alteration in the gas tension within the cell culture medium
can occur in a variety of ways, depending on the experimental
conditions and precisely how the hydrostatic pressure is ap-
plied. In fact, it is quite difficult to change hydrostatic pressure
without also affecting gas tension in the culture medium,
unless a pump (e.g., configurations 1B and 4) or similar ar-
rangement is used. In the following discussion, we describe
two of the most commonly used experimental designs to apply
hydrostatic pressure, and we discuss how these designs inad-
vertently lead to changes in the dissolved gas concentration.

In the first approach, a column of medium is applied over
the cultured cells (i.e., they are cultured at the bottom of a tube
partially filled with medium), and the height of the medium
column is varied to control the hydrostatic pressure acting on
the cells.*'*?®2° The overlying medium increases the diffu-
sion distance between the cells and the gas-liquid interface,
thereby presenting a greater barrier to transporting oxygen to
the cells once oxygen in the medium is depleted. This occurs
for times greater than the diffusion equilibration timescale
I%/(4D), which is approximately 5 hours for standard culture
conditions. Our results and the discussion below indicate that
this can lead to hypoxia under some conditions.

In the second approach, the gas pressure surrounding the
culture medium is increased, typically by enclosing the cul-
ture dishes in a chamber connected to a pressurized gas
source >35> 8 117133033 Henry’s law shows that changing

Time (hours)

Time (hours)

the composition and/or pressure of the gas in contact with the
culture medium will change the gas tensions and pH in the
medium and hence will potentially indirectly influence cellular
physiology. More specifically, changes in soluble O, and CO,
are unavoidable when using compressed air and can be
avoided only if the compressed gas is carefully chosen to
maintain the same standard partial pressures of metabolic gas
species (e.g., O, and CO,) while making up the remaining
partial pressure with an inert gas (e.g., N,).

In light of these potentially complex effects, it would be
valuable, when studying pressure effects on cultured cells, to
include robust controls along the lines of those we have used
here or those reported by Russ et al.>® More specifically, we
recommend that future studies should include an in-dwelling
oxygen sensor so that oxygen tensions at the level of the cells
can be directly measured. We particularly emphasize that an
in-dwelling sensor is preferable to approaches where samples
of media are withdrawn and analyzed, since this technique
likely creates unrealistic mixing (during sampling) and equili-
bration of gases in the sample with the atmosphere (while the
sample is being prepared for analysis).

Design of Experimental Apparatus and
Oxygen Tensions

The pump recirculation method proposed by Obazawa et al.">

and refined here turned out to be an excellent way to pressur-
ize cells without altering the gas tension in the medium. By
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FIGURE 9. o-Tubulin staining of DITNCI cells cultured under five different
configurations: (a) horizontal columns (configuration 3), (b) vertical coumn
under control pressure (configuration 1A), (c) vertical column under high
hydrostatic pressure (configuration 2), (d) pump system under control pres-
sure (configuration 1B), (€) pump system under high hydrostatic pressure
(configuration 4), (f) untreated cells left in Petri dishes. The images were
taken from cells close to the edge of the CFA. Each set of two images in a row
are from the same condition and were obtained from two independent
coverslips exposed to the relevant condition for 48 hours.

choosing culture chamber dimensions, the positions of inlet
and outlet tubes and the medium flow rate, our design exposed
cells to adequate oxygenation but minimal shear stress. The
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hydrostatic pressure applied to the cells in this configuration
can easily be increased by elevating the medium reservoir,
while maintaining gas tensions in the culture medium at a level
comparable to that expected in a standard culture dish (Fig. ).

The situation with gas tensions in the medium is more
complex in the case of static fluid columns. Here, we discuss
oxygen tensions, since they are likely the most physiologically
relevant; similar comments apply to other gas species. Oxygen
tensions will depend on the duration of the experiment, the
initial amount of dissolved oxygen in the medium (which our
results show may differ between individual medium bottles
and is not usually equal to the value expected for medium in
equilibrium with air), cellular consumption rates, and the
amount of mixing that the medium undergoes. Mixing can be
active—for example, via medium changes or shaking of the
culture chambers (e.g., incubator vibration)— or passive,
through free convection. We estimated whether free convec-
tion would occur or not (due to density differences driven by
the cells’ metabolic activities) and concluded that it was un-
likely to occur.'” Thus, modeling work considered oxygen
transport through a stagnant fluid column.

This modeling suggests that the cells in short columns
(configuration 1A) have a greater capacity to delay or minimize
hypoxia than cells in tall columns (configuration 2) (e.g., by
reducing cellular growth rate; Fig. 3). The different responses
between tall and short columns is attributable to differences in
the physics of oxygen transport for configurations 1A and 2, as
expressed by equations 6 and 7. For large vyt, but before the
oxygen deficit starts to interact with the free surface in con-
figuration 2, both equations can be written in the form

=0,0= An"B e 8
c(z =0, ) = const D (€))

where the constant A equals the column depth L for configu-

ration 1A and equals VZDTV for configuration 2. Accordingly, a
decrease in vy is less effective in reducing hypoxia in configu-
ration 2 than in configuration 1A, because in configuration 2
the decrease in the e term is opposed by the increase in A as
v is reduced. Configuration 2 is thus more limited in its ability
to provide oxygen to cells. For example, if cells reduce their
metabolic rate by a factor of two, Figure 3 predicts that after 72
hours (the longest interval between medium change in our
experiments), cells will experience oxygen tensions about half
of ambient in configuration 1A, but approximately 16-fold less
than ambient in configuration 2.

These predicted behaviors are broadly consistent with our
direct oxygen measurements, where it is clear that oxygen ten-
sions in configuration 2 were less than those in configurations 1A
and 4, for times greater than 48 hours (Fig. 6). We note paren-
thetically that these measurements, which show an approach to
steady oxygen concentration for large times, differ from the be-
havior shown in Figure 3. This strongly suggests that cell division
and/or oxygen consumption rate were reduced in our experi-
ments as oxygen tension decreased and points out a shortcoming
in the theoretical calculations—namely, the assumption of con-
stant cell division and oxygen consumption rates. Nonetheless,
the theoretical calculations are useful in understanding the basic
physics involved. In any case, it is clear that the static fluid column
(configuration 2) represents a significant barrier to oxygen trans-
port and that cells grown under this configuration experience
appreciably reduced oxygen tensions. It is noteworthy that even
in the “standard” arrangement (configuration 1A), cells do not
necessarily experience the oxygen tensions present in the incu-
bator atmosphere. Rather, the initial oxygen (or CO,) tension is
determined by the dissolved oxygen (or CO,) concentration in
the newly opened bottle of medium, which varies from one bottle
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to the next, unless each medium is carefully pre-equilibrated with
standard incubator gasses. This often-overlooked bottle-to-bottle
variability could be a source of error in cell culture experiments.

Summary

We found no effect of modest pressure (7.4 mm Hg) on
cultured astrocyte migration rates and a-tubulin architecture.
This suggests that previous results obtained with a similar
system were an artifact of gas transport rather than pressure
per se. Future studies examining the effects of modest hydro-
static pressure on cells should include a broader range of
controls. It would also be interesting to study additional out-
come measures beyond those reported here.

Finally, we suggest that more attention be paid to the details
of applied pressure magnitudes when quoting previous stud-
ies. For example, one oft-quoted study saw effects after cells
were exposed to 5 MPa of pressure,®* which is approximately
37,500 mm Hg. Although suitable for studying mechanobio-
logic effects in cartilage, for example, this is clearly much
higher than expected in glaucoma. The results of such studies
need to be put in context (i.e., effects observed at 5 MPa would
seem to establish little precedent for a direct effect of more
modest pressures [<100 mm Hg] on cells).
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