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Pulsatile shear stress leads to DNA fragmentation in human

SH-SY5Y neuroblastoma cell line
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Using an in vitro model of shear stress-induced cell injury we demonstrate that application
of shear to differentiated human SH-SY5Y cells leads to cell death characterized by DNA
fragmentation. Controlled shear stress was applied to cells via a modified cone and plate

We show that pulsatile shear stress leads to DNA fragmentation, as determined via flow
cytometry of fluorescein-12-dUTP nick-end labelled cells, in 45 + 4% of cells. No lactate
dehydrogenase (LDH) release was observed immediately after injury; however, 24 h after

Nitric oxide production by cells subjected to pulsatile shear increased two- to threefold over

Inhibition of protein synthesis, nitric oxide production, Ca®" entry into cells, and pertussis
toxin-sensitive G protein activation attenuated the shear stress-induced cell injury.

1.
viscometer.
2.
injury significant LDH release was observed.
3.
that in unsheared control cells.
4.
5.

Our results show for the first time that application of pulsatile shear stress to a neuron-like
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cell in vitro leads to nitric oxide-dependent cell death.

A number of tissues are normally under some mechanical
load such as shear stress, strain, tension or compression.
Lung, bone and the cardiovasculature are examples of
tissues  which experience mechanical loads under
physiological conditions. The central nervous system,
however, experiences elevated mechanical load only under
pathological conditions such as traumatic head injury and
glaucoma. The mechanism by which elevated mechanical
load leads to neurodegeneration is poorly understood.

During head injury, high intracranial pressure associated
with impact has been predicted to lead to the generation of
regions of high shear stress and tissue strain which
correspond to experimentally observed patterns of injury
(Margulies et al. 1990; Ueno et al. 1995). Potassium efflux
from cells, membrane depolarization, calcium entry into
cells (Nilsson et al. 1993) and apoptosis (Garcia- Valenzuela
et al. 1995) occur in high shear regions associated with
experimental head injury.

Elevated intraocular pressure (IOP) typically accompanies
glaucoma. Elevated IOP leads to regions of high shear stress
and strain in the lamina cribrosa, the region of the eye
where the optic nerve traverses the globe (Zeimer & Chen,
1987; Cahane & Bartov, 1992; Fechtner & Weinreb, 1994;
Yan et al. 1994). Retinal ganglion cells, which make up the
optic nerve, undergo apoptosis upon exposure to elevated
IOP in rat (Brubaker, 1996) and rabbit (Quigley et al. 1995)

models of glaucoma. We suppose that, as in head injury,

elevated pressure leads to the generation of shear stress and
strain within the retinal ganglion cell layer, and that the
shear stress and strain lead to cell injury.

Shear stress induces a cascade of events in endothelial cells,
vascular smooth muscle cells and osteoblasts which include
frictional displacement of cell surface components, G protein
activation, K™ efflux from cells, Ca®* entry into cells, nitric
oxide (NO) production, upregulated gene expression, and
activation of various kinases (e.g. Berthiaume & Frangos,
1992; Alevriadou et al. 1993; Hsieh et al. 1993; Lan et al.
1994; Frangos et al. 1996; Papadaki & Eskin, 1997;
Takahashi et al. 1997). Apoptosis in neurons or neuronal
cell lines occurs via a similar mechanism involving
membrane depolarization, opening of calcium ion channels,
elevated intracellular Ca®* levels, activation of kinases,
generation of free radicals or oxidants, and G protein
phosphorylation (possibly), as well as other biochemical
events (Mattson et al. 1992; McConkey et al. 1996). We
believe these similarities are significant and form the basis
of our hypothesis of the mechanism of shear stress-induced
cell injury.

We report here the development of an in wvitro model of
shear stress-induced cell injury. We demonstrate that
pulsatile shear stress leads to DNA fragmentation in
differentiated SH-SY5Y cells, that NO production increases
as a result of shear application, and that inhibition of NO
production, protein synthesis, pertussis toxin-sensitive
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G protein activation, and calcium entry into the cell
decrease the fraction of cells susceptible to shear stress-
induced injury.

METHODS

Materials

Eagle’s Minimum Essential Media (MEM) with Earle’s salts and
amino acids, fetal serum, penicillin,
streptomycin, 2:5S Nerve Growth Factor (NGF), fungizone and
trypsin—EDTA were obtained from GibcoBRL. Methanol-free
formaldehyde was obtained from Poly Sciences Inc. (Warrington,
PA, USA). Ethanol was purchased from Fisher Scientific (Houston,
TX, USA). r-Glutamine, propidium iodide, DNase-free RNase,
EDTA, EGTA, bovine serum albumin (BSA), cycloheximide,
pertussis toxin, L-NAME, Triton X-100, human recombinant
nerve growth factor-g (6-NGF), potassium iodide and the lactate
dehydrogenase (LDH) diagnostic kit were purchased from Sigma.
Dulbecco phosphate-buffered saline (PBS) was obtained from Pierce
Chemical Co. (Rockford, IL, USA). The apoptosis detection kit was
obtained from Promega (Apoptosis Detection System, Fluorescein;
Madison, WI, USA).

non-essential bovine

Cell culture

The human neuroblastoma cell line SH-SY5Y, a kind gift from Dr
Evelyn Tiffany-Castiglioni (College of Veterinary Medicine, Texas
A&M University), was used for all experiments. The SH-SY5Y cell
line is the neuronal subclone derived from the SK-N-SH cell line.

The cells were cultured in a humidified 5% (v/v) CO,—air
environment at 37 °C and grown in Eagle’s MEM with 10 % fetal
bovine serum, 100 u ml™ penicillin, 100 g ml™ streptomycin and
3mM L-glutamine using standard techniques. Prior to shear
experiments, cells were plated at a density of 400000 cells per
60 mm tissue culture dish for all experiments. Cells were grown on
tissue culture plastic without treatment with extracellular matrix
proteins. Cells were differentiated in the dish for no longer than
8 days by adding 10 ng ml™ of human B-NGF directly to the
culture dish. By day 6 or 7, cells were confluent.

Shear experiment

The shear stress apparatus consisted of a GlasCol stirrer (Terre
Haute, IN, USA), a controller and a cone-and-plate viscometer
with a 5deg angle machined locally (Fig. 1). The relationship
between the cone angular velocity, €2, and shear stress, 7, was
determined from eqn (1) where 6, and 6 are the angle of the cone
and the cell surface measured relative to the axis of rotation of the

Rotating disk

Cell line
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cone, respectively, u is the viscosity of the culture medium, and ¢ is
the angular direction in the plane of the culture dish (Bird et al.
1960):

2uQ
Top = z . (1)
cotl, + ln(1 + cosf, ) <in%0
sinf, sinf, )

A monolayer of human neuroblastoma cells cultured in a 60 mm
polystyrene culture dish was placed under the rotating cone with
the tip of the cone in contact with the centre of the dish. The
rotating cone creates a shear field, and the force experienced by the
cells is inversely proportional to the distance from the centre of the
cone and proportional to the distance from the bottom of the dish
to the bottom of the cone. To create a uniform shear stress field
across the bottom of the culture dish, the cone was made with an
angle so that for cells in the centre of the dish there was a smaller
distance between the bottom of the cone and the dish, while for
cells far from the centre of the dish there was a larger distance
between the bottom of the cone and the dish. There was some
disturbance to the cells located at the centre of the dish where the
cone was in contact with the dish. However, the surface area
affected was no more than 2% of the total area. No significant cell
detachment was observed otherwise.

The medium in each plate was changed prior to shearing. The
control plate was treated exactly the same as the sheared plate
except for the application of shear. Except when otherwise noted,
all cells were subjected to pulsatile shear for 90 min. To generate
pulsatile shear, the rotating cone was started and stopped
automatically such that the cone was rotating for 13 min then
stopped for 2 min repeatedly for a period of 90 min. During the
13 min ‘on’ period, the cone was rotated at a constant angular
velocity. For a shear stress of 10 dyn em™, the angular velocity of
the cone was controlled at 90 revolutions min™. Experiments were
carried out in a 37 °C incubator. During the interval between shear
stress and assays, cells were placed in the humidified CO, incubator.
Viability

The LDH released from cells was measured using a prepackaged
assay (Sigma) according to the manufacturer’s directions. Except
for the control cells, all cells were exposed to pulsatile shear for
90 min at 5, 10 or 15 dyn ecm™ The LDH release measurement was
taken at 0, 5 and 24 h after shear application.

To determine the maximum possible LDH release, culture medium
was removed from cells and either replaced with water to lyse cells
via osmotic swelling, or with PBS containing 1% Triton X-100.
LDH release was then measured as directed by the manufacturer.

Figure 1. Schematic diagram of modified cone and plate
viscometer

Cells are grown in the tissue culture dish, which is placed
beneath the cone. The cone forms a 5 deg angle with the
culture dish. Tissue culture medium fills the space between the
cone and the culture dish. The angular velocity of the cone is
controlled to generate a uniform shear field.
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There was no difference in the maximum amount of LDH release
determined using water or Triton X-100 to lyse cells.

DNA fragmentation

DNA fragmentation was measured using a TdT-mediated dUTP
nick-end labelling (TUNEL) assay kit from Promega (Fitchburg,
WI, USA). The nicked 3" OH termini were labelled with fluorescein-
12-dUTP and whole DNA 3" ends were labelled with propidium
iodide (PI) according to the procedure outlined for cell suspension
with flow cytometry given by the manufacturer. For each
measurement, 2—3 million cells were used. To prepare cells for the
TUNEL assay, the culture medium was removed from the culture
dish and trypsin—EDTA was added to detach the cell monolayer
gently from the dish. The cell suspension was then centrifuged and
washed with PBS. Afterwards, cells were fixed with methanol-free
formaldehyde for 20 min. Another wash with PBS was performed
after fixing the cells. Finally, the cells were permeabilized by
adding ethanol. The cells were then stored in a —20 °C freezer for at
least 4 h before carrying out the rest of the procedure outlined by
the manufacturer.

Results were analysed on a FACS Caliber flow cytometer (Becton
Dickinson) using a 15 mW argon laser at a 488 nm excitation
wavelength. Emission filters of 530 nm bandpass for green
fluorescence and 585 nm for red fluorescence were used. Electronic
compensation was used to prevent bleed-through fluorescence.
Forward and side light scatter, green (fluorescein-12-dUTP)
fluorescence (FL1) and red (PI) fluorescence (FL2) were collected
and analysed on 15000 cells sample™ with Cellquest software
(Becton Dickinson). The fraction of cells with fragmented DNA was
determined by counting cells with green (fluorescein) fluorescence
whose intensity was above a threshold determined from control
cells. The two parameter histogram of FL2 area versus FL2 width
was used to gate ‘on’ single cells.
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Nitric oxide

NO formed by cells is rapidly converted to nitrite in cell culture
medium. Nitrite was measured chemiluminescently by injection of
100 gl of sample into a Sievers Nitric Oxide Analyser (NOA) 270B
(Boulder, CO, USA). In an acidic environment, nitrite was reduced
by potassium iodide to NO and then transferred to a reaction cell to
react with ozone. The light produced by this reaction was detected
via a photomultiplier tube. The signal from the photomultiplier
tube was calibrated against nitrite standards.

Except for the control cells, all cells were exposed to pulsatile shear
for 90 min at 5, 10 or 15 dyn em™> NO measurements were taken
at 0, 5 and 24 h after shear application.

Inhibition of shear-induced cell injury

Cycloheximide (10 ug ml™) and pertussis toxin (10 ng ml™) were
incubated with differentiated cells for 4 h prior to application of
shear. L-NAME (1 mm) and EGTA in Ca®*-free medium (1 mr)
were incubated with differentiated cells for 90 min prior to
application of shear. The culture medium was changed prior to
incubation with the inhibitors. Cells were then subjected to pulsatile
shear at 10 dyn cm™ for 90 min. Immediately after shear cells
were assayed for DNA fragmentation. Control cells were treated
identically except for the application of shear.

Data analysis

All data presented are expressed as the mean + the standard error
of the mean (s.eam) of n independent determinations. Every
independent determination was a unique culture dish exposed to
shear and/or pharmacological agent for the specified amount of
time. The value of n for each data set is reported in the figure
legends. To determine whether a given data set was significantly
different from a control data set, Student’s ¢ test with unequal
variance was used. Unless otherwise noted a criterion of P< 005
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Figure 2. Effect of duration and intensity of shear on the percentage of cells with fragmented

DNA as determined using the TUNEL assay

Column A represents unsheared control cells. Steady shear was applied for 10 min to B and C. Pulsatile

shear was applied for 90 min to D. B and D were exposed to shear of 10 dyn cm™

* while C was exposed to

shear of 100 dyn em ™. DNA fragmentation was assayed immediately after shear application. n= 9 for A, 7
for B, and 3 for C and D. *** Significant result relative to unsheared control cells (A) (P < 0-:005).
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was employed to determine whether the two sets of data were
different. To compare multiple data sets relative to each other,
Duncan’s test for multiple comparisons was performed using SAS

software (Cary, NC, USA).

RESULTS

We examined the relationship between magnitude and
duration of shear stress on cell injury. As shown in Fig. 2, a
significant percentage of cells exposed to a shear stress of
10 dyn ecm™ for as short a period as 10 min had fragmented
DNA (13+0:2%) compared with unsheared controls
(19 4 0-4%). A short duration of shear at a high shear level
resulted in greater cell injury than that induced by a longer
duration of shear at a moderate shear level (P < 0-01).
When shear was applied for 10 min at 100 dyn cm ™,
75 4 6% of cells had fragmented DNA, while 45 +4 % of
cells sheared for 90 min at 10 dyn em™ had fragmented
DNA. For all subsequent experiments we chose to use
pulsatile shear at 5-15dyncm™, 90 min duration.
Experiments could be better controlled at the moderate
shear levels while still producing significant cellular injury.
Very high shear levels (100 dyn cm™) were avoided as
significant cell detachment occurred which would have
confounded our results.

The percentage of TUNEL positive cells (with fragmented
DNA) as a function of time after application of pulsatile
shear stress is shown in Fig. 3. Cells subjected to pulsatile
shear stress had a marked increase in the percentage of cells
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with fragmented DNA as compared with unsheared cells.
Immediately after shear application, there was a significant
difference in the number of TUNEL positive cells sheared at
5dyncm™ and cells sheared at 10 or 15dyncm™ as
determined by Duncan’s test for multiple comparisons
(P < 0-01). Application of shear stress at 10 and 15 dyn cm™>
resulted in similar percentages of TUNEL positive cells. In
all cases, the percentage of cells with fragmented DNA was
greatest immediately after shear application or remained
unchanged at the times measured.

Representative histograms from flow cytometry of cells
exposed to pulsatile or no shear and labelled using the
TUNEL assay are shown in Fig. 4. The FL2 area was
assumed to be proportional to the length of DNA in a cell.
Counts in the region labelled R5 would indicate cells with
the shortest DNA. Cells in region R5 also stained most
intensely with fluorescein-12-dUTP and made up the
TUNEL positive (cells with fragmented DNA) fraction of
cells. Regions labelled R2, R3 and R4 correspond to cells in
the resting (G1) phase, DNA synthesis (S) phase, and
mitosis (G2/M) phase of the cell cycle, respectively,
(Darzynkiewicz et al. 1992). Fifteen to forty per cent of
sheared SH-SY5Y cells had fragmented DNA, compared
with 2% of control cells at times measured from 0 to 24 h
after shear application. As seen in Fig. 4, unsheared cells
were in all phases of the cell cycle. Immediately after shear
application, there was a decrease in the number of cells in
the G1 phase, although cells were lost from all phases of the

50 XY
;_ *
40 - =
c
% J sk
5 .
% 30 T
< ;
% v
8 20
g Z *
5 ;
& *
10 -
7 Z T
| 7
0 . , . 1 .
0 5 24

Time after shear (h}

Figure 3. Percentage of TUNEL positive cells (with fragmented DNA) as a function of time and

shear level

Time was measured starting immediately after shear application was terminated. Cells were exposed to
pulsatile shear for 90 min at 5 ((J), 10 (&) and 15 dyn cm™ (l). For all data at 5 dyn cm™ » = 3; for all
others, n=3-7. Asterisks indicate the significance of the result relative to unsheared control cells:

*P< 005, *P<0-01 and ***P<0-005.
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cell cycle. This qualitative trend was observed in all shear
experiments.

As shown in Fig.54, SH-SY5Y cells subjected to shear
stress did not release a significant amount of LDH
immediately after shear application relative to unsheared
(and unlysed) control cells. This trend was observed for all
magnitudes of shear measured. Only at 24 h after shear
application was significant LDH release observed compared
with unsheared controls (Fig. 5B). The maximum amount of
LDH released when cells were lysed via osmotic swelling
was 3'02 + 0-11 times that released from unsheared (and
unlysed) control cells. Assuming the LDH released via
osmotic swelling represents the maximum possible LDH
release, then application of shear led to cell lysis in
27 + 10 % of cells 24 h after shear application.
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As an indicator of the total amount of NO produced by cells,
we measured the amount of nitrite in the culture medium of
cells at 0, 5 and 24 h after shearing was terminated. As
shown in Fig.64, immediately after shearing was
terminated the amount of nitrite measured in the culture
medium was elevated compared with that for unsheared
cells although the increase was only significant when shear
was applied at 10 and 15 dyn em™ (P < 0+03). The amount
of nitrite in the culture medium at 10 dyn cm™ was not
different from that at 15 dynem™ (P> 0-3) but was
significantly different from that at 5dyn cm™ (P < 0:05).
The total amount of nitrite measured in the culture medium
of the unsheared cells did not significantly increase within
24 h. The amount of nitrite in the culture medium of
sheared cells remained elevated for the next 24 h without
further increase (P> 0-1) (Fig. 6B).
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As shown in Fig. 7, addition of cycloheximide, pertussis
toxin, L.-NAME and EGTA in Ca®*-free medium, which are
inhibitors of protein synthesis, G,/G; protein activation,
nitric oxide production and Ca’™ entry into the cell,
respectively, attenuated shear-induced cell injury. The
measured percentage DNA fragmentation relative to
unsheared cells was significantly different from that
measured for untreated sheared cells (P < 0:06 for EGTA
and P < 0-005 for all others). In addition to protecting cells
from shear-induced injury, pertussis toxin also reduced
shear-induced nitrite accumulation in the culture medium
from 51 +1:3 nmol for cells sheared in the absence of
pertussis toxin to 0:33 4 0-11 nmol for cells sheared in the
presence of pertussis toxin.
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DISCUSSION

Shear stress was chosen as the mechanical force to evaluate
because of its known relevance in head injury (e.g. White &
Krause, 1993; LaPlaca et al 1997). A number of
investigators have demonstrated, using a variety of
modelling techniques, that high shear levels are generated
during traumatic head injury (Margulies et al. 1990; Chu et
al. 1994; Ueno et al. 1995). Levels of shear predicted during

head injury are in the order of 4 x 10° dyn ¢cm ™.

Shear stress is also a relevant mechanical force experienced
during glaucoma. It has been shown that elevated pressure
within the eye during glaucoma leads to elevated stress and
strain in the sclera and lamina cribrosa (Cahane & Bartov,
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Figure 5. LDH release as a function of shear stress (4) and as a function of time (B)

A, cells were unsheared (0 dyn cm™, n=10) or sheared at 37 °C for 90 min at 5 (n=3), 10 (n="7) or
15 dyn cm™ (n = 4). LDH release was measured immediately after shear was terminated. For all data, the
ratio of LDH release from the sheared cells relative to the control cells is given. B, cells were exposed to no
shear ((J) or shear for 90 min at 10 dyn ecm ™ (&). For unsheared controls, n = 10. For sheared samples at 0,
5 and 24 h after shear exposure, n="7, 3 and 4, respectively. * Significant result relative to the unsheared

control at 24 h (P < 0:05).
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1992). The levels of stress within the sclera during glaucoma
are predicted to be at least an order of magnitude lower
than those predicted during traumatic head injury.

In both traumatic head injury and glaucoma, the levels of
stress predicted in the tissue are several orders of magnitude
higher than the levels chosen for use in this study. We
assumed that within a tissue the extracellular matrix carries
the majority of the mechanical load while the cells themselves
experience much lower stresses. Based on our experience, no
isolated cells would survive a shear stress of 10° dyn ecm™>
for even the briefest application; thus we chose a much lower

A

NO (nmol)
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level of stress in order to examine the mechanism of shear
stress-induced injury.

In both head injury and glaucoma, regions of high shear
stress correspond to regions of high strain. Strain is the
dimensionless stretching of tissue expressed as the ratio of
the deformed length to the undeformed length, and is
related to the applied stress and the viscoelastic properties
of the cell or tissue. Although we have not specifically
measured strain in our in vitro model, based on work by
others using a similar device, we would expect about a 20 %
cell strain in response to the shear stress we applied
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Figure 6. Effect of shear stress on NO level in culture medium as a function of shear level (4)

and time (B)

A, shear was applied at 37 °C for 90 min at 5, 10 and 15 dyn em ™ The quantity of NO accumulated in the
culture medium was determined from the amount of nitrite measured immediately after shear application
was terminated. For all data, n=7-12. Asterisks indicate the significance of the result compared with
unsheared controls: ¥*P< 0:05 and **P< 0:01. B, representative plot of the effect of shear stress on NO
level in the culture medium as a function of time after application of shear. Cells were exposed to no shear
(@) or shear for 90 min at 10 dyn em™? ([@). At times 0, 5 and 24 h, n=12, 3 and 4, respectively.
** Significant result relative to unsheared controls at the same time (P < 0-01).



362 D. H. Triyoso and T A. Good

(LaPlaca et al. 1997). A 20% strain is similar to the degree
of deformation of the optic nerve head upon application of
elevated pressure (Yan et al. 1994). A 10% strain is
predicted to be the critical strain above which injury occurs
during diffuse axonal injury (Margulies & Thibault, 1992).
We believe that both shear stress and strain may contribute
to the cell injury observed in wvivo during glaucoma and
head injury.

Differentiated SH-SY5Y cells were chosen as a model cell
because they express G proteins, have neuron-like ion
channels such as L-type Ca’* channels, and, when
differentiated, have long processes similar to those observed
in neurons (e.g. Hong, 1997; Prince & Oreland, 1997,
Nikonorov et al. 1998). The length of the processes reaches
a maximum after 7—8 days of differentiation (Hong, 1997).
It has been noted that upon differentiation, SH-SY5Y cells
continue to divide (Ridge et al. 1996). Despite this unneuron-
like behaviour, SH-SY5Y cells have been used extensively
to model neuronal function and differentiation, neuronal
Ca®* signalling, neurodegeneration and neurotoxicity (e.g.
Miller, 1996; Prince & Oreland, 1997; Hong, 1997; Mackrill,
1997; Ehrich & Correll, 1998). In this study, initial
experiments were performed on undifferentiated cells;
however, no shear stress-induced loss of viability or increase
in NO production was observed (data not shown). We
conclude that some property or properties of differentiated
SH-SY5Y cells is/are critical in the determination of cell
sensitivity to shear stress-induced cell injury.

J. Physiol. 515.2

Pulsatile application of shear stress was used in all
experiments. Based on preliminary results, pulsatile shear
was at least twice as effective as steady shear at causing cell
injury (data not shown). In studies reported by other
investigators, pulsatile shear has been shown to have a more
dramatic effect on cell physiology than steady shear.
G protein activation is specifically triggered by changes in
shear (Frangos et al. 1996). Oscillations in Ca®* concentration
within endothelial cells are more pronounced in pulsatile
flow (Helmlinger et al. 1996). Nitric oxide production
exhibits a biphasic response to shear, with the more
dramatic increase in production associated with a change in
shear (Kuchan et al. 1994; Frangos et al. 1996). We made no
attempt to optimize the frequency of stress application, but
simply demonstrated the usefulness of pulsatile shear
application in producing cell injury. Pulsatility of
mechanical load occurs in vivo at frequencies associated
with the cardiac cycle and frequencies associated with
diurnal variations in IOP and blood pressure.

As shown in Fig. 2, we demonstrated that application of
moderate shear stress for 90 min as well as a high shear
stress for 10 min resulted in a significant amount of DNA
fragmentation. We believe the results from our experimental
system could be extrapolated in either direction to provide
insight into the mechanism of shear stress- or strain-induced
injury in an acute disorder such as traumatic head injury
and a chronic disorder such as glaucoma.
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Figure 7. Percentage of cells with DNA fragmentation as a function of inhibitors of cell injury
Cells were incubated with the inhibitors for 1:5-4 h and then sheared for 90 min at 10 dyn cm™ and
physiological temperature. Cells were assayed for DNA fragmentation immediately after shear application.
Cells were unsheared (L) or sheared (/) and exposed to no inhibitor (None), cycloheximide (CHX),
pertussis toxin (PTX), L.-NAME or EGTA in Ca™*-free medium (EGTA). The unsheared controls were not
significantly different from each other (P> 0-3). For unsheared samples treated with no inhibitor, cyclo-
heximide, pertussis toxin, L.-NAME and EGTA, n=9, 4, 3, 5 and 3, respectively. For sheared samples
using the same inhibitors, n =17, 8, 3, 4 and 3, respectively. Asterisks indicate the significance of the result
relative to the unsheared controls treated with the same inhibitor: *P < 0:06 and ***P < 0-:005.
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Figure 3 shows that DNA fragmentation was greatest
immediately after shear application. As time progressed,
the fraction of TUNEL positive cells decreased slightly,
possibly because the cells that survive divide and multiply,
thus increasing the total number of cells with time. A
second possible explanation is that apoptotic cells decrease
in size with time, thus increasing the likelihood that the
cells would be lost during the centrifugation/wash steps of
the TUNEL assay.

The flow cytometry data, depicted in Fig. 4, show that the
unsheared cells were in all phases of the cell cycle.
Immediately after shear application a reduction in the
number of cells in all phases of the cell cycle was observed.

As shown in Fig.54 and B, application of shear stress to
SH-SY5Y cells did not lead to an immediate release of
LDH, while a modest release was observed 24 h after shear
stress application. Shear stress applied to the NT2-N
neuronal cell line at high loading rates (exceeding
200dynecm™s™") led to an immediate LDH release
(LaPlaca et al. 1997). Sustained LDH release was observed
only for high loading rates, while for generation of shear
occurring over greater than 2 s, no sustained LDH release
was observed (LaPlaca et al. 1997). In the experiments
reported here, the loading rate was not controlled but was
expected to be well below the level required to cause
sustained LDH release.

The lack of extensive release of LDH at physiological
temperature immediately after shear stress (Fig. 54) suggests
that necrosis had not occurred at that time since membrane
integrity was maintained. At the same time, almost half of
the cells had fragmented DNA. The DNA fragmentation
observed may be indicative of apoptosis. The percentage of
cells with DNA fragmentation observed immediately after
injury was significantly greater than the percentage of cells
we estimated may have lysed based on LDH data at 24 h
after injury. Cell injury or death may occur via multiple
mechanisms in our in vitro model. Cell death via apoptosis
is relevant in neurodegeneration in vivo. During experimental
glaucoma, it has been observed that retinal ganglion cells in
the glaucomatous eye die via apoptosis (Garcia- Valenzuela et
al. 1995). Moreover, autopsy of 37 cases of fatal head injury
showed selective neuronal apoptosis in the hippocampal
region of the brain (Kotapka et al. 1993).

An increase in nitrite in the cell culture medium was
observed in response to shear in SH-SY5Y cells, as shown
in Fig.64 and B. The elevated nitrite levels in the medium
are probably the consequence of increased NO production in
response to shear. The same result has been seen in
endothelial cells (Frangos et al. 1996). Nitrite levels in the
culture medium continued to remain elevated without
further increase for 24 h following application of shear
indicating that NO production did not remain elevated after
termination of shear stress application.

As shown in Fig. 7, cycloheximide, pertussis toxin,
L-NAME and EGTA in Ca’*-free medium were all
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successful at preventing shear-induced cell injury. The
results show that inhibition of protein synthesis, G protein
activation, NO production and Ca®* entry into the cells were
able to lower the extent of shear-induced cell injury
(P < 0-:001 for all except EGTA (P < 0:06)). The effectiveness
of EGTA at preventing shear-induced cell injury was
significantly less than that of cycloheximide, pertussis toxin
and L-NAME as determined by Duncan’s test for multiple
comparisons (P < 0:001).

There is growing evidence that exposure to oxidative stress
and/or free radicals such as nitric oxide, hydrogen peroxide
and peroxynitrite can induce apoptosis in neurons (e.g.
Satoh et al. 1996; Desole et al. 1997; Kruman ef al. 1997).
It has been demonstrated that nanomolar concentrations of
NO, the same concentrations produced by SH-SY5Y cells
upon application of shear, induce apoptosis in neuronal cell
lines (Desole et al. 1997). Incorporating a nitric oxide
synthase inhibitor, L-NAME, resulted in a reduction in the
amount of DNA fragmentation indicating that indeed NO
production plays an important role in the mechanism of
shear-induced apoptosis.

Pertussis toxin, a specific inhibitor of GTP hydrolysis and
G,/G; activation, was also protective against shear-induced
cell injury. Shear induces G protein activation in endothelial
cells (Berthiaume & Frangos, 1992), osteoblasts (Reich et al.
1997) and SH-SY5Y cells (M.E. Edwards, personal
communication). G proteins are known to affect apoptosis
bidirectionally in some neuronal cell populations (Yan et al.
1995). As presented here, in SH-SY5Y cells inhibition of
G protein activation blocks shear stress-induced NO
production. Pertussis toxin may attenuate shear stress-
induced cell injury via its effect on NO production.

Inhibition of new protein synthesis with cycloheximide
completely blocked shear-induced loss of viability. c-fos
expression is known to be induced by shear in some cell
types (Hsieh et al 1993). Presumably, other as yet
unidentified proteins are newly expressed in response to
shear. Expression of c-fos and heat shock proteins or mRNA
for heat shock proteins is agsociated with experimental head
injury (Lowenstein et al. 1994; Mikawa et al 1995;
Linsberg et al. 1996). Within SH-SY5Y cells, new protein
expression appears to be necessary for cell injury.

The presence of EGTA in the extracellular space prevents
Ca®t entry into the cell, which, based on our results, is
sufficient to reduce shear-induced cell death. A variety of
evidence suggests that Ca”" entry into cells is an early step
in the cellular response to shear (Papadaki & Eskin, 1997).
In addition, shear-induced changes in intracellular Ca’*
have been measured directly in NT2-N cells, where a
greater than fivefold Ca®*
concentration was observed for low shear loading rates
during a 4 s interval (LaPlaca et al. 1997). Even greater
increases in intracellular Ca>* levels were observed for
higher shear loading rates. Increased intracellular Ca’*
concentration was also observed upon application of strain,

increase in intracellular
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again at a high rate of deformation, in differentiated
NG105-15 cells (Cargill & Thibault, 1996). Loss of Ca™*
homeostasis has been implicated in neuronal apoptosis
(Mattson et al. 1992). Ca®* entry into cells, possibly through
an excitotoxic mechanism, has been implicated in cell death
associated with head injury (Nilsson et al. 1996). Thus, our
findings are consistent with the current understanding of
the role of Ca®" in shear and neuronal cell death.

We have demonstrated that differentiated SH-SY5Y cells, a
neuron-like cell line, respond to shear stress via DNA
fragmentation. Some of the key steps in the pathway of cell
injury include NO production, G protein activation, new
protein synthesis and entry of calcium into the cell. These
results may have implications for the treatment of
neurodegenerative disorders where elevated mechanical
forces play a role.
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