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Abstract
The damaging effect of shock waves on intracellular calcium homeostasis in
renal tubular cells has not been investigated previously. We have examined
the effects of shock waves on Madin Darby canine kidney (MDCK) cells by
determining the release of two cellular enzymes: glutamate oxalactate transfer-
ase (GOT) and lactate dehydrogenase (LDH); and both the basal cytosolic
calcium concentration ([Ca2+]i) and the [Ca2+]i rises evoked by Ca2+-mobiliz-
ing agonists after shock wave exposure (SWE). Immediately but transiently
after SWE, the release of GOT and LDH increased by 15% and 5-fold, respec-
tively, implicating cell membrane damage; and within 1–7 h after SWE, basal
[Ca2+]i was elevated by 15–141%. In SWE-treated cells, the peak amplitude of
the [Ca2+]i transients evoked by ATP, bradykinin, thapsigargin and 2,5-Di-
(t-butyl)-1,4-hydroquinone (BHQ) was slightly altered, and the plateau ampli-
tude was markedly elevated. The ATP and bradykinin receptors, the Ca2+

pump on the endoplasmic reticulum membrane, and the effector molecules
involved in regulating the [Ca2+]i transients were slightly affected. Shock
waves appeared to cause a mild impairment in the mechanisms responsible
for the decay of the evoked [Ca2+]i rises.
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Introduction

The MDCK cell line has been used as a model for renal
cells for over three decades [1]. Ca2+ homeostasis is
important in many aspects of the MDCK cell function.
Previous studies have shown that several hormones could
elevate [Ca2+]i in MDCK cells. These hormones include
bradykinin [2–4], ATP [5], carbachol [4], epinephrine [6]
and prostaglandins [7]. The Ca2+ signal could activate
Ca2+-dependent K+ currents [5] leading to cell hyperpolar-
ization [8] and chloride secretion [9].

It has been reported that shock wave exposure (SWE)
induced an increase in GOT and LDH release from
MDCK cell suspensions, which might indicate cell mem-
brane damage [10, 11].

The present study was aimed at investigating the
effects of SWE on Ca2+ homeostasis in cultured cells. We
have examined the effects of SWE on MDCK cells by
measuring two fine-tuned cellular phenomena: basal
[Ca2+]i and the [Ca2+]i rises evoked by agonists. In order to
choose an appropriate intensity of SWE for the Ca2+ work,
we have also examined the effects of SWE on the release
of GOT and LDH from cell suspensions.
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Materials and Methods

Chemical Reagents
The reagents for cell culture were from Gibco (Grand Island,

N.Y., USA). All other reagents were from Sigma (St. Louis, Mo.,
USA) unless otherwise stated.

Cell Culture
MDCK cells obtained from American Type Culture Collection

(CRL-6253, Rockville, Md., USA) were cultured in Dulbecco’s mod-
ified Eagle medium (DMEM) supplemented with 10% heat-inacti-
vated fetal bovine serum, 100 U/ml penicillin and 100 Ìg/ml strepto-
mycin at 37°C in 5% CO2-containing humidified air. Only passages
of 70–80 were used.

Shock Wave Exposure of Cell Suspensions
Confluent cells in flasks were trypsinized, centrifuged and sus-

pended in DMEM (107/ml). For shock wave exposure, a 15-ml poly-
ethylene tube with 1 ml of cell suspension was immersed in a water-
filled plastic bag by a custom-made holder. A cork was squeezed into
the tube to completely cover the suspension in order to minimize the
possibility that air-liquid interface effects might be responsible for
membrane damage [10]. Shock waves were generated by a Lithostar
II (Siemens, Germany) lithotripter with an energy level set at 18 kV.
The cell-containing tube was adjusted to the second focus of the ellip-
soid by adjusting the holder.

Enzyme Assay
After SWE, the cell suspensions were centrifuged and the super-

natant was assayed for GOT and LDH with a kit from Human (Cat-
No: 12011, Taunusstein, Germany). A mixture of 10 Ìl of superna-
tant and 50 Ìl of assay solution was added to a cuvette and the absor-
bance at 340 nm was detected by a Beckman DU640 spectrophotom-
eter. The concentrations of GOT and LDH were calculated from the
absorbance according to the equation: U/l = ¢ absorbance/min !
952 (GOT) or 8095 (LDH).

Cell Viability Assay
Cell viability was determined by trypan blue exclusion. 50 Ìl of

cell suspension was mixed with 50 Ìl of trypan blue isotonic solution
(0.2% w/v) for 15 min. Cell viability was determined on a hemocy-
tometer under a microscope.

Optical Measurements of [Ca2+]i in Individual Cells
Trypsinized cells were centrifuged and suspended in DMEM.

Cells were seeded on polylysine-coated glass coverslips at an appro-
priate density allowing imaging of 30–40 single cells. Polylysine coat-
ing made cells attach to the coverslips within 30 min. The attached
cells were loaded with 2 ÌM fura-2/AM (Molecular Probes, Eugene,
Oreg., USA) for 30 min at 25°C. The coverslip was transferred to a
chamber (25°C) on the stage of a Nikon Diaphot microscope and
viewed under bright light and UV illumination via a 40! (1.3 NA)
oil immersion fluorescence objective (Nikon Fluor). Solutions were
applied as a 3.5-ml bolus to the chamber (containing 0.5 ml of solu-
tion). This method allowed rapid and complete change of solution
(removed by continued aspiration as the volume of the chamber solu-
tion exceeded 0.5 ml temporarily for the new solution).

The MiraCal imaging system (Life Science Resources Ltd., Cam-
bridge, Mass., UK) in conjunction with a slow scan cooled CCD
camera (CMCA Nikon DF/SB 0.45! Widefield) was used for digital

video imaging of the changes of [Ca2+]i in individual cells. [Ca2+]i was
calculated to 8-bit accuracy (256 grey levels) every 2 s. Data were
analyzed for [Ca2+]i changes by measurement of the 340 nm (F340)
and 380 nm (F380) of excitation signals and emission signal at
510 nm. Ratio values were converted to an estimate of [Ca2+]i using
the formula:

[Ca2+]i = Kd ß (R – Rmin)/(Rmax – R),

where R is the ratio F340/F380, Rmin and Rmax are the minimum and
maximum values of the ratio, attained at zero and saturated Ca2+

concentrations, respectively. F340 is the fluorescence emitted by the
dye when excited at 340 nm and F380 is the fluorescence emitted by
the dye when excited at 380 nm. ß is the ratio of fluorescence intensi-
ties for Ca2+-free and Ca2+-bound indicator measured with 380 nm
excitation. These constants were obtained by addition of 10 ÌM ion-
omycin in solutions containing 2 mM Ca2+ (Rmax = 2.1), and no add-
ed Ca2+ plus 10 mM EGTA (Rmin = 0.2). The value of ß is 3.13 and a
Kd of 155 nM was assumed [12].

All experiments in this study were done at 23–25 °C.

Statistical Analysis
Values are reported as mean B SE. Statistical comparisons were

done by utilizing the Student’s two-tailed t test or ANOVA with Bon-
ferroni’s correction. A significant difference was accepted when p !
0.05.

Results

Increased Release of GOT and LDH from MDCK
Cells after SWE
To choose an appropriate shock wave intensity for

determining the effects of shock waves on [Ca2+]i in
MDCK cells, we first examined the effects of shock waves
of several impulse rates on enzyme release from MDCK
cells. An immediate increase in GOT and LDH release
was found in cells exposed to 16, 32, 64 and 128 impulses
of shock waves with 16–32 impulses giving a minimal
effect, 64 impulses a moderate effect, and 128 impulses a
dramatic effect (not shown), consistent with a previous
report [10]. The enzyme release appeared to be transient
because it did not increase within 7 h after SWE of differ-
ent impulse rates. Trypan blue exclusion assay done sev-
eral minutes after SWE showed that the viability of cells
exposed to 64 impulses was similar to control (195%).
Based on the results from these experiments and a pre-
vious report [10], an intensity of 64 impulses was chosen
for the following experiments to produce moderate dam-
age to the cells.

Upon exposure to 64 impulses of shock waves, MDCK
cells significantly increased release of GOT by 15% (fig. 1
top; n = 8; p ! 0.01) and of LDH by 5-fold (fig. 1 bottom;
n = 8; p ! 0.01) above control within 6 h after SWE, impli-
cating that the cell membrane integrity was perturbed.
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Fig. 1. Effect of SWE on GOT and LDH release in MDCK cells.
Enzyme release was determined in suspended MDCK cells within
6 h after SWE. Data are mean B SE of 8 separate experiments. * p !
0.01 between SWE group and control.

Fig. 2. Effect of SWE on basal [Ca2+]i of single MDCK cells. Basal
[Ca2+]i was measured in control and SWE-treated cells within 7 h
after SWE. Data are mean B SE with n (number of cell examined)
indicated under each data point. * p ! 0.01 between SWE group and
control.
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The SWE-induced net release of enzymes did not signifi-
cantly increase (p 1 0.05) within 6 h after SWE.

SWE-Induced Rises in Basal [Ca2+]i

Because the MDCK cell membrane was perturbed by
SWE, it was conceivable that a rise in basal [Ca2+]i could
occur due to either Ca2+ influx from extracellular fluid
and/or Ca2+ release from intracellular Ca2+ stores. Thus,
we examined basal (i.e. unstimulated) [Ca2+]i in non-
SWE-treated and SWE-treated cells. For these experi-
ments, suspended cells which had been exposed to 64
impulses of shock waves were plated on coverslips 1 h
before the [Ca2+]i measurements. Non-SWE-treated cells

were plated as control. Most of the cells attached to the
coverslips firmly in 30 min. The attached cells were
loaded with the membrane-permeant, Ca2+ indicator dye,
fura-2-AM [12] for 30 min to monitor [Ca2+]i. We must
emphasize here that enzyme assay was done immediately
after SWE, while due to the time needed for cell attach-
ment and dye-loading, the [Ca2+]i measurements could
only be performed 1 h after SWE, and thus only reflected
the long-term effect of SWE 1–7 h after SWE was re-
moved. SWE-treated cells showed no differences in their
ability to attach to coverslips and to sequester and hydro-
lyze fura-2-AM from non-SWE-treated controls. Figure 2
shows that basal [Ca2+]i in controls was 67 B 1 nM (n =

1
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Fig. 3. Representative recordings of
evoked [Ca2+]i rises in single MDCK cells 2 h
after SWE. Addition of 10 ÌM ATP (a),
1 ÌM bradykinin (BK; b), 1 ÌM thapsigargin
(TG; c) or 10 ÌM BHQ (d) to the cells
evoked [Ca2+]i rises. The long bars indicate
both the reagent that was used and the time
during which the reagent was applied. The
short bars indicate time scale in seconds.
Each recording is typical of similar responses
from 50–70 cells.

127 cells) at 1 h and 65 B 2 nM (n = 58 cells) at 7 h. The
[Ca2+]i ranged from 61 B 2 nM (n = 73 cells; 5 h) to 82 B
2 nM (n = 101 cells; 4 h). Thus it appears that in control
cells within 7 h after plating, [Ca2+]i was maintained with-
in physiological resting ranges, i.e. F100 nM.

However, [Ca2+]i in unstimulated SWE-treated cells
was significantly (p ! 0.01) elevated above control within
1–7 h after SWE. At 1 h, the [Ca2+]i was 77 B 2 nM (n =
132 cells; 15% above control), while at 6 h, it was 159 B
8 nM (n = 75 cells), which was 141% above control (66 B
1 nM; n = 72 cells). At 7 h, [Ca2+]i declined to 118 B 8 nM
(n = 34 cells), which was still 82% above control. Collec-
tively, the data suggest that within 1–7 h after SWE there
was a significant rise in [Ca2+]i in unstimulated MDCK
cells.

Effects of Shock Waves on [Ca2+]i Rises Evoked by
Agonists
We next examined the effects of shock waves on the

[Ca2+]i rises evoked by potent Ca2+-mobilizing agents. To
determine the effects of SWE on both the plasma mem-
brane level and the organelle membrane level, we mea-
sured the [Ca2+]i rises evoked by two physiological ago-
nists, ATP [5] and bradykinin [2–4], which activate the
plasma membrane receptors; and two agents, thapsigargin
[14] and BHQ [15], which elevate [Ca2+]i by inhibiting
endoplasmic reticulum (ER) Ca2+ pumps and deplete ER
Ca2+ stores. In previous studies, ATP [5], bradykinin [2–
4] and thapsigargin [16] have been shown to evoke robust
[Ca2+]i rises in MDCK cells. Figure 3 shows examples of
experiments illustrating recordings of the [Ca2+]i rises
evoked by these agents. All of the [Ca2+]i rises consist of a
promptly peak, a decaying slope and a lasting plateau. In
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Fig. 4. Amplitude of peak (a) and plateau (b) of ATP-evoked
[Ca2+]i rises in single non-SWE-treated cells (control) and SWE-
treated cells within 7 h after SWE. Concentration of ATP: 10 ÌM.
Data are mean B SE of 40–45 cells. * p ! 0.01 between SWE group
and control.
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✽ ✽
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✽

Fig. 5. Amplitude of peak (a) and plateau (b) of bradykinin-
evoked [Ca2+]i rises in single non-SWE-treated cells (control) and
SWE-treated cells within 7 h after SWE. Concentration of bradyki-
nin: 1 ÌM. Data are mean B SE of 45–55 cells. * p ! 0.01 between
SWE group and control.
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this set of experiments (1–3 h after SWE), the kinetics of
the [Ca2+]i rises in SWE-treated cells were indistinguish-
able from that from non-SWE-treated controls (not
shown) except a higher plateau in thapsigargin- and BHQ-
evoked [Ca2+]i transients. The amplitude of the peak and
the plateau of the [Ca2+]i transients evoked by ATP, bra-
dykinin and thapsigargin in controls and SWE-treated
cells (within 1–7 h after SWE) is shown in figures 4–6
(peak: A; plateau: B). In the [Ca2+]i rises evoked by all
three agents, there appears to be a small but significant

reduction (p ! 0.01) in the peak amplitude in SWE-
treated cells compared to non-SWE-treated cells; especial-
ly within 3–6 h after SWE with a mean maximum reduc-
tion of 37% (n = 50 cells) found in the bradykinin-evoked
rises 4 h after SWE. In contrast, the plateau amplitude of
the evoked [Ca2+]i rises was remarkably elevated more
than 50% above control in most cases with a mean maxi-
mum elevation as high as 202% (n = 48 cells) observed in
bradykinin-evoked rises 6 h after SWE (fig. 5). In cells 3 h
after SWE, the mean peak amplitude of BHQ-evoked
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Fig. 6. Amplitude of peak (a) and plateau (b) of thapsigargin-
evoked [Ca2+]i rises in single non-SWE-treated cells (control) and
SWE-treated cells within 7 h after SWE. Concentration of thapsigar-
gin: 1 ÌM. Data are mean B SE of 48–52 cells. * p ! 0.01 between
SWE group and control.
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[Ca2+]i rises was reduced to 69% of control, while the
mean plateau amplitude was elevated by 81% above con-
trol (n = 45 cells; not shown).

Discussion

In this study we examined the damaging effects of
shock waves on MDCK cells. We found that the GOT and
LDH release in suspended cells increased immediately

but transiently after SWE, and the basal [Ca2+]i in unstim-
ulated cells measured within 1–7 h after SWE was mark-
edly elevated; both implicating that cell membranes were
damaged. The [Ca2+]i rises evoked by agonists in SWE-
treated cells showed a slightly altered peak amplitude but
a markedly elevated plateau amplitude. We conclude that
the plasma membrane receptors, the Ca2+ pump on the
endoplasmic reticulum membrane, and the effector mole-
cules responsible for the evoked [Ca2+]i rises were only
slightly altered after SWE, despite a transient release of
cellular enzymes and an elevated basal [Ca2+]i. The mech-
anisms involved in lowering the evoked [Ca2+]i rises to the
normal plateau appear to be slightly impaired.

SWE has been reported previously to induce GOT and
LDH release from MDCK cell suspensions [10, 11]. It is
thought that GOT exists in the cytosol and mitochondria,
LDH exists on the plasma membrane and in the cytosol,
and increases in the release of GOT and LDH are signs of
cell injury, with GOT level indicating more severe mem-
brane damage [11]. In this study, we found that SWE
increased GOT release by 15% and LDH by 5-fold above
control immediately. The fact that LDH release was
increased more than GOT could be explained by the dif-
ferent cellular location of these enzymes. This evoked
GOT and LDH release apparently was a transient phe-
nomenon because the net increase did not significantly
progress within 6 h. It appears that, upon SWE, the cell
membrane was transiently damaged, and then rapidly
return to close to normal to stop enzyme release. The fact
that the viability of SWE-treated cells was similar to that
of non-SWE-treated cells (195%) by trypan blue exclu-
sion assay provides independent evidence for this inter-
pretation. Another line of strong evidence supporting this
view comes from the fact that SWE-treated cells were
loaded with fura-2, a small molecular (MW = 636), just as
well as non-SWE-treated cells, inasmuch as that cells with
high permeability could not trap fura-2. Nevertheless, the
integrity of the cell membrane did not completely recover
because basal [Ca2+]i was elevated within 1–7 h after SWE
and the plateau amplitude of the evoked [Ca2+]i transients
was distinctively elevated.

Because cellular enzymes had leaked out during SWE,
there should be an extracellular Ca2+ entry due to the huge
Ca2+ gradient across the plasma membrane (2 mM in
extracellular fluid: F100 nM in cytoplasm). Interestingly,
this expected rise in [Ca2+]i returned to only 15% above
control within 1 h after SWE was removed (fig. 2), which
was still within the physiological ranges (F100 nM); but
to measure these instantaneous [Ca2+]i changes was
beyond the capacity of our experimental protocol due to
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the time needed for cell attachment (30 min) and fura-2
loading (30 min).

Despite the damage of the cell membrane induced by
SWE, the ATP and bradykinin receptors and the endo-
plasmic reticulum Ca2+ pump, and also the effector mole-
cules responsible for the [Ca2+]i rises triggered by ATP,
bradykinin, thapsigargin and BHQ were only slightly
altered, because all these agents evoked robust [Ca2+]i

rises which were not markedly different from that from
non-SWE-treated cells in peak amplitude.

In order to examine the damaging effects of shock
waves on the evoked [Ca2+]i rises, potent Ca2+-mobilizing
agents were preferred. Thus ATP, bradykinin, thapsigar-
gin and BHQ were used in this study because these agents
had been shown to evoke robust [Ca2+]i rises in MDCK
cells and other cells [2–5, 14–16].

There are at least four mechanisms which by indepen-
dent or combined action could contribute to the rises in
basal [Ca2+]i in SWE-treated cells: (1) Ca2+ influx through
plasmalemmal Ca2+ channels; (2) Ca2+ influx through the
plasma membrane via non-specific pathways due to in-
creased cell permeability; (3) Ca2+ release from intracellu-
lar stores; (4) impaired ability of cells to lower the elevated
[Ca2+]i to the normal plateau.

The first possibility is likely because although MDCK
cells lack voltage-gated Ca2+ channels [17], other mecha-
nisms that allow Ca2+ influx exist, e.g. Na+-Ca2+ exchange
[18], and mechanisms that are responsible for basal Ca2+

uptake and are sensitive to nifedipine and verapamil
block [19]. In fact, we have found that nifedipine, vera-
pamil, and diltiazem were able to completely abolish the
SWE-induced basal [Ca2+]i rises [Jan, unpubl. data].

Secondly, while the evidence in shock wave exposure is
absent, free radicals are thought to play a key role in per-
petuating ischemia-induced cell damage by increasing cell
permeability [20]. Because shock waves have been shown
to produce free radicals in isolated cells [21–23], it is pos-
sible that the elevated basal [Ca2+]i in SWE-treated cells
was due to increased cell permeability induced by free
radicals. The fact that allopurinol, which reduces free
radical formation by inhibiting xanthine oxidase [24],
blocked rises in basal [Ca2+]i in SWE-treated MDCK cells
[Jan, unpubl. data] gives support for this hypothesis.

The third possibility is that basal [Ca2+]i could rise from
Ca2+ release from intracellular Ca2+ stores, e.g. the endo-
plasmic reticulum, mitochondria and lysosomes. One line
of evidence that the organelle membranes could be dam-
aged by SWE comes from the fact that the release of GOT
(an enzyme existing in mitochondria and cytosol [11]) was
increased. Another line of evidence comes from the data in

figures 4–6. In the [Ca2+]i rises evoked by ATP, bradykinin
and thapsigargin, the peak amplitude was slightly but sig-
nificantly reduced (particularly within 3–6 h after SWE)
with a mean maximum reduction of 37% of control.
Because the peak amplitude of the [Ca2+]i rises evoked by
ATP and bradykinin depends substantially on the release
of Ca2+ from inositol-1,4,5-trisphosphate (IP3)-sensitive
endoplasmic reticulum Ca2+ stores [Jan, unpubl. data], it
appears that the endoplasmic reticulum Ca2+ stores could
be impaired by SWE. The fact that the [Ca2+]i rises evoked
by thapsigargin and BHQ, two agents that act by depleting
the endoplasmic reticulum Ca2+ stores also showed a
reduced peak amplitude argues for this hypothesis.

Lastly, the SWE-induced rises in basal [Ca2+]i could be
due to impaired ability of cells to lower the [Ca2+]i rises to
the normal plateau. Figures 4–6 show that the mean pla-
teau amplitude of the [Ca2+]i rises evoked by ATP, brady-
kinin and thapsigargin was elevated more than 50%
above control in most cases with a remarkable mean max-
imum elevation as high as 202% observed in bradykinin-
evoked [Ca2+]i rises 6 h after SWE. Although it is not com-
pletely clear how MDCK cells maintain the plateau phase
of the evoked [Ca2+]i rises, the results suggest that SWE
impaired the ability of cells to fully recover from stimula-
tion of the Ca2+-mobilizing agents. This impaired ability
of cells to maintain the normal plateau after the evoked
[Ca2+]i rises could involve leakage of cytosolic Ca2+ bind-
ing proteins (evidenced by leakage of GOT and LDH),
damage of the Ca2+ pump and Na+/Ca2+ exchangers on
the plasma membrane, and impairment of the Ca2+ pump
on organelles, e.g. the endoplasmic reticulum, mitochon-
dria and lysosomes.

In conclusion, to our knowledge, this study is the first
to examine the effects of shock waves on Ca2+ homeosta-
sis in cultured cells. We found that after transient shock
wave exposure MDCK cells exhibited a higher basal
[Ca2+]i, while maintained the ability to respond to stimu-
lation of Ca2+-mobilizing agents quite normally although
the peak [Ca2+]i was slightly altered and the mechanisms
responsible for the decay of the [Ca2+]i rise suffered from a
mild impairment.
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