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Abstract—Extracorporeally generated shock waves as used in lithotripsy of urinary and biliary stones exhibit side
effects in vivo. Furthermore, these shock waves destroy eukaryotic cells during in vitro treatment in suspension. A
possible cause of these damaging effects might be cavitation, the growth and collapse of bubbles in liquids exposed
to tensile stresses. During the collapse, temperature inside these cavitation bubbles rises up to several thousand K,
leading to the formation of free radicals. We demonstrated the occurrence of cavitation-generated free radicals by
direct reaction with fluorescent dyes in solution after shock wave treatment and investigated the resulting cell
killing by variation of the cellular antioxidative defense status. We present evidence for the generation of intracel-
lular free radicals during shock wave treatment of suspended cells.
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INTRODUCTION

Extracorporeally generated shock waves are used in
medicine for the fragmentation of urinary and biliary
stones. In vivo side effects of this treatment, like he-
maturia, tissue injury, and temporary loss of renal
function (reviews: Lingeman et al. 1988; Briimmer et
al. 1990a) occurred in many cases. Shock waves also
destroy eukaryotic cells in a dose-dependent manner
when cells were treated in suspension (Russo et al.
1986; Briimmer et al. 1989). One of the mechanisms
discussed for stone fragmentation and tissue damage
is cavitation (Crum 1988; Delius and Brendel 1988),
the formation of gas- or vapour-filled bubbles in lig-
uids exposed to tensile stresses and their violent col-
lapse (Coleman et al. 1987). The high velocity of this
breakdown—as the collapse of the bubble walls ex-
ceeds the speed of sound-—causes an adiabatic com-
pression of the gas inside the bubble without heat ex-
change with the surrounding medium. This compres-
sion results in a local temperature increase in the
bubble up to several thousand K. Under these condi-
tions, a homolytic cleavage of molecules may take
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place, leading to the formation of free radicals, i.e.,
short-living highly reactive molecules or atoms
(Fiynn 1982; Edmonds and Sancier 1983; Makino et
al. 1983; Crum and Fowlkes 1986).

Former studies dealing with shock waves, cavita-
tion, and free radicals were performed in cell-free so-
lutions or observed the extracellular occurrence of
free radicals. This paper presents our results of intra-
and extracellular in vitro measurements of free radi-
cals using fluorescent dyes as indicators for shock
wave induced cavitation. Furthermore, we varied the
cellular antioxidative defense status, using extra- and
intracellular radical scavengers or inhibitors of radical
scavenging enzymes, and investigated cell viability
after shock wave treatment under these conditions.

MATERIALS AND METHODS

MGH-U1 cells, a human bladder carcinoma
line, were cultivated as monolayers (Evans et al. 1977;
Masters et al. 1986). Cells were grown to subcon-
fluence, and single-cell suspensions (2-3 - 10° cells/ml
in phosphate buffered saline [PBS]) were obtained by
a 4 min treatment with trypsin (Serva, Heidelberg,
Germany; 0.25% in PBS) and mechanical dispersion.
Variations in cellular antioxidative defense status
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were performed with L1210 cells, a mouse leukemia
line (Law et al. 1949; Hutchison et al. 1966). Suspen-
sion cultures of L1210 cells were spun down (10 s,
1,000 g) and resuspended in PBS to a final concentra-
tion of 2-3-10° cells/ymL. Cells were maintained at
37°C and 8% CO, in RPMI 1640 medium
(Boehringer Mannheim, Mannheim, Germany), sup-
plemented with 10% fetal calf serum (Boehringer
Mannheim), 24 mM NaHCO,, and antibiotics. Cul-
ture medium for L1210 was additionally supple-
mented with 180 uM sodiumpyruvate (Serva) and 5
uM mercaptoethanol (Serva). Single-cell suspensions
were transferred into polyethylene pipettes (4.5 mL,
Brand, Wertheim, Germany) and treated with shock
waves. The pipette ball was submerged in the partially
degassed (2.1-3.3 mg O,/L) waterbath of an experi-
mental spark gap lithotripter XL-1 (Dornier Medizin-
technik, Germering, Germany) and positioned into
the target focus of the brass semi-ellipsoid. Suspended
MGH-UT cells and dye solutions were kept at 21°C
and exposed to shock waves at a shock wave repeti-
tion frequency of 1 or 8 Hz and a generator voltage
setting of 18 kV. The dye was protected against the
light flash of the electrode by a nontransparent black
plastic foil. The foil was fixed on a sloping frame
which guided air bubbles out of the path of the shock
wave. The cover does not reduce the energy of shock
waves (data not shown). In experiments with cells
under different antioxidative defense conditions, 250
shock waves (1 Hz, 18 kV) were administered to
L1210 cells at a waterbath temperature of 37°C—a
dose which represents the LD, of L1210 without scav-
engers or enzyme inhibitors (Briimmer et al. 1990b).
Controls were kept in a waterbath at the same temper-
ature and for the same time span as the corresponding
shock wave treated probes. Electrodes were not used
for experiments prior to the first 50 and after 1500
electrical discharges.

By addition of exogenous scavengers, the cellular
damage caused by free radicals can be reduced,
whereas the inhibition of endogenous defense en-
zymes can have the opposite effect. For elevation of
the antioxidative defense status, the suspension me-
dium (PBS) was supplemented immediately before
treatment with cysteamine or cystamine (Sigma, Dei-
senhofen, Germany), two scavengers of free radicals
(Révész and Bergstrand 1963; Sawada and Okada
1970). We used concentrations from 10 to 50 mM.
Stock solutions of scavengers were prepared 2 M
in PBS.

A possibility to increase the cellular sensitivity to
radicals is given by the inhibition of two endogenous
enzymes, superoxide dismutase and catalase, which
both protect cells from damage by intracellular free
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radicals. Superoxide dismutase was inhibited by incu-
bating the cells with 3 mM diethyldithiocarbamate
(Sigma) for 40 min at 37°C, catalase activity was re-
duced by a treatment with 20 mM aminotriazole
(Sigma) for the same time and temperature. For this
treatment, a 96% inhibition of superoxide dismutase
and 70% inhibition of intracellular catalase is re-
ported (Scott et al. 1987).

Viability of cells was determined by combined
measurements with a cell counter (Coulter Counter D
Industrial, Coulter Electronics, Hialeah, FL, USA)
excluding destroyed cells, and a flow cytometer
(FACS-Analyzer, Becton-Dickinson, Heidelberg,
Germany) using a double staining method for viable
and dead cells (Jones and Senft 1985): cells that were
able to hydrolyze fluorescein diacetate (FDA) and so
exhibit a green fluorescence of fluorescein were con-
sidered as viable, while cells whose membrane could
not exclude the dye propidium iodide and show a red
fluorescence were counted as dead (for details, see
Briimmer et al. 1989). Determinations of cell diame-
ters were performed in a FACS-Analyzer, equipped
with an electrical resistance pulse sizing following the
Coulter principle (Coulter 1956), and using a calibra-
tion curve for absolute particle sizes (Brenner and
Hiilser 1991).

For the detection of free radicals, we used hy-
droethidine (Polyscience, St. Goar, Germany) and
dichlorofluorescin diacetate (DCFH-DA, Serva), two
dyes which become fluorescent after oxidation, e.g.,
by dehydrogenases (Bucana et al. 1986) or by radicals.
Hydroethidine was first described in 1972 by Thomas
and Roques, DCFH-DA in 1965 by Keston and
Brandt. Both dyes have already been used for the de-
tection of radicals during respiratory burst in stimu-
lated leukocytes (Bass et al. 1983; Burow and Valet
1987; Rothe and Valet 1990).

Hydroethidine is trapped inside the cells after ox-
idation to ethidium which shows a significant increase
in fluorescence after intercalation in the DNA (Le-
Pecq and Paoletti 1967). The reduced form hydroeth-
idine does not bind to DNA and shows a different
fluorescence spectrum than ethidium (Thomas and
Roques 1972). DCFH-DA accumulates intracellularly
after deacetylation to dichlorofluorescin (DCFH) and
becomes fluorescent after oxidation to dichlorofluo-
rescein (DCF). As a control, we used a radical insensi-
tive dye, fluorescein diacetate (FDA, Sigma) which
becomes fluorescent after deacetylation without oxi-
dation. The final dye concentration in the suspension
was | pM for DCFH-DA (stock solution 10 mM in
dimethylformamid [DMF, Sigma]) and for FDA
(stock solution 0.5 mM in acetone) or 16 uM for hy-
droethidine (stock solution 63.5 mM in DMF). For
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shock wave treatment, cell suspensions stained with
DCFH-DA or FDA were incubated for 30 min at
37°C in the dark, hydroethidine-stained cells were
treated 10 min after addition of the dye.

To investigate the appearance of extracellular
cavitation and radicals, 1 uM DCFH-DA or FDA was
hydrolyzed to DCFH or fluorescein by incubation for
30 min with carboxyl esterases (Sigma, final activity
approx. 1 unit/mL) and then treated with shock
waves. Hydroethidine was treated with shock waves at
a concentration of 160 uM. This higher concentration
was necessary because of the weak fluorescence with-
out intercalation in DNA (LePecq and Paoletti 1967).

The fluorescence of shock wave treated cells and
controls was determined by flow cytometry (FACS-
Analyzer, Becton-Dickinson). Fluorescence was ex-
cited by a high pressure mercury arc lamp (filter: 485
+ 22 nm) and detected in fluorescence channel 1
(FL1, 530 + 30 nm; DCF and fluorescein) or FL2
(595 + 63 nm; ethidium). In the volume channel
(VOL), a gate was set to exclude destroyed cells and
debris, so only intact cells were counted. For each cell,
the ratio (RTO) between fluorescence (FL1 or FL2)
and VOL was determined to eliminate the influence
of possible changes in the volume of shock wave
treated cells. Per reading, data from 10,000 cells were
stored and analyzed in a HP 9133 computer (Hewlett-
Packard Co., Fort Collins, CO, USA) with the Con-
sort 30 version E software (Becton-Dickinson). The
fluorescence of dye solutions was detected with a
spectrofluorometer (LS-3B, Perkin-Elmer, Uberlin-
gen, Germany). For measurements of DCF and fluo-
rescein, excitation wavelength was set to 495 nm,
emission was registered at 525 nm. Ethidium was ex-
cited at 473 nm and fluorescence measured at 593
nm. For each experiment, the change in fluorescence
was calculated by dividing the mean of fluorescence
of the shock wave treated sample by the mean of fluo-
rescence of the untreated control, and is given as rela-
tive fluorescence.

All data are presented as means + standard error
of the mean. For significance, an error probability «
< 0.05 in the two-sided Mann-Whitney-Wilcoxon U-
test was assumed.

RESULTS

The influence of free radicals after shock wave
treatment was tested with exogenous supplied scaven-
gers for both intra- and extracellular reactions. Viabil-
ity tests have been performed with 11210 cells, a well-
established and standardized test system for shock
wave efficacy (Briimmer et al. 1990c). When treated
with shock waves in the presence of scavengers, more

L1210 cells survived than in controls exposed to
shock waves without scavengers. This was found for
both cysteamine and cystamine. For the highest con-
centration of 50 mM about 65% (66 = 2% and 64
+ 3%, respectively) survived as compared to 48 + 1%
for the shock wave treated cells without scavengers
(Fig. 1). Since the addition of scavengers had no effect
on the viability of L1210 cells without shock wave
exposure, but resulted in a reduction of the mean cell
diameter (11.8 to 11.2 um for cysteamine and 11.8 to
10.2 um for cystamine; Fig. 2), we were unable to
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Fig. 2. Effect of different scavenger concentrations on diame-
ter of L1210 cells: (a) cysteamine, (b) cystamine. *o < 0.05;
**y < 0.01; ***a < 0.001 vs. control.

distinguish whether the higher survival rate was due
to an osmotic effect or to the intended protection.
The influence of free radicals was, therefore, also
investigated by inhibiting the endogenous defense en-
zymes. To reduce the activity of superoxide dismutase
and catalase, cells were incubated with diethyldithio-
carbamate and aminotriazole. Under these condi-
tions L1210 cells exhibited a higher sensitivity to
shock waves than cells not treated with inhibitors
(Fig. 3). In contrast to the addition of the scavengers
cysteamine and cystamine, the inhibition of defense
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enzymes alone showed a considerable decrease in cell
viability without shock wave treatment (Fig. 3).

To exclude unspecific reactions of scavengers
and/or enzyme inhibitors, which might influence the
measured cell viability, we determined free radicals
by their direct reaction with dyes that become fluores-
cent after oxidation. For this purpose the dyes were
exposed to shock waves under both cell-free and in-
tracellular conditions. Using cell-free hydroethidine
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Fig. 4. Production of free radicals by shock waves in cell-

free hydroethidine solutions: dose and shock wave repeti-

tion frequency dependent increase in red fluorescence of
ethidium.
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and DCFH solutions, an increase in fluorescence was
measured in a repetition frequency and dose-depen-
dent manner after shock wave treatment (Figs. 4 and
5), indicating a production of free radicals. The fluo-
rescence of fluorescein, a radical insensitive dye, re-
mained unaffected even after 500 shock waves at a
repetition rate of 8 Hz (Fig. 5).

Leukocytes can be stimulated to produce oxy-
gen-derived free radicals, called the respiratory burst,
after phagocytosis or upon chemical excitation. This
mainly holds for granulocytes but also for lympho-
cytes (Rothe and Valet 1990). Since a stimulation of
free radical production in the lymphocyte derived
L1210 cells by shock waves or cell debris cannot be
excluded, we investigated the intracellular concentra-
tion of free radicals by dyes with human bladder cells.
Suspended MGH-U1 cells, stained with hydroethi-
dine, revealed a small but significant increase in intra-
cellular ethidium fluorescence after shock wave treat-
ment at 8 Hz (Fig. 6) as a result of the intercalation of
the oxidation product ethidium in the DNA, indicat-
ing a dose-dependent increase in intracellular free rad-
icals. Since this increase might be counteracted by dye
leakage through transient membrane ruptures, we in-
vestigated a permeabilization of the cell membrane
with the radical insensitive dye fluorescein. Indeed, its
intracellular fluorescence is diminished (Fig. 7),
whereas its cell-free fluorescence is unaffected by 500
shock waves (Fig. 5). This indicates a transient per-
meabilization of MGH-U1 cells which is not only

5_
oo DCF, 8 Hz

4- =—sDCF, 1 Hz .
o--ofluorescein, 8 Hz

a

relative fluorescence

T T T T
0 125 250 375 500

number of shock waves

Fig. 5. Production of free radicals by shock wavgs in cell-free

dichlorofluorescin solutions: dose and shock wave repeti-

tion frequency dependent increase in green fluorescence of

dichlorofluorescein; fluorescence of radical insensitive fluo-

rescein remains unaffected by shock waves. *a < 0.05 vs.
500 shock waves/1 Hz.
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Fig. 6. Production of free radicals by shock waves in MGH-

U1 cells: dose dependent intracellular increase in red ethi-

dium fluorescence. Shock wave repetition frequency: 8 Hz.
*a < 0.05; ¥*a < 0.02; ***a < 0.01 vs. control.

dose dependent but also shock wave repetition fre-
quency dependent (Fig. 7). A similar result was ob-
tained with DCFH, which is used for the detection of
intracellular free radicals. Since endogenous oxidants
and hydrogenases are always present in the cells, un-
treated controls already show intracellular fluores-
cence. This fluorescence was reduced with increasing
numbers of applied shock waves in spite of the cavita-
tion-generated intracellular free radicals which should
add to the intracellular fluorescence. At a shock wave
repetition frequency of 1 Hz, the amount of generated
free radicals is less than at 8 Hz (Fig. 5). Thus, the
difference in relative fluorescence of the radical-in-
sensitive dye fluorescein and the radical-sensitive dye
dichlorofluorescin after treatment at 8 Hz must be
accounted to the shock wave generated intracellular
free radicals (Fig. 7).

DISCUSSION

During shock wave treatment, cavitation might
occur in patients and has been discussed in connec-
tion with tissue injury (Fischer et al. 1988) and stone
fragmentation (Delius and Brendel 1988). Only few
publications report about evidence for cavitation in
vivo: in piglet liver (Delius et al. 1990) and in dog
kidneys (Kuwahara et al. 1990) cavitation bubbles
have been traced by ultrasonic imaging; acoustic mea-
surements indicated cavitation events in tumor-bear-
ing rats and mice (Riedlinger et al. 1988) as well as in
Beagle dogs (Williams et al. 1989). Acoustic cavita-
tion can generate free radicals in cell-free solutions as
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dent decrease in intracellular fluorescence in shock wave

treated MGH-U1 cells, indicating a dye leakage through

transient ruptures of the membranes. Decrease in fluores-

cein- and DCF-fluorescence after treatment at a shock wave

repetition frequency of (a) 1 Hz and (b) 8 Hz. *a = 0.05 vs.
fluorescein.

has been shown by oxidation of iodide in bursts of a
piezoelectric lithotripter (Henglein et al. 1988) or by
Fricke dosimetry in a Dornier lithotripter (Morgan et
al. 1988). Our experiments allowed a discrimination
between intra- and extracellular free radicals upon
shock wave exposure and clearly indicated a dose-de-
pendent production of free radicals.

Investigating the extracellular events, we found
an increase in fluorescence after shock wave treat-
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ment of cell-free dye solutions indicating the genera-
tion of free radicals which are due to cavitation. Fluo-
rescence of DCFH- or hydroethidine-solutions is
multiplied when shock waves are applied to not com-
pletely filled pipettes (data not shown). In this case the
pressure wave is reflected at the air-liquid interface as
a cavitation-generating tensile wave (Morgan et al.
1988). The shock wave repetition frequency depen-
dent increase in fluorescence is attributable to col-
lapsed cavitation bubbles which act as cavitation nu-
clei with a very short lifetime. With increasing shock
wave repetition frequency, therefore, an increasing
number of nuclei and more cavitation events are ob-
served (Henglein et al. 1988). Our experiments with
dichlorofluorescin and hydroethidine have proven
the capability of these dyes to react under shock wave
exposure.

Assuming a generation of intracellular cavitation
during shock wave treatment, the resulting free radi-
cals can be detected by different strategies, which all
are somehow insufficient with regard to unspecific or
superimposed reactions of the cells. The first strategy
is the addition of exogenous scavengers, which in-
crease the cellular defense status against free radicals
by supplementing the endogenous defense enzymes
and antioxidants. This supplementation should result
in an increase in cell survival. The second approach is
the addition of inhibitors which reduce the efficacy of
the endogenous defense enzymes. This inhibition
should decrease the cell survival after shock wave
treatment. The third strategy is the direct measure-
ment of cavitation-generated free radicals, detected as
an increase in intracellular oxidation products. By
comparing different methods, we were successful in
demonstrating cavitation-generated free radicals dur-
ing shock wave treatment.

L1210 cells incubated with 30 mM cysteamine
or cystamine are less sensitive to shock waves than
controls without scavengers. The addition of scaven-
ger to the medium increases its osmolarity which re-
sults in a shrinkage of the cells and an increase in
cytoplasmic viscosity. These changes might influence
the sensitivity of the cells to shock waves. An increase
in survival rate is always accompanied by a significant
shrinkage of the cells, except for 20 mM cystamine. [t
is impossible, therefore, to distinguish between cell
protection by free radical scavenging or by increased
cytoplasmic viscosity. Under continuous-wave ultra-
sound exposure, however, CHO cells were completely
protected from damage by 50 mM cysteamine, while
50 mM cystamine had no effect on cell viability (Ar-
mour and Corry 1982). A shrinkage was not reported.

In L1210 cells treated with inhibitors of the en-
dogenous defense enzymes superoxide dismutase and
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catalase, we measured a higher sensitivity of cells to
shock waves. It is remarkable, however, that L1210
cells not exposed to shock waves but incubated with
the inhibitors diethyldithiocarbamate and aminotria-
zole had already a reduced viability of less than 50% of
the untreated controls. Furthermore, the incubation
of cells with diethyldithiocarbamate and aminotria-
zole not only specifically reduced the activity of su-
peroxide dismutase and catalase as described by Scott
and co-workers (1987) but also unspecifically inhib-
ited carboxyl esterases in L1210 cells. This inhibition
frustrated the measurement of cell viability using
FDA, a problem which we bypassed by counting the
dead cells stained with propidium iodide for the cal-
culation of viable cells. We cannot exclude that such
an unspecific enzyme inhibition also causes other re-
actions than only a reduced antioxidative defense sta-
tus of the cells.

As the experiments dealing with exogenous sup-
plementation of scavengers and inhibition of endoge-
nous scavenging enzymes were not very conclusive,
we performed—as a third strategy—the direct mea-
surement of intracellular free radicals using fluores-
cent dyes. Because it might be impossible to distin-
guish between shock wave induced free radicals, di-
rectly generated by cavitation, and those that are
produced by the respiratory burst of the lymphocyte-
derived L1210 cells stimulated by the debris of cells
destroyed by shock waves, these experiments were
performed with MGH-U1 cells. These cells also
shrunk after incubation with 50 mM cysteamine or
cystamine, where the cell diameter was reduced from
165+ 0.4 umto 144 £ 0.2 ym and 13.9 £ 0.4 pym,
respectively. We, therefore, did not repeat the experi-
ments with scavengers for MGH-U1 cells. To facili-
tate the direct measurement of intracellular free radi-
cals we decreased the temperature of the lithotripter
water bath to 21°C thus avoiding a high activity of
cellular endogenous defense enzymes without any
consequences on the cell’s viability.

Hydroethidine-incubated MGH-U cellsdemon-
strated a dose-dependent increase in intracellular fluo-
rescence, indicating an increase in intracellular free
radicals but not necessarily intracellular cavitation.
This might also be explained by a transient permeabi-
lization of plasma membranes during shock wave
treatment. To test whether this is the case, the cells
were stained with DCFH-DA and FDA and exposed
to shock waves, resulting in a dose and repetition fre-
quency dependent loss of fluorescence due to dye leak-
age. In our experiments, the dye loss was similar for
DCF and fluorescein at 1 Hz, indicating a similar per-
meability of the cell membrane for both dyes. At a
shock wave repetition frequency of 8 Hz, the leakage

of fluorescein was increased, whereas DCFH-DA in-
cubated cells exhibited the same decrease in DCF-
fluorescence as was measured at 1 Hz. Since a dye
specific change in membrane permeability at 8§ Hz is
not likely, this apparent difference in permeability for
fluorescein and DCF must be attributed to the com-
pensation of dye leakage by an increased generation
of radical-induced DCF-fluorescence at 8 Hz.

Our results demonstrate an elevated concentra-
tion of intracellular free radicals during shock wave
treatment of suspended cells in virro. Free radicals
may explain the findings of Russo et al. (1987) and
Briuner et al. (1989) who found histopathologic and
ultrastructural damage of cells after shock wave treat-
ment.
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