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BR.UMMER., P., ET AL.: Sensitivity ofNonnai and Malignant Cells to Shock Waves. We examined 
the cytotoxic effect of shock waves for primary (embryonic chick kidney and thigh muscle) and permanently 
growing nannal and malignant cdls (human, rat, and mouse) in suspension. To avoid the influence of 
different media, the cells were suspended in phosphate buffered. saline and shock wave treated. In all cases 
the acute cytotoxic effect (measured by flow cytomeuy) was a function of the applied shock waves. The 
investigated cells differed in their LDso values which, however, do not reveal a general difference in sensitivity 
to shock waves for nonnal and malignant cells. a Stone Dis, Vol. 4, No. 3, July 1992) 

Introduction 

In the last decade. a noninvasive technique with 
atracorporcal induced shock waves has revolution­
ized the clinical treatment of kidney stones. I Al­
though in clinical usc for only a short period, extra­
corporeal shock wave lithotripsy (ESWL) is the 
standard therapy today for urinary stone disease 
and, in addition, a promising tool in the noninva­
sive treatment of gallstones. l The tteattnent of sali­
vary gland stones has even been reported.3 

The treatment with shock waves, however, pro­
duces tissue damages consisting primarily of intra­
parenchymal and perirenal hemorrhages.' Guided 
by the observed damages, attempts have been made 
to apply shock waves on tumor cells and rumors 
to investigate their influence on ccU viability and 
growth. Effects of shock waves on tumor cdIs were 
first reported by Rwso and coworkers.5,6 Mean­
while, other groups have investigated the cytotoxic 
effect of cnracorporcal shock wavcs,7-11 inducting 
our own sructics,12.13 

In this in vitro study. we compared the acute cf-
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fccr of shock waves on different permanently grow­
ing nonnal and malignant cell lines, as well as on 
primary embryonic chick. cells. For this measure­
ment, a rapid and reliable detection of cell damage 
is necessary. We, therefore, determined the concen­
tration of intact cells before and after shock wave 
treatment with an electronic cell counter. Together 
with a double staining technique using flow cytom­
etry, the proportion of intact cells was screened for 
physiologically active (viable) cells and seriously 
damaged (dead) cclls. U In addition to the rapidity 
and reliability of this assay. the number of cells in­
vestigated for each experiment was much higher (up 
to 10,000) compared to other tests like trypan blue 
dye exclusion [cst where the totally disintegrated 
cells arc not considered. Since experimental comu­
nons like temperature and oxygen content of the 
lithotripter water bath influence the cytocoxic effect 
to a considerable extent, I 'US great caution was 
taken to pcrfonn each experiment under identical 
conditions. 

Materials and Methods 

Cell Cullure 

Permanently Growing Cells . The suspension cul­
ture L121016 and four monolayer lines (FL,17 
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Table 1. Characteriz.ation of Pennanently Growing Cd! Lines Used in This Study 

Cell Line Cd! Diametcrl.,.m* Origin Growth Mediwn** 

LI210 11.0 :!: 0.5 
15.7 ± 0.3 
18.3 ± 0.7 
16.3 :!: 0.3 
12.9 + 0.3 

Mouse lcukania RPMllMO + 15% FCS 
OMEM + 10% NCS 
OMEM + 10'16 NCS 
RPMI 1640 + 10% FCS 
DMEM + 10'16 NCS 

FL 
BICRJMIR.. 
MGH-Ul 
F9 

Nonna! human amnion 
Rat mammary twnor 

Human bladder carcinoma 
Mouse tc:ntocarcinonu 

• Cell diametcn are presented as mc:an ± sundud deviation; .. FCS "" fctal alf serum, NCS - newborn calf 
~rum. 

BIGRlMIR.,18 MGH-UI,19 and F9'O) have been 
investigated. For characterization and further de­
tails sec Table 1. 

Primary Embryonic Chick Cells. Single cell sus­
pensions of 12-day-old embryonic chick kidneys 
and thigh muscles were prepared as described by 
Frcshncy.21 Briefly, organs were cxplanrcd from 12-
day-old embryos and placed overnight in 1 mL icc­
cold trypsin (0.25% trypsin in phosphare buffered 
saline [PBS] without calcium and magnesium). 
After trypsin removal. the tissue was incubated in 
the residual trypsin at 37'C for 15 minutes, dis­
persed by gende pipening in 2 mL Minimum Es­
sential Medium (Eagle), Dulbeceo's Modification 
(DMEM, Biochrom KG, Berlin, Germany), and 
seeded in three to six Petti dishes of 60-mm diame­
ter (Falcon, 3002 F, Becton Dickinson, Moun­
tainvicw, CA, USA). After this procedure, the cell 
diameter was 12.9 :t 1.2 ~rn for kidney and 14.7 
:t 0.8 p.rn for thigh muscle cells as measured with 
a flow cytometer.22 

Culture Conditions. All cell cuJrurcs were culti­
vated at pH 7.4 and 3r C in a humidified incubator 
with an annosphere of 8% CO2 in air. Monolayer 
cells were grown in tissue culrurc flasks up to sub­
confluence (Nunc, Roskilde, Denmark) and pas­
saged with 0.25% trypsin in PBS without calcium 
and magnesium, L1210 cells were maintained as 
suspension under the same conditions. 

Shock Wave Generation 

Shock Wave Source. Shock waves were gener­
ated by underwater spark discharge at an operating 

volt:lge of 18 kV and at a frequency of 1 Hz with 
an cxperimentallithotripter XL-I (Domier Modi­
zintecbnik, Germering, Germany). Electrodes were 
replaced after 1,500 discharges. A laser system was 
used to (Xlsition the tcst tube with the cell suspen­
sion into the target focw. 

Water Processing. Water in the lithotripter was 
partially dcgassed (2.4-2.7 mg O,/L) by a vacuum 
pump (Maprotee, Idstein, Germany), and the tem­
perature of the water bath was regulated thermo­
statically. Oxygen concentration was detennined by 
an oxygen probe (oxygen electrode EO 196-1.5 
and oximeter OX! 196, W1W GmbH, Weilhcim, 
Germany), which simultaneously measured the 
temperature of the water bath (37"C). 

Determination of Surviving Cells 

For shock wave n-eaonent, adherent cells were 
ttypsinizcd, concentrated (2- 5 x lOS cells/mL), 
and transferred into polyethylene pipettes that were 
positioned 10-em under the water surface in the 
focal point. Cells were either suspended in growth 
medium Or in PBS (8.0 gIL NaGl, 0.2 gIL KGI, 
1.44 gIL Na, HPO. · 2H,O, 0.2 gIL KH,PO., 0.1 
glLMgCl, · 6H,O, 0.1326 gIL CaGI. . 2H,O; pH 
7.4). unrreated controls were kept under the same 
conditions. Phosphate buffered saline was only used 
after storage at 4°C for at least 14 days. 

After shock wave treatment, fractions of intact 
and dcsttoyed cells were dctennined as described 
earlier. 13 Briefly, the cell damage was quantified. by 
counting the geometrically intact cells in a Coulter 
Counter (Model Industrial D , Coulter Electronics, 
Hialeah, FL, USA) and by determining the propor-
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tion of ~iable cells within the geometrically intact 
population by flow cytometry. For discrimination 
between viable and dead cells, we applied a double 
staining technique using propidium iodide for char­
acterization of damaged cells and hydrolyzed fluo­
rcscc:in diaccr3rc for identification of viable ceLls. 
Every experiment was repeated at least rhr~ times. 

Statistics 

The data are prescnted : ~ means (0 2: 3) with 
standard deviation. Regr~sion analyses and graph­
ies were caleulated by least square fittings to single 
exponential decay fimctions23 using MuItigraf 
(midas micro-Datcnsystcme, FrankfunlM., Ger­
many). The LDso was calcularcd using the function 
obeamed by the weighted regression analyses. 

Results 

Since the cell lines used for these studies arc 
growing in different media, we first investigated the 
influence of different suspension media on shock 
wave efficacy. With LI210 cells, we found an insig­
nificant difference (a > 0.05) in cc.U damage after 
shock wave treatment in their recommended 
growth medium RPM! 1640 (lethal dosage 50% 
[LDsoJ = 249 shock waves) or in DMEM (LDso 
= 243 shock waves). In PBS (LDso = 291 shock 
waves), their sensitivity was significantly reduced 
(0. < 0.01) when compared to both media (Fig. I) . 
This result indicates that the use of different growth 
media has no effect on the shock wave efficacy for 
Ll210 cells. For BICRJM1Rk cells, however, treat­
ment in their rcconunended growth medium 
DMEM (LDso = 407 shock waves) resulted in a 
higher sensitivity (0. < 0.01) than in RPMI 1640 
medium (LDso = 517 shock waves) and, in con­
erast to Ll210 cells, in PBS (LDso = 249 shock 
waves), their sensitivity was considerably increased 
with IX < 0.01 when compared to both media (Fig. 
2). Further experiments were carried out with cells 
suspended in PBS without senun. In any case, this 
procedure has the advantage of reducing the influ­
ence of unknown parameters chat may stem from 
the required medium components, e.g., serum. The 
controls of all cell cuJturcs showed 99%-100% via­
ble cells after the time required for the experiments. 
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Figure 1. Viability ofLI2IO teUs after shock wape exposure 
in diffmntsuspensWn mulia. EM"j point represents the mean 
± srandnrd deviRtion of Rt kJUt three rxpmmmts. 

The resulting dose-effect curves arc shown in Fig­
ure 3. For chese data, exponential regression curves 
were fined for the L1210 cells grown as suspension 
and the cell lines growing permanently as mono­
layer> (FL, BICRlMIR., MGH-UI, and F9), as 
well as the primary embryonic chick cells. The LDso 
values for each cell line were calruJated from the 
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Figure 2. Viability of BICRlMIR k etUs after shock wave 
txposurt in different suspensWn media. Every point represents 
the !man ± mmdard deviation of Rt least three txperiments. 
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Figure 3. VUJriJiry ofnornud tmd mRlfg1UUJt"Us "ft"shotlt 'WRn trelllmmf in phosphate buffeml 
saline. Every point rtpresnm the nuan ± standard dni4tion of RlltlUt time experiments. 

resulting regression analyses and are summarized in 
Figure 4. LDso values ranged from 412-238 shock 
waves. Only thigh muscle and FL as well as BIeRI 
MIR, and F9 differed insignficantly (a > 0.05); 
MGH-Ul and thigh muscle differed with a < 0.05, 
and all other LDso values differed with a < 0.01 . 
For our investigated cell lines, the cell size: seems 
not to be correlated with cell sensitivity to shock 
waves (compare Fig. 4 with cen diameter results 
given in Materials and Methods and Table 1). 

Discussion 

Since Russo and co-workerss described in vitro 
and in vivo cytotoxic effect of shock waves on rumor 
cells, 3 dose-related reduction in cell viability after 
shock wave treanncnt has been demonstrated for 
both spark gapS- S.l4 and dectromagnetica11y9. IO.lS 

generated shock waves. Our results presented in this 
srudy also show a dose-related effect and arc thus in 
acco~ance with our earlier findings,13 as well as 

with investigations from the groups mentioned 
above. 

Since temperature and oxygen content of the ll· 
thotripter water bath influence the applied shock 
wave energy and thus the amount of surviving 
ceUs.1<6 and since viscosity of suspension media ef· 
fecu the survival rat~ IUS we carefully controlled 
these parameters and kept them constant for com· 
parison of the shock wave efficacy. 

The mechanism of shock. wave induced cell death 
and possible different sensitivities of cell to shock 
wave application is still unknown. Cavitation. micro 
jets, acceleration, shearing forces. and the fonnaDon 
of free radicals arc mechanisms that may cause: the 
injury of suspended. ceUs.ll.13,.24-28 On the other 
hand, parameters like cell size and pretreatment of 
the ceUs prior to shock wave application may influ· 
ence the survival rate. 

In vitro experiments have been perfonned with 
cells suspended in their appropriate growth media. 
From ultrasonic research, however, it is known that 
parameters like gas content, surface tension, and 
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Figure 4. LDso Niua of rhodt waJIt tTtlJltA nqmuU lind 
malignant cellsj LD50 raJua ranged from 412-238 shoei 
'IN'PtS. Only thigh musde IUUI FL as weU as BICRlMlR. .. 
RIIII F9 diffm:d inrianiJium'ry (a > 0.05); MGH-UJ and 
tlngh musde difft'rtli w#h a < 0.051 Rnd R1J other LDso 
'Nllm diffmd with a < 0.01. 

temperature of the swpension media can influence 
the threshold for acoustic caviration.29-

32 Hemoly­
sis after u1trasonic treatment does not only depend 
on variations in tcmpcrarurc, osmolarity, viscosity, 
and density of suspension medium,28 but also on 
cell concentration13 and age of the suspension me­
dium. 34 Furthermore, we cannot exclude a biologi­
cal influence (i.e .• change in cclluJar sensitivity) of 
different suspension media in addition to the well­
documented alterations of physical parameters. To 
reduce the effect of different contents of cavitation 
nucleation sites or variations in the viscosity and/or 
the mass density of the meclia. we used only PBS 
(> 14 days old) without serum to suspend the cells 
for the shock wave ueattnent. In all cases the acute 
cell-damaging effect was a function of the applied 
shock wavcs; but with regard to their dose response, 
the investigated cell lines differ in their calculated 
LDso. However, we could not detect a specific dif­
ference in the sensitivity to shock wavcs between 
normal and malignant cells as can be seen from Fig­
ure 4, where the cell lines have been arranged by 
ranking their LDso.lhis ranlcing, however, will ce.r­
tainly be changed when the cells were trC3ted Ul 

another suspension mediwn, as can be judged from 

Figures 1 and 2_ Nevertheless, this procedure 
should not result in a separation of normal and ma­
lignant cells with regard to their shock wave sensi­
tivity. 

It may well be that embryonic cells cannOt be 
considered as normal cells. Whether they arc more 
or less sensitive to shock waves than nonnal adult 
tissue cannot Ix answered from our prcsc:ntcd data. 
Whereas permanently growing cells of normal ori­
gin (like FL cells, in culrure since 1956) may ",ther 
be malignant cells, the investigated embryonic cells 
of 12-day-old chicken embryos were already differ­
entiated and may well represent nonnal tissue. 

Our results presented here indicate that under 
carefully controlled and constant experimental con­
ditions, cells have different sensitivities to shock 
waves, but no general difference between nonnal 
and malignant cells can be seen. 

A.~: The authors thank Mrs. Katja Laskowski for 
tcchnica.l. assistanCe and Mr. Reiner Eckert for hclpful discussion. 

References 

1. Chaussy Ch. (cd.). Extracotpon:al Shock Wave L;­
thompsy. 2nd edition, Basel, Switzerland; S. 
Karger, 1986;1-155. 

2. Sauerbruch T, Ddius M, Paumgartner G, et aI. 
Fragmentation of gallstones by extracorporaJ 
shock waves. N Engl , Mcd 1986;314,818. 

3. Iro H, Nitsche N, Schneider HT, et aI. Extracorpo­
real shockwave lithotripsy of salivary gland stones. 
Lancet 1989;20115. 

4. Lingeman JE, McAteer JA, Kempson SA. e[ aI. Bio­
effectS of extracorporeal shock wave lithotripsy. 
Urol Clio North Am 1988jI5:507. 

5. Russo p. Heston WOW, Fair WR. SUPl?ression of 
in vitro and in vivo rumor growth by hlgh.energy 
shock waves. Surg Fonun 1985;30:646. 

6. Russo P, S~phenson RA, Mi~ C. et aI. High en­
ergy shock waves suppress rumor growth in vitro 
and", ,"vo. , Vrol 1986;135,626. 

7. RandazzoRF, Chaussy CG, Fuchs G], et aI. The in 
vitro and in vivo effects of e.xtracorporcal shock 
waves on malignant cells. Urol Res 1988;16:419. 

8. Yang C. Heston wnw, Gulati S, et aI. The Effect 
of High Energy Shock Waves (HESW) on Human 
bone marrow. Urol Res 1988;16:427. 

9. OostcrhofGON, SmitS GAHJ~ de Ruyter JE, et aI. 
The in vitro effect of electromagnetically generated 
shock waves (Lithostar) on the Dunning R3327 

Vol. 4, No.3, 1992 Journal of Stone Disease 247 



BROMMER, Ef AL. 

PAT-2 rat prostatic cancercdl-line. Urol Res 1989. 
17,13. 

10. van Dongen TW. van St«nbrugge GJ. Romi;n Jc, 
d: aI. The cytocidal effect of high energy shock 
wa .... es on human prostatic rumor cell lines. Eur J 
Cancer OnooI1989;25:1173. 

11 . Strohmaier WL. Bichler KH, Deetjm p. tt aI. Dam­
aging dfem of high energy shock waves on cuI­
tm<d Madin Darl>y Canine K;dncy (MDCK) cells. 
Urol R<s 1990;18,2SS. 

12. Brauner T, Briimmer F, Hulser DF. Histopathol­
ogy of shock wave treated tumor (ctl suspensions 
and multicell rumor spheroids. UltrasoWld Med 
Bioi 1989;IS,4SI. 

13. Brilmmcr F, Brenner 1. Brauner T, et aI. Effect of 
shock waves on suspended and inunobiliz.ed L 121 0 
cdIs. Ultrasound Moo Bioi 1989;15:229. 

14. Brfunmer F, Staudenraus J. Nespcr M. eta!. Biolog­
ical effects and physical characterization of shock 
waves generated by an XL-l experimental litho­
tripter. In: Ultrasonics Intemational89 Confercn~ 
Prcx:cc:dings, Guilford, United Kingdom; Butter­
wonh Scientific Ltd., 1989;1I30-113S. 

15. Smits GAHj. Oostcrhof GON, de Ruyter AE, et: 
aI. Cytotoxic effectS of high energy shock. waves in 
different in vitro models. Influence: of the experi­
mental set-up./ Uroll990;14?,171. 

16. Law LW, Dunn TB, Boyle PI. et aI. Obsc.rvatio(}$ 
on the: e:ff«t of a folic·acid antagonist on transplant­
able lymphoid leuke:mias in mice:. I Nat! Cancer Ins~ 
1949;10,179. 

17. Fogh I. Lund RO. ~ntinuous cultivation of epi­
thelial cell strain (FL) from human amniotic 
membrane. Proc Soc Exp Bioi Med 1957;94:532. 

18. Evans DR, Irwin RJ. Havre PA, et aI. The activity 
of the pyrimidine biosyntheric pathway in MGH­
U 1 transitional carcinoma cells grown in tissue cuI­
=c. / UroI1977;1l 7,712. 

19_ Rajcwsky MF, Griineisen A. Cell proliferation in 
transplanted rat rumors: Influence of the host im­
mune system. Eur J lmmunoI1972j2:445. 

20. Bc:mstinc: EG, Hooper ML, Granddlamp S, et aI. 
Alkaline phosphatase activity in mouse teratoma. 
Proc Nad Acad Sci USA 1973;70,3899. 

21. Frahncy RI. Culture of Animal Cells. A Manual of 
Basic Technique. New York, NY; Alan R. Liss Inc., 
1983;99- 118. 

22. 

23. 

24. 

2S. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

Brenner J. Hiilser OF. A rapid ~cth?<i for the de­
tcrrninaoon of absolute parude Sizes m a flow cyto­
meter.ln: SchUn W, Klinkmann H, Lamprecht I, 
et aI. cds. Physical Characterization of Biological 
Cells. Berlin, Germany; Verlag Gesundheit, 1991; 
131-146. 
Neider JA, M~d R. A simpla method for function 
minimization. The Computer Joumal1965;7:308. 
Wilmer A. Gambihler S. Delius M, et aI. In viuo 
cytowxic activity of lithotripter shock waves com· 
bined with Adriamycin or with cisplatin on Ll210 
mouse leukemia cells. J Cancer Res Clin Oncol 
1989;IIS,229. 
Morgan TR, Laudone VP. Heston wnw, et aI. 
Free: radical production by hipt energy shock 
waves-comparison with ionizmg irradiation. J 
UroI1989;139,186. 
Suhr D. Briimmer F, HUlseI' DF. Arc biological 
effects of shock w.aves caused by free radicals? In: 
Ultrasonics International 91 Conference Procetd­
mgs, Oxford, United Kingdom; BuneIWorth­
Heinemann Ltd., 1991;57-60. 
Williams AR, DeliusM, Miller DL, et aI.lnvestiga­
tion of cavitation in flowing media by lithotripter 
shock waves both in vitro and in vivo. Ultrasound 
Mod BioI 1989;IS,S3. 
Miller DL, Thomas RM. The influence of variations 
in biophysical conditions on hemolysis near ultr.1-
sonically activated gas-filled micropores. J Acoust 
Soc Am 1990;87,2225. 
Crum LA. Tensile strength of water. Narure 1979; 
278,148. 
Apfel RE. Acowtic cavitation prediction. J Acoust 
Soc Am 1981;69,1624. 
Armour EP, Corry PM. Cytotoxic effectS ofultta­
sound in vitro dependence on gas content, fre­
quency, radical scavengers, and anachment. Radiat 
Res 1982;89,369. 
Kondo T, Kuwabara M, Sato F. et aI. Influence of 
dissolved gases on chemical and biological effects of 
ultrasound. Ultrasound Mod Bioi 1986;12,151. 
Ellwart JW, Brntel H, Kober LO. Cell membrane 
damage by ultrasound at different cell concentra­
tions. Ultrasound Med Bioi 1988;14:43. 
Miller.DL, Williams AR. Bubble cycling as the ex­
plananon of the promotion of ulttasonic cavitation 
m a routing rube exposure system. Ultrasound Med 
Bioi 1989;IS,641. 

248 Journal of Stone Disease Vol. 4, No.3, 1992 




