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ABSTRACT | »

Frog sciatic nerves in vitro are irradiated with focused, cyclotron-accelerated

‘heavy ions. Four different charged particle‘beamé ére.employed: 43-MeV‘protons,

>v60-MeV, 76—MeV, and 110 -MeV helium ions . The average dose absorbed by isolated

nerves to completely snppréss_propagation of nerve impulses is 680 krad for
43-MeV protons, 300 krad for 110-MeV helium ions,. 230 krad for 76-MeV helium.

ions, and 210 krad for 60-MeV helium ions. The experimental relative biological

‘effe;tiveness (RBEexp)'£° inkibit transmission ofhactioh potentials is 1.2

for:43—MeV protons, 2.9 for‘1104MeV‘ﬁélium ions, 4.0 fof 76—MeV'heliuﬁ ioné,
and 4.4 for 60-MeV héliﬁm ions. .RBEéxp is és;ablishéd with respecﬁ ?6 tﬁe
absorbed dose from 200-kV x rays.

We finq éﬁac the RBEéxp for négral condﬁqtioﬁ'failur§ in frog nerve is -
a function of the linear energy trahsfer (LET). The RBE/LET }inear relationship
detailed in this report also édppbrts daté aQailabie from other-inyestigators.

) -

Values for a theoretical relative. biological effectiveness (RBEtheb“
based on an. elemental equation are in fair agreement with RBEexp values.

‘We found that about 2.5 x l(_)4 rad-ion pairs/micron of nerve are critical

to induce conduction failure in frog sciatic nerve.



INtRODUCTION N

~ The first dés§tiptioﬁ-of impaired'excitability in peripherai nerve from
an éxpogure to ioﬁizihg'fadiation waé‘given By Laéarus;Barlow (1913). The
radiétion dose to.thlyvabqlishvpe;ipheral nerve ACCion potentials reméinéd ' 4
unknownvfor the‘next twenty yearS‘un;il‘the work of Audiat,.Auger and Feésard : L:
(1934).1'We still dd nét fully underéténd'how radiation'halts ﬁeural impulée'
>’traﬁémission; HpWever;‘réseafth‘iHVéstigatérs have p:&videa informatiéd about
 tHé'fhndamentaI chaﬁgés iqhizing fédiatioﬁé can causé'in nerves. Biological
iﬂdiées,,such'as.édnduction veloci£y (Cefstn§r,‘Ofth,‘and'Richey, 1955), CHe
- refractory éeriod (Makarév, 1934), and.iéniC'membraﬁe'germeability‘(Rotheﬁberg,‘
1950; Gaffey, 1962)Aha§e beéﬁ used_to study how‘the nérVe interacts with ionizing
'fadiaﬁibn fields. | |

. " The miﬁiﬁum"dose to comﬁletely sﬁppreSs éétion-potenﬁials in frog sciatic
nerve 1s éstiméted in this ;eport »Thé.heavy ions used wefe 43—M¢V prétons?-
and 66—Mev,‘76~MeV,.and llO—MeV.helium ions; the relative biological effectiveness
(RBE) of these radiationé with zespecf.to # fays has also been eQaluatéd
‘The RBE Qalues‘forrother r;diatioﬁ particles 5as been de;ermiﬁed‘from ‘nformation
in the literature. Finally, the potential reiationshib.betwecn the RBE fof
nerves’ and the liﬁeaf energy transfef'bfgvafibus,radiétions has‘been‘considered.
.If the loss gf neuralAexcitatién dependé only-on'thé production'of a

ﬁertain'ﬁumber of ionjpaifs,'then“the distribution of ion,pairs shduld_dot
be a relévant facgor, If the-loés of excitation occur;vonlylin the critical » _ O
volume of ‘the membrane of nerve, thep an_appreéiable aumber of ion-baifs must - {
be.produced clpse to one another to suppress excitation. The distribution
~'of‘i9nsvaléng,;he Créck-of an ionizing particle; or linear energy transfer

(LET), is-definéd as the loss of energy of a particle per unit of path travelled
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(zirkle, 1940, 1954; Zirkle et al., 1952; Rossi, 1960, 1967). The consideration -
arises as to. whether the RBE to blockxneu%al.excitationvis related to the

LET of various radiations used to halt neural impulse transmission. Modern

hypbtheSés dealing with the mode of action df,ionizing.radiation seek information
 thac'verifies eithgf the absence or the existence of RBE/LET correlations.
The present study supports an earlier view (Gaffey, 1971b) that the greater

the LET of a rédiation the greater»theiRBE to block neural excitation..

- METHODS

Biological Procedure

Alert, drug-free, adult frogs (Rana pipiens), weighing about 35 g each,

~were decapitated and their spinal cords pithed. Sciatic nerves were carefully

removed to avoid trauma to the nerves and their intimately associated blood

vessels. Each nerve was tied with surgical thread at its central and peripheral

terminal. WNerves were separately stored in labelled vialsbcontaining a small

" volume of Ringer's solution (Mitchell, 1948)."Ne;ve preparétiods weré bathed

in a balanced isotonic solution for one hour (minimum) to permit the trimmed
side branclies to heal and to allow enough time for each nerve to come into

dynamic equilibrium with the salt solution.

Radiation Procedure
‘The 88-inch cyclotron at Lawrence Berkeley Laboratory supplied 43fMeV‘

prdtons;'éO-MeV, 76-MeV, and 110-MeV helium ions. The cyclotron's exit port

,deliveréd a 4-in circular beam pfvaccelerated'heaVy ions to a shielded biophysical

‘cave.. Magnetic focusing restricted these heavy-ion beams to a l-in circular

béam, and they were further limited ﬁo a 6.0 x 25.4 wm gap by a tantalium
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~absorbing collimator. A transmission ionization chamber (Birge et al., 1956)
inserted in thevcyclotton's,beam‘coilected a charge as nuclear particles passed-
‘through it. Charge was measured with precision condensers and electrometers.

' The average charge collected over a given time was a function of the average

e,

doSé absb;bed by;the~test nerve. Although eaph nerye‘preparation was approximaﬁely
»45;mm long, oniy 6 mm of netVe-near,the‘middle was irradiated.

vThe‘dose Qalﬁés'from §he ioniiing'chamber were in good agteemenf wiﬁﬁl
Faféday'cﬁp méasﬁréménts.. The‘dqsé r#ﬁesvﬁe psed raAged_from 6 to 10 krad/min
to miﬁic £4ray doses.uséa,by others.(Baéhofer and ‘Gautereaux, 1960; Ba;hofer;

1962).

Action Potential Measurements

Avmoist'chamﬁer»housing a.sciatic-nerﬁe was ioCkéd into a preéision alignment"
épparatus in pfgparatiqnbfor"intercepting a‘héavyfion béam'froh the 88-in
cyclotfdn., An isolated nerve rested'dn-Ag;AgCi eiecﬁrodes; The ﬁerye-chamber
waé_sealed with a Q{S_ﬁil‘Myiar‘window andvpbsiﬁioned iﬁmediately downstream
from the ionizing éhamber. In thié‘manner the path_betweeh the dose_mdnitoiing
deviéé and the test nerve was reduced ;012'£o 3 mm-

‘One’ pair of-éléctrodcérin the nerve chamber  sent eléﬁtfical pulses (0.1 msec
in;duration at 10 pps) to the centrél portion of ﬁhe sciatic nerve.' The véltage
strength from a stimulator (Grass, Model S-4 and isolation unit) was regulated
to evoke maximum action poteﬁﬁialé. :Aﬁothe; ﬁair of electrodes in conﬁacc
" with the peripﬁeral segment of the nerve detgcted actiqn potentials that had - ' ey
been transmitted. Thesé recording eléccrodes ran leadslto a preamplifier
(Grass, Model 532) which displayed its signal on an'oséilloscope with a high-

gain differential input amplifier (Tektronix HModel 532 with type 53/54 plug-in).
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Action potentials were photographed as oscillograms qsing a polaroid oscilloscope

camera. . Once a test nerve was positioned it was never altered with respect

tovthe beam. Nerves were stimulated and action potentials recorded in a shielded

area removed from the irradiation site. Heavy-ion beams were also regulated

by remocte-control.
The linear energy values of the four heavy ions employed in this nerve

study are presented in Table 1.

RESULTS

‘Inactivation Dose .

A pre;irradiacion period of eléctricai_stimulation cénfirméd the fidelity
and stability of eéch,nerve's propagated reséonéé. Thereafter, heavy-ion
irradiation was initiated and the time to suppress neural exictability was
déterminéd by honitoring action potentials until supramaximal stimuli failéd
to evoke a detectablé neural response. The absorbed dose 6f heavy ions that
completely blocked action potentials was~c&1c@1ated'from the observed exposure
time and_thé measuréd dose rate.

An example of the amplitude of neural action potentials as a function-
;f the accumulated dose of 110-MeV helium ions is shown.in Figure 1. ' The
maximum\action-pOCential'amplitude is reéis:ant_to rédiation induced change
untii the nerve absorbed about 200 krad. Additional radiation provoked a
rapid attenuation and ultimate loss oflthe’nefve'é signal. The heavy-ion
dose to block neural activity is'readiiy obtaiqed from indiQiduai dose;fesponse
curves, as iliustrated in Figure 1. .

We irradiated twelve nerves and found that thé averége dose . that would

inhibit impulse conduction was 210 krad (60-MeV helium ions), 230 krad (76-Mev



helium ions), 300 krad (110-MeV helium ions), and 680 krad (43-MeV protons).
These inaétivétién dosgs were subsequently validated in other experiments

dealing with narrow-field, heavy-ion effects on smallvségments of frog sciatic

.

nerves (to be reported).

o~

: We estimate from Figufe i that the nerve absorbed 200 krad of 110-MeV
heiiﬁm ions to attenuate the action potentiai'svampiitude by énly 5 percent.
The'meéépfed dose to prévoke a 5 percent fadiobiological‘increase is 180 krad
'for fhe_actioﬁ poteﬁtiél'éflaﬁent peribd, 175-krad for conductioﬁ velocity,

‘130 krad for thé duration of the action poténtial, and 20 krad for the peak
time.. Apparengly'the action potential is the least radiosensi;ive of the
-paraméters éOnside;ed, whereas the.shift in the peak:time of the action potential
is the most radiolabile ihdex_df physiological change. VNonetheIess; neural-

blocking doses are valuable radiation measures because RBE values are nOfmaIly

based on ;his radiobiological end poiht.

Relative Biological Effectiveness

Relétive biological efﬁectiveﬁess is defined heré as‘the ratio of thé
absorbed dose of ZOC-kV'x rays to the ébso;bed dose of a test species of radiation
-which Qill fully inhibit the propagation ofvaccion-potentials in frog éciafic
nerve. We previously repérted that itvtook 285;krad of 200-kV x rayﬁ'fo block
neural activity of ftoé'nerve'(éafféy; 1971a). The RBE values for the heavy-

ion beams we used are listed in Table 1. Each species of radiation has been .

<

compared to 200¥kV X. rays, which has been assigned an RBE of one by convention.
We found that the RBE to halt neufallaqtivity increaséd with increasing LET .
vélues._'Other investigators have reportedbdoses that will block cpﬁduction
in frog sciatic ncrve (Table 1). These data, Qhen added to the information

in this réport, support the view that RBE 1is dependent on LET.
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~ A plot of the relatlonshlp between RBE and LET is glVen in Flgure

The data p01nts in this graph were obtaxned from the information given in

Table 1

LET

In Table 1, LET deeermlnatlons for Heavy 1ons are based on the track
segment method (erkle, 1940, 1954; Zirkle et al., 1952; Zl;kle_ahd Tobies,
1953; Barendsen et al. 1963;‘Fow1ef;_19755 and the'table:of energyulosses_-
of Barkas agd Berger (1964), _Linder.(l959)ipéported that the mean LET for

200-kV x rays was 2.5 keV/micron in eir.and 3.0 keV/micron in tissue. Track

~length factors and LET valuesfare not as well defined for x rays as they are

for heavy ions. Cormack and John (1952) and Lea (1955) gave a useful track-
length calculatlon for LET estimates whlch depended on the X-ray. spectrum.
The mean LET value was determined to be 2.7 keV/micrdn in tissue for 260-kV

x rays for the frog nerve irradiations of Gerstner et al. (1955, 1956).

DISCUSSION

RBE/LET Relationship

In Figure 2 the-experimental RBE to block neural transmission isApresented
as .a function of LET for Heavy-iph-and~x-ray’irradiationé. LET rahges from
1.2 to 4.4 keV/micron of weter; egperimental RBE ranges from O,41vto 1.35;
Although these ranges are smail and the number of»radiations is-limited;.we
are éELe to descfibe the RBE/LET relationship iﬁ figufe 2 with the_linear_
equation:. | | )

y =mx + b, o . o | W



ne
where y representS,tHe theoretical RBE, x represents LET, m is 0.31 or the
slope, and b is 0.07 or the ordinate intercept when LET is zero.

1f equation (1) is valid, then it should prove to be a useful tool for

calculating theoretlcal RBE values for radxatlona from thelr known LET values

B ¢

Consider'the'following_case(- Bergster,gE.gl. (1061) repoxted that 10 krep

o

(9.3 krad) of 5.3-MeV helium ions‘from-210Po'caused a complete loss of the
.action potent1al of frog nerve within a few mlnutes after 1rrad1at10n : The
'5.3-Mev hellum ions have an LET of 110.0 keV/mlcron of water Equatlon (1)

'predlcts that the theoret1ca1 RBE (y) for 5.3-MeV hellum ions w111 be:

y (0;31)-(110.0) f”o;o7

34.17 (RBEtheor).

| y
The QXperimental‘RBE obtained from the measured inaCtiQation dose is 30.67
(Bergstrim et al., 1961). Thus, ﬁhe'experimentai RBE and.the theoretical
‘RBE differ by 11 4 percent .It is remarkable that the theoretical RBE is
so close to the measured RBE since equatlon (1) makes use of an LET value
that is two_orders of mdgnitude.greater than any appéaring in figure 2. The
ordinate aﬁdAabSCissa of Figure 2 would have to be extenaed considerably to’
inciude'the RBE/LET détavobtaiﬁed from the report of'Bergstrﬁm_E£ al. (1961).

Table 1 contains experiméhtal RBE values énd theo;etical RBE values

(equation 1) for'niné fédiétion3f I1f we accept that the experiﬁental RBE
is approximately equal to the théoretical RBE, then wé can obtain a theoretical

inactivation dose (D,

theor) to.blo¢k>impulse transmission in frog nerve for ' »

a test_species bfvradiation.v The basic definition of the cxperimental RBE ' ~£

that will completely suppress neural excititation is:

RBECX _ Dose of ZQO kV x.ray . : | | (2)
: “p Dose of test radiation ‘ , -
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Since 285 krad is the measured inactivation dose to block frog nerve with

200-kv x rays (CéfféY@ 1971a), then

RBE = 222 KI8C —ggp . (3)

. The RBEthebr‘foi‘a test radiation can be obtained by equation (1). For example,

the 5.3-MeV helium beam used'by Bergstrtm et gl; (1961) had a theoretical
RBE of 34.17, which was obtained,fiom inserting the respective LET value for
5.3-MeV helium'iqns-from equation (1). The theoretical inactivation dose

for 5.3-MeV helium ions fr§m equation (3) is 8.34 kréd.‘ Bergstrlim et al.

(1961) reported 9.3 krad as the experimenéal inactivation dose, or 10.8 percent

difference between the measured and the theoretical dose.

Ion Density = .

. A charged. particle leaves a track of excited and ionized atoms and molecules

as it passes through matter. The spacing of .the energy released along the

track is described by. LET, usually measured in keV/micron of track. An LET

value for the electron tracks made by.200-kv X rays_is'3.0 keV/micron of water.

If we assume that 34 eV is required to produce an ion pair in neurzl tissue,

then the ion density is'obtained‘by'diyiding the LET-(keV/ﬁicf@n) by 0.034
keV/iqn pair. Thé:LET~of'200-kV X rays is equivalent tdlan ioﬁ density of
3.0/0(034 or 88.2 ion pairs/micron of nerve. In tﬂis report ion density (pumber
of ion pairs/micron) is used to describe enefgy releases froﬁ Heav} iqns'and:

p 4 ;ay; passing through nerve as discrete events. In Table 2 ion density'is
listed for.nine radiations with their corresponding frog nerve iﬁactivation
dose. The product of ion dengity andvingctivétion dose has uﬁiﬁs of

rad-ion pairs/micron of nerve. We found that the energy required to inhibit



néural;éxcitation is -almost constan; when expressed in these units. . Our value
averaged 2.53 x loa:rad—ion pairs/micron of nerve for thevradiations employed,
whicﬁ-suggesfs there is a»griticai and fixed amouﬁt o£ deura1 membréne"ﬂamage'
‘thét must occur Before‘impulées~éan no longer be conducted. EquiQﬁlént méﬁbrane
suppression can be initiated with high doses of low-LET (1ow-ipq density)
radiations, or with sﬁéll doses of high-LET (high=-ion density) radiations.

On tﬁe ﬁolecularvleQel, perhaps the mémbrane structures essential to maintain
ionic pérméabiiity,are irréveréibiy deﬁatured by 2.53 x 1oa'rad—ion pairs/micron
i éf nerve. S;iéntigts who seek to develop concépts qf how ra&iécion acts:oﬁ
‘excitable néufal'mgmbranés shoul@{consider;not.only biological factors as
functions‘of radiation,:bhc pﬂyéical.faqtqts, such ‘as the moleculat.effecté

- of different LET radia;ions on 1ipiafprotein-ﬁembfanes; aé‘weliQ.Thase studies

: wére supported by thé Biomedicélland EnQironmeﬁtal Research Division of thé

Department of Energy; and NASA.
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Table 1. Experimental Doses of Radiation to Block Action.Potentials in Frog Sciatic 2mn<mm. Relative

Biological Mmmmnnw<msmmm (RBE), and Linear Energy Transfer (LET)

Reference

LET

Radiation Dose .mxcmnwam:nww Theoretical
| (krad) (keV/u) RBE RBE
S-z%_ﬁ_on%w mm_o_.o_ This report 1.2 o.ﬁ_ 0.44
48-MeV protons 600.0  Gaffey, 1971a 1.3 0.47 0.47
910-MeV helium wonm .bwo.o . Gaffey, 1971a ‘w.m 0.66 0.58
260 kV x rays 329.0 Gerstner et al., 1955, 1956 2.7 0.86 0.90
HHOlZm¢ helium »o:m. 300.0 H:wm,nmvoww a 2.9 0.95 0.96
200-kV x rays 285.0 Gaffey, 1971a 3.0 1.00 1.00
76-Mev :mwwca wonm Mwo.o H:ww,nmvonnv 4.0 .wﬁwu. 1.31
monﬁm< helium ions mHo.o wswm.nvaWn 4.4 1.35 1.43
m,wixm<wrm~wcl wﬁlm 9.3 Bergstrbm et mw.ﬁ 1961 110.0 30.64 34.17
ol o E

(N

i3
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Tabie 2. IonTDeﬁSity'of Radiations and their Corresponding Ekpérimental.

Doses that Will Block Action Potentials in Frog.Sciatic Nerve

Ion Density -

Ion Density x Dose

Radiatibn' Dose
- (1on pairs/ ) - ' (krad) (rad-ion pair/ ) x 10%

43-MeV protons $35.3 680 2.40
48fMeV protbns 38.2 6001 > 2.29
910-MeV helium ions ,47!1  | 430 2,03
'zéofkv X rays 79,4. _ 359' ‘ 2.61
110-MeV helium jons - 85.3 300 2.56
200-kV x %ays 88.2 285 2.51
76-MeV heiium ioﬁs 117.6 230 2.70
60-teV helium ions 129.4 210 2.72

| $3235.3 9.3 3.00

5.3-MeV helium ions

14
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FIGURE LEGENDS .
Figure 1:  Ratio of the values of maximum action potential amplitudes before (Vo)
XBL7712-11482 o o | o
o and during (V) irradiation as a function of the absorbed heavy-ion
dose. This radiation-response relationéhip allows the inactivation

dosé for the failure of neural activity to be estimated at 300 krad

u .
for 110-MeV helium ions.
© Figure 2% Relative biologic31 effectivenéss is the ratio of the absorbéd“
XBL7711-11383 - ' o : .
: dose of 200-kV x rays necessary to suppress action potentials in frog
‘nerve to the absorbed dose of test radiations to produce the same
effect. Linear energy transfer is the loss of energy of an ionizing -
particle;pervunit’length of the path‘tré&elled through tissue.
ak
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