Lawrence Berkeley National Laboratory
LBL Publications

Title
Relation between RBE and Let to Inhibit Neural Impulse Conduction

Permalink
https://escholarship.org/uc/item/7mk392md

Author
Gaffey, CT

Publication Date
2023-09-06

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7mk392mc
https://escholarship.org
http://www.cdlib.org/

. o  Dhuiees, /7D

<j ' | ‘Report No. 4562-G

RELATION BETWEEN RBE AND LET TO INHIBIT NEURAL IMPULSE CONDUCTION

Number of copies submitted: two (second draft)
Manuscript pages: nineteen
Number of Figures: five

Numbef of Tables: one



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



£

2.

RELATION BETWEEN RBE AND LET TO INHIBIT NEURAL IMPULSE CONDUCTION

C.T. Gaffey
Lawrence Radiation Laboratory, Bldg. 74
University of California

Berkeley, California 94720



-3-

C.T. Gaffey

Relation Between RBE and LET to Inhibit Neural Impulse Conduction

Radiat. Res. , PP. - s .

ABSTRACT

A dose of 285 krad (average) of 200-kV x rays absorbed by isolated, frog -
sciatic nerves promptly inactivated impulse transmission. Blgckage of neural
activity in this type of nerve required 600 krad (average) of 47.5-MeV
protoﬁs. Protons of this energy have a relative biological effectiveness
(RBE) of 0.48 with respect to 206-kV x.rays, which have an éssigned value of
one. Other investigators exposed frog nerves to different types of radiation
and reported inactivation doses. RBE values determined from such doses were
0.66 for 910-MeV Q-particles, 0.87 for 260-kV x rays, and 30.60 for 5.3-MeV
O-particles.

The RBE values to suppress neurai activity depended on the linear ehergy
transfer (ﬁET) of the rédiation parficles. kadi;tions Qith higﬂ LET valués |
had high RBE values. A plot of the logarithm of RBE versus the logarithm of
LET yielded a 1iﬁear relation for radiations with LET Qalues between 1.3 and
110.0 kev/g of tissue.

Frog sciatic nerves exposed to either 200-kV x rays or 47.5-MeV protons
exhibited bioelectric changes prior to lossAof excitability. Conduction
velocity decreased and the detection period (stimulus-reSponse interval)
increased after nerves absorbed only one-foufth the inactivation dose. The
present investigatioﬁ'failed to confirm the observation of others that the
action potential amplitude iﬁcreased'with the onset of radiation. The
action potential remained unaltered even aftef nerves absorbed one-fourth the
inactivation dose of x rays and one-half the inactivation dose of protons.

Key words: irradiation; action potentials; nerves; RBE; LET.
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INTRODUCTION

The purpose of this work was to determine the radiation dose to block
impulse conduction in isolated frog sciatic nerves with 47.5-MeV ﬁrotonsv
(}H) aﬁd 200-kV x rays. This information permitted the relative biological
effectiveness (RBE) of protons to be'establishedEWifh respect to x rays.
Since the radiation dose té suppress excitation in frog nerve was available
for 5.3-MeV a-pﬁrticles (1,2), 910-MeV a-particles (3) and 260 kV x rays
(4,5), the RBE values of these radiations were conéidered. |

Linear energyAtransfer (LET) expresses the loss of energy of a particle
per unit of path travelled (6 to iO). The RBE of ionizing radiation on some
biolégical systems depends not only on the amount of radiation energy
absorbed, but on LET or how thé energy is deposited along particle tracks
(11 to 13). Since it is not known if an.RBE—LET relation exisfs for nerves, .
this possibility was investigated. Current hypotheses about fadiobiological
mechanisms require information on whether RBE is or is not a functiog‘of LET.

The flux of low energy protons trapped in the inner VanAAllen belt (14
to i6) have about the same deéree of penetration and energy per nucleon as
the ;yclotron-éccelerated protons administeréd to nerve preparations. Since
eighty-five percent of the radiation encouﬁtered in interplanetary space are
protbné, information on theif radioéensitivity has relevance to the éalactic
spacé environment and the radiation hazard there.

:It has been asserted that the action potential amﬁlitude and conduction
veloéity of rat caudél nerves were regularly increased with the onset of
irraéiation (17 to 19). Allen and Nicholls (20) repeated these experiménts

"and éould find no enhancement of neural activity. In the present study
X rays and protons were used to irradiate frog nerve in order to determine

if low doses of these radiations could provoké augmentation of conduction
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velocit? and action potential amplitude.

A;tion potential amplitude, conduction velocity, ahd &eteccionAperiod
(stimulus-response intefval) were studied as a function of the x-ray and
proton dose absorbed by nerves to determine the relative radiosensitivity of
these bioelectric parameters.

i - METHODS

Biological Procedure

Adult frogs (Rana pipiens) were employed.in these'experiments. The

procedure_ahd electrophysiologic equipment used to generate and record action
potentials from isolated sciatic nerves was previously detailed (3,21).

Isolated nerves were maintained in frog Ringer's solution (22) at least
sixty minutes before being tested for bioelectric activity. Some nerves
wefe held in Ringer's solution for several hours before protoﬁ irradiations,
because of the problems involved in obtaining and adjusting a cyclotron
particle beam to}a seiected energy. | ) | |

Sciatic nerves were individually placed inside a moist chamber on
Ag-AgCl electrodes. This plastic chamber had a réservéir of water to main-
tain a high relative humidity.. The stimulus strength delivered to the
central end of each ner&e was regulated to evoke a maximal action potential
(MAP), which was displayed on an oscilloscope. MAP were generated at the
rate of 20 per sec. Nerve preparations were subjected to either x rays or
protons if the MAP amplitudeldemonstrated stability.

The moist chambér housing a sciatic nerve was positioned to intercept
either a beam of protons or x rays prior to physiologic stimulation. The
orientation and location of the moist chamber thereafter was never changed

for a given nerve study. Action potentials were photographed before, during,

L

and after irradiation.
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X~irradiation Procedure

A moist chamber was positioned so that. its 1.0 mil Mylar window was

.between the nerve chamber and the exit port of a therapeutic x-ray machine.

The x-ray machine was operated at 200-kV, 15-ma; the inherent filtra-
tion of the o0il in the #-ray tube was equivalent to 1.0 mm Al; extra filtra-
tioﬁ consisted of 0.5 mm Al plate, an air path of 8.0 mm and the 1.0 mil
Mylar window of the moist chamber. The focus-to-target distance was 13.6 cm.

The quality of the x-ray beam in terms of the half value<1ayer~(ﬁVL) was
determined by the procedure descfibed by Johns (23). The HVL was found to
be 0.83 mm Cu. |

- Isolated nerve preparations received 1,700 + 9 R/min,.as determined by
a Victoreen condenser ionization chamber. This exposure rate included Back-
scatter at the surface of nerves.

RBE &alues normally are presented in terms of the ratio of absorbed
doses. if the air, x-ray exposure (roentgen units) is expressed by d, then
the x-ray dose (rad units) absorbed by nerves (D ) is

nerve

D =dxf
nerve

where f is the conversion factor from roentgens to rads (24).. The f value
for x fa&s is ' a function of the HVL. In these experiments x rays had a HVL
of O.83me Cu, which establisﬁed the f value as 0.946 rad/R (24). The
value for muscle was taken as the closest approximation to nerve. In these
studies x rays were absorbed by frog nerves at the rate of 1,615 + 8 rad/min.

Proton Irradiation Procedure

The 88-inch sector-focused cyclotron at the Lawrence Radiation Labora-
tory in Berkeley served as a source of 47.5-MeV protons.. Cyclotron-accel-'’
erated particles of iH were conducted in a four-inch diameter vacuum pipe

from the cyclotron to a biophysical research cave. A quadrupole magnet
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focused the cyclotron's beam énd a particle absorbing collimator restricted
the profile to a circular beam.

The proton dose was measured with a transmission ionization chamber (25)
placed directly in the beam approximately 2‘to 3 mm before the target nerve.
As the proton beam passed through the ionizatioﬁlzhamber, a charge was
collected. This integrated charge was related to the éverage dose absorbed
by the nerve (25). Faraday cup (26) and silicon diode (27) measurements of
the proton dose raﬁe yielded wvalues in agreeﬁent wifh the transmission |
chamber.

The proton dose rate employed in these experiments was 50 + 1.5 krad/
min, except in six experiments in which the dose rate was specifically
decreased to mimic x-ray dose rates used by others (18 to 19).

By tuning the rf system of the 88-inch cyclotron to 15 MHz, protons with
an average energy of 47.5-Mev/quc1eon wereAgenerated with a maximum beam
curﬁent of 60 pA. The external beam power in this operating state was 2,850
watts (47.5-MeV x 60 pA). The range of 47.5-MeV protons was 2.31 g/cm2 in
air and 2.00 g/cm2 in water. The stopping power of these proton particles
was 11.488 Mev;cmz/g or 1.1488 keV/u in air. " The linear energy transfer
(LET) for 47.5-MeV.protons in water was 13.149-MeV-cm2/g or 1.3139-keV/u.

iHigh-energy protons were restricted by a collimator to a circular beam
6.2‘@m in diameter. This proton beam could be turned on or off remotely by
the femoval or insertion of an absorbing plug. Nerve preparations housed in
a moist chamber inte;ceptéd prétons between the stimulating and recording
elecérodes.

| RESULTS

Isolated sciatic nerves were placed on Ag-AgCl electrodes in a moist

chamber and the chamber was sealed. Action potentials were generaﬁed by



10-5 sec rectangular pulses delivered to nerve preparations at 20 pulses/sec.
The strength of the stimulus was reguiated to evoke maximéi actibﬁ;ﬁb£entiéls
- (MAP) .

Electrical stimulation of nerves was continuous, i.e., MAPs wére
generated during the preirr&diation and irradiation pgriod without inter-
. fuption. AAbbut one minute before each action potential was photographed, the
stimulus strength was adjusted to insure that the observed action potential
was a‘MAP. If.tﬁe MAP amblitﬁde of a given nérve pfeparatién remained
unchanged during the preirradiation interval, the irradiation procedure was
initiated with the nerve in place.

Nerves were maintained in moist~chambers for about 3.5 hours during
X-ray exposures. Nonmirradiated nerves housed in moist chambers maintained
their action potentials for ovér forty-eight hours while being continually

stimulated.

Bioelectrical Effects of X rays

The radiation exposure to suppress neural.excitability was determined
by continually monitoring the MAP of nerves administered 200-kV x rays. In
twenty experiments neural transmission was completely inhibited from 292 to
304 kR with an average bf 300 kR (285 krad) for x rays;

Conduction velocity of neural impulses was étﬁdied as a function of the
x-ray dose delivered to nerves. Conduction ve;ocities were calculated from
the interval between two actionﬂpotential peaks, recorded with reversible
electrodes at differ;nt distances along the length of herQes. Such conduc-
tion velocity determinations were free from the interference that could arise
frém variable latent period fe5ponseé induced by radiation.

Fig. 1 is a composition of MAPs recorded from a nerve during a typical

experiment. Before irradiation (0 kR in Fig. 1) the MAP amplitudeéawere
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10.7 mV and conduction velocity was 28 M/sec. The distéﬁée bétween recording
electrodes in this trial was 10 mm. MAP amplitudes were measured from the
zero baseline to the peak of the negative wave. The detection period,
defined as the interval between the stimulus shock and the rise of the action
potential, was 0.3 msec for the first MAP and 0.8 msec for the second MAP
prior to irradiation (0 kR in Fig. 1). During a 30 min preirradiation
period, MAP aﬁplitudes, conduction velocity, the detection periods, and the
stimulus strength to evoke MAPs were not altered. Thereafter, x-irradiation
was- applied to the nerve preparation until its biocelectric responses ceased
(300 kR or 285 krad in Fig. 1).

During the preirradiation period the conduction velocity, MAP amplitudes,
and detection periods for any given nerve preparation remained stable, but
variations between nerve preparations were found. The conduction velocity
of twelve preirradiated nerves varied from 27 to 34 M/sec; MAP amplitudes
ranged from 9 to 12 mV. The detection periods before irradiation ranged
from 0.30 to 0.33 msec for the first MAP and from 0.60 to 0.80 msec for the

’second MAP.

The cdmpﬁted conduction velocity, relative MAP amplitude, and detection
period of the action potentials in Fig. 1 ﬁere plotted as a function of the
x-ray exposure in Fig. 2. The relative MAP amplitude of the ratio of the MAP
amplitu@es, A/Ao, where A was ﬁhe MAP amplitude for a particular exposure of
x rays and Ao was the MAP amplitude with zero réentgens of x rays. Conduc-
tion velocity and the detection period were plotted as percent changes from
their preirradiated values.

Fig. 1.and 2 illustrate that nerve exposed to 75 kR (71.3 krad) or more
of x rays suffered a retardation of conduction velocity and a lengthening of

the detection period, even though the MAP amplitude remained unchanged.
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Four times this amount of radiation was required to inactivate neural
responses.

In some experiments 60 kR (57 krad) of x rays was sufficient to impair
conduction velocity and increase the detection period. All nerve prepara-
tions demonstrated retarded conduction velocityf;%d detection period changes
after receiving 90 kR (85 krad) of x rays.

When twenty nerves were individually expoéed to x rays, there was no
immediate increase in the MAP amplitude at thé énset of irradiation, as
reported by others (17 to 19). It was our finding that the MAP amplitudes
remained unchanged, even when nerves were exposed to 115 kR (109 krad) of
x rays. However, fourteen out of tweﬁty nerves exhibited a small five to
twelve percent increase in the MAP amplitude with 125 to 175 kR'(119 to 166
krad) of x rays. These fourteen nerves demonstrated bioelectric changes with
only 75 kR (71 krad), such as increases in the action potential duration
(meésured from the rise of the action pdtential until it recrosses the zéro
voltage baseline), reduction in conduction velocity and incréases in the
detection period. Six out of twenty nerves did not demonstrate any MAP
amplitude increase with x-irradiation, only amplitude attenuation with x rays
in excess of 175 kR (166 krad). Conduction velocity reduction, detection
peri&d lengthening, and MAP duration spreading were evidenced after these
six ﬁerves received 75 kR (71.3 krad) of x rays.

)

The stimulus strength to evoke MAPs was not significantly altered when

nerves received 100 kR (95 krad) of x rays. In those instances in which the
MAP amplitudes increased just prior to the rapid impulse attenuation, the
‘stimulus strength decreased about ten percent. It was necessary to increase

the stimulus strength to all nerve preparations during attenuation of the MAP

amplitude.
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Bioelectric Effects of Proﬁons'

If the MAP amplitude of a nerve remained stable for ten minutes, a 6.3
om segment of tﬁe nerve was irradiated with 47.5-MeV protons. The MAP |
a@plitudes of eightéen nerves were completely suppressed when they absorbed
580 to 620 krad of protons. The mean dose to block neural responses to
electrical stimulation was 600 krad of 47.5-MeV protons.

Protons were absorbed by nerves at the rate of 50 krad/min. Thus, the
mean exposure time forlinactivation was twelve minutes. Since the MAf<
amplitude of frog sciatic nérves were not altered by a pure nitrogen atmos-
phere for 60 minutes in control experiments, it is unlikely that blockage of
impulse conduction was due to oxygen depletion during proton irradiation.

MAP amplitudes were reduced to sixteen percent of their original magnitude
after 180 minutes in a pure nitrogén atmosphere.

Fig. 3 is a serial representation of on-the-line'MAPs from a nerve that
received proton irradiation. Before proton exposure the nerve required 0.1
msec for an impulse to pass between recording electrodgs separated by 3.0 mm.
Hence, the preir£adiation conduction velocity in this preparation was 30 M/sec
(0 krad in Fig. 3). The preirradiation MAP amplitudes were 10 mV (Fig. 3).

The variation of preirradiatioq electrophysiological parameters from
nerve-to-nerve was similar to the variation mentioned for preirradiated
X-ray nerve preparations.

.

Conduction velocity, relative MAP amplitude, and the detection period

" data obtained from oscillograms in Fig. 3 were related to the nerve's absorbed
proton dose in Fig. 4. Conduction velocity slowed and the detection period
increased with 150 to 200 krad of protons, while the relative MAP amplitude’

remained unaltered (Fig. 4). Even after the nerve absorbed 300 krad of

protons, the MAP amplitude remained unchanged. The inactivation dose to
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inhibit neural transmission in this.nérve was 600 krad of protons (Fig. 3
and‘4).

All nerves administered 246'krad of prétons had retarded.condgction
‘'velocities and prolonged detection periods. Radiation changesbin conduction
velocity and the detection period were provokédxﬁ§'150 krad of protons in
many nerve preparations. |

‘In fifteen out of éighteen experimenté there was no increase in the MAP
amplitude of.nerves édninistered 250 krad of protons. 1In general, MAP‘
amplitudes were not increased with massive doses of protons just prior to
rapid attenuation and final loss of the MAP, as was Qbserved in some experi-
ments with 260-kV x rays. - Only three proton ifradiated nerves revealed a
four to twelve percent iﬁcrease in the MAP amplitude. This increase in the
MAP'amplitude required 250 to 350 krad of protons.-

: Bachofer and Gautereaux (18) observed immediate increases in the action
potentials amplitude of rat caudal nerve preparations with 280-kV x rays.
They reported that 6 kR/min of x rays gave coﬁsiderable enhancement of neural
activity, while at higher dose rates thé radia;ion-augﬁented activity was
less, and at 1owerldose rates, irradiation-enhancement was greater, but less
‘reproducible. The absorbed x-fay dose rate employed by Bachofer and
Gautéfeaux (18) was equivalent to 5.7 krad/min.

;The inténsity of the 47.5-MeV proton beam was adjusted to 2.6, 5}6, and

6.8 krad/min to determine if these dose rates could increase conduction

velocity and the MAP amplitude of frog nerve with the very onset of irradia-
tioné as reported by Bachofer and Gautereaux (18). Two nerves were irradiated
"at é%ch of these proton dose rates, but no enhancement was found in the MAP
amplitude or conduction velocity, even after the nerves absorbed 200 krad.

In tﬁese dose rate experiments the inactivation dose. was not determined.
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DISCUSSION

In this report theA;elative Biological effectiveness (RBE) was defined.
as the ratio of Dx/Dt,.where D, was the absorbéd dose of 200-kV x rays to
suppress impulse conduction in frog nerve and Dt was the absorbed dose of a
test radiation to produce the same effect. It was found that 285 krad
(average) of 200-kV x rays blocked neural transmission. To produce this
identical response with the same type of nerve required 600 krad (average)
of 47.5-MeV protons. Hence, the RBE of frotoﬁs was 0.48 with respect to
X rays, which:was assigned an RBE of 1,00 (Table I).

It was reported (4,5) that exposures greater than 300 and less than 390
kR (285 to 370 krad) of 260-kV x rays produced prompt abolishment of neural
function in frog sciatic nerve. The average of these exposures, 345 kR
(329 krad), was used as the neural blocking dose for 260-kVAx rays in Table
I. Thus, the RBE of 260-kV x rays was 0.87.

ihe apparent dose of 910-ﬁeV C-particles to inhibit neural responses in
frog sciatic nerves was reported to be 330 krad (3). The actual inactivation
dose in these experiments was 430 krad of 910-MeV G-particles. This revision
was based on dosimetric studies performed on the 910-MeV (-particle beam by
J.T. Lyman (27). 1In 1970 sciatic nerves were irradiated with 910-MeV Q-
particles at the 184-inch cyclotron at the Lawrence Radiatioﬁ Laboratory,
Berkeley. It was confirmed by-the author that 430 krad of 910-MeV G-
particles promptly blocked neural transmission. The RBE for 910-MeV Q-
particles was 0.66.

chording to Schmitz and Schaefer (29) 10 kR of x rays had no obvious
effects on the bioelectric activity of frog sciatic nerves. Similarly,
Janzen and Warren (30) found that the rat sciatic nerve was neither electro-

physiologically nor histologically altered by 10 kR of 240-kV x rays.
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,Therefofe, it was of interest that Bergstrom et al. (2) maintained that 10
krep (9.3 krad) of 5.3-MeV CQ-particles from 210Po<caused complete suppression
of the action potential of frog nerve within a few minutes after irradiation,
and thét half this dose inhibited exciﬁation at 30 minutes postirradiation.
This was the lowest dose of radiation ever reported to cause the irreversible
loss of neural responses from frog nerves. Radiobiologists accustomed fo 3
to 10 krad as a threshold dose for neural damage (4,5,29 to 33) might regard
'the report. of Bergstrom et al. (2) with suspicion. It is our contention that
the low neural blocking dose of 5;3-MeV a-particles (2) can be accounted for
on the basis of the high LET value of 5.3-MeV.a-partic1es.

In'Fig. 5 the logarithm of RBE values to promptly suppress neural
responses in frog nerve were plotted against the logarithm of LET values of
various radiations presented in Table I. RBE was found to incfease as a
function of LET for 47.5-MeV protons, 910-MeV -particles, 260-kV x rays,
200-kV x rays, and 5.3-MeV C-particles, despite'the fact that absorbed dose
rates for these radiations varied considerably.

In Table I fhe LET determinations of 5.3-MeV a-pa£ticles from 210Po,
47.4-MeV protons, and 910-MeV CQ-particles were based on the track segment
method (6,7,8,34,35) and made use of table of energy losses of Barkas and
Berger (36). The mean LET reported for 200-kV x rays was 2.5 keV/p in air
and 3.0 keV/u in tissue (33). Since both the LET and track-length factors
are not well defined for x rays, even mean LET values are subject to consider-
able uncertainty. A.complicatéd total track length calculation based on the
x-radiation spectrum (37,38) approximated LET values for x rays. The mean
LET estimate for 260-kV x rays was 2.7 keV/u in tissue.

- The log (RBE versus LET) plot in Fig. 5 was based on éxperiments

employing radiations with five different LET values. There is a serious lack
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of RBE data corresponding to LET values between 3 and 110’keV/u. This is
because radiations within this LET range have very low pene;ration‘which
dictate the use of single nerve fibers. Unfortunately, single nerve fibers
have been scaﬁtily used in radiobiological studies.

It is unknown if the monotonic log (RBE vergﬂé LET) relation of Fig. 5
would go on indefinitely. In some biological systéms RBE reaches a maximum
With LET and with further increase of LET the RBE values decrease (11 to 13,
38,39). This behavior is explained on the basis that a critical volume for
inactivation exists and with high-LET radiations more than one ion cluster
is deposited in a criti;al volume. In such a case, the extra energy released
is wasted. It remains to be determined if inactivation of nerve will followA
this pattern.

The dose of various types'of radiation to inactivate neural activity of
frog nerve were presented in Table I. The actual inactivation dose of some
jth%sPecies of radiation may be compared to a calculated inactivation dose,
Dj’ pbtained by assuming:’ . ‘

DJ. x LETj = D_ réy x LET_ ray _ Eq. (1)
was Valid over the LET range 1.3 to 100.0 keV/p tissue. Since the actual
inactivation dose (Dx ?ay) of 200 kV'x rays is known experimentally, gnd the

linear energy transfer of 200 kV x rays (LETx ay) and the jth species of

T
radiétion (LETj) is available, the value of Dj can be computed.

The calculated dose of 5.3-MeV Q-particles to inactivate frog nerve was
7.8 krad by equationf(l), which was sixteen.percent lower than the actual
inacéivation dose listed in Table I. The a-pafﬁicle dose rate error reported
by Bérgstrgm et al. (40) was + 30 percent. Even if the LET of Q-particles
from 210Po (2,40) increased to 140_keV/u in their passage through nerve, the

calculated inactivation dose for 5.3-MeV O-particles would be in error by
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thirty-four percent with respect‘to the real inacti&ation dose presented in
Table I. In view of the large dose rate errof in ﬁhe,Bergster et al.
experiments (2,40), the eaICulated dose was sufficiently close to the actual
inactivation dose for mest purposes... |

In Table I there is sufficient agreement between actual and calculated
inactivation doses to.suppress neural activity to warrant further inquiry |
into the relation between RBE and LET. There is a need to determine if
neurologic effects of radiation can be made more meaningful as a function of-:
LET..

RBE data for radiations with LET velues less than 1.3 keV/u of tissue
were exeluded from Table I. This table was also restricted to radiobiological
informatioﬁ about frog nerves. Inquiry should not be prohibited which deals
with the problems of the effects of low—LET radiations on neural tissue. Also,
investigations of RBE-LET relations should not be restricted to frog nerve
preparations. . A few comments about the poesible relevance of RBE to low-LET
radiations is in order.

1f freg nerves were irradiated with beta rays froﬁ 908r with an LET of
0.2 keV/u of tissue, the calculated inactivation dose Qould be 4.77 x 10°
rad by equation . Recently,'Kaack (41) reported that the neural responses
of frog sciatic nerve were inhibited with 81.6 to 204 krad of beta (9OSr)
radiation. The RBE was 1.40 to 3.49 for this beta emitter. Since there is
great disagreement between the real and calculated inactivation dose, it
would appear that eqeation (1) is not relevant for beta (9OSr) radiation.
Although Kaack (42) found that beta rays from 9oSf required 4.00 x 106 rad
to block impulse transmission iﬁ the posttrunk of the turtle's superior
ganglia, ehe use of equation (1) to predict beta ray inactivation doses for

turtle nerve is questionable and requires further investigation.
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The mean LET value reported for gamma (6000) radiatipn was 0.3 kEVAi
. of tissue (23,43). Equation (1) predicts that 2;86 X iO6 rad of'gamma
(60Co) radiation would be the inactivafion dose to suppress neural activity.
Bachofeg et al. (44) stated that it required 308 kR (296 krad) at pH 7.2 and:
388 KR (373 krad) at pH 7.7 of gamma (6000) radiation to block neural activity
of the frog sciatic nerve. Hence, the RBE of gamma rays was 0.96 (pH 7.2)
and 0.76 (pH 7.7). Since the actual and calculated inactivation doses are
not in agreement, it would appear that equation (1) cannot be employed when
the source of radiation is gamma.féys from 60Co. Yet, Kaaék (45) indicated
that gamma rays from.ﬁOCo required 1.44 x 106 rad to suppress neural conduc~
tion of the posttrunk of theturtle's superior cervical ganglia. This gamma
inactivation dose is close to the calculated inaétivation dose obtained by
equation (1). It is possible that the agreement between actual and calculated
inéctivation for gamma (42) and beta (41) radiations is fortuitous for
turtle's nerve.

The_bioelectric responses of excitable neural membranes to radiation
are intriguing, élthough perplexing. It was observed in this repoft that
x-ray and proton irradiation could retard conduction velocity and increase
the detection period at doses that were innocuous to ﬁhe action‘potential
amplitude. The radiobiologic mechanism for this differential action is not
known.

Conduction velocity in rat caudal nerve (17 to 19) and earthworm fibers
(46) have been reporéed to increase with the onset of x-irradiation. Some
earthworm fibers had conduction veloéities sixty-three percent faster during
the preirradiation phase than at the start of irradiation (46); some rat
caudgl nerves exhibited conduction velocities twenty-one to fifty-seven percent

faster 20 minutes before irradiation than at the initiation of irradiation
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(18,19); The proportion of nerves with optimal physiological responses
before irradiation wés not specified (18,19). These preirradiation, optimal
conduction velocity values make the effects of radiation difficult to
interpret. Irradiation enhanced conduction velocity in both the rat and
.,earthworm nerve preparations failed to achieve optimal; preirradiation
conduction velocity. |

Conduction velocity in the frog nerve preparations used in this research
exhibited negligible variation during the preirradiation interval. With the
onset of either x-ray or proton irradiation, no increase in -conduction
velocity was evident. When frog nerves absorbed about 6ne;fourth of the
inactivation dose, conduction velocity became retarded, not increased. The
MAP amplitude remained unchanged at oﬁe-fourth the inactivation dose for
x rays and protons, even though conduction velocity was diminished.

Gerstner et al. (4) reported that velocity of nerve conduction was
unchanged until bullfrog nerves received approiimately 100 R (95 réd) of
x rays. The present findings are in concert with the observation of Gerstner

et al. (4).

The amplitude of bioelectric responses from rat caudal nerves (17 to 19)
and turtle's superior cervical ganglion (41,42) were reported to increéée
with the onset.of radiation. Allen and Nicholls (20) irradiated rat caudal
nerves and rat phrenic nerves and found no radiation enhancemept of the MAP
amplitude. Action potential amplitudes of frog nerves did not demonstrate
a radiation éugmehtaéion when exposed to high-energy C-particles (3).

The findings in the présent report indicate that neither 100 kréd of
X rays nor 250 krad of protons increased the MAP amplitude of frog sciatic ’

nerves.

Beta irradiation of sciatic nerves were reported to cause no enhancement
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of action potentials by Yamashita and Miyasaka (47) and variable respons¢§
by Kaack (44).

Experimental evidence to explain ﬁhy the action potential amplitude
éppears to increase wifhiradiation in some cases and not in others is lacking.
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LEGENbS
Maximal action potentials detected at different locations along the
length of an isoiatedAfrog sciatic nerve. The white numbers .in
upper right corner of each dual-beam oscillogram indicated .the kilo-
roentgens of x-rays delivered to the nerve.
Relative values of the ﬁaximal action potentiai amplitude, conduction
velocity, and detection period as a function of the amount of x-rays
delivered to the nerve. - The action pétentials of Fig. 1 provided
the information for this diagram.
Dual-beam oscillograms of maximal action potentials recorded from a
frog sciatic nerve at different sites along the length of the nerve.
On each oécilldgram was superimposed the proton dose in kilorads
absorbed by the nerve.
Relative values of maximal action potential amplitude, conduction
velocity, andAdetéction period as a function of t@e proton dose
absorbed by a nerve. This figure was constructed from the action
potentials in Fig. 2. .
In this study the relative biological effectiveness (RBE) refers to
the ratio of thé absorbed dose of 200 kV x rays fequired to promptly
block imbﬁlse conduction by frog nerve to the absorbed dose of test
radiations to produce the same effect. Linear energy transfer (LET)
refers to the loss of energy of an ionizing particle per unit length

of path traveled through tissue.
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ABSTRACT

It was found that 285 krad (average) of 200-kV x rays promﬁtly'
blocked neural transmissionvgf frog sclatic nerves. To produce this
© same inhibition in the same type of nerve preparation required 600
krad (average) of 47.5-MeV protons. Hence, the relative biologiéal
effectiveness (RBE) of protons was 0.48 with respect to x rays,
which was assigned an RBE of 1.00. PFrom the reports of other inves-
tigators thé,RBE was computed to be 0;66 for 910-MeV a-particles,
0.87 for 260-kV x rays, and 30.60 fof 5.3-MeV a-particles, '

The RBE values to inhibit neural responses in frog nerves were
found to increase as a function of the linear energy transfer (LET)
for radiations with LET values between 1.3 and 110.00 keV/p of tis-
sue, desplte the fact that‘the absorbed dose rates varied consider-
ably with different species of radiation.

An equafion to éstimate the dose of radiation to block neural
activity was provided. This equation was dependent on the RBE-LET
relation described,

When sciatic nerves absorbed about one-fourth of the radlation
dose to completely block neural responses, conduction velocity was
impaired and the detection period was increased. The action poten-
tial amplitude wés not altered with this amount of proton or x-

irradiation.

Key words: action potentials; frog nerves; RBE; LET
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INTRODUCTION

" The purpose of this work was tp determine the radiation dose
to block impulse conduction in isolgted frog sclatic nerves with
47.5-MeV protons (iH) and. 200-kV x rays. This information per-
mitted the relative biological effectiveness (RBE) of protons to be
established with respect to x rays. Since the radiation dose to
suppressAexcitéfion in frog nerve was available for 5.3-MeV a-par-
ticles (1,2), 910-MeV a-particles (3).and 260 kV x rays (4,5), the
RBE values of these‘radiations‘was éonsidered.

The possibility 6f a dependency of RBE on the 11near energy
transfer (LET) to.suppress neural‘activity was investigated. LET
is usually expressed in terms of the loss of energy of a particlé
per unit of the path traveled (6,7,8,9,10)f The RBE of some bio-
logical systems depend not only on the total amount of radiant
energy absorbed, but also on the distribution of engfgy deposited
along particle tracks, i.e. LET (11,12,13). It is not known if a’
RBE—LET relation exists for nerves subjected to radiafion. Current
hypotheses about radiobiological mechanisms require 1nformation on
whether RBE is or is not a function of LET.

The flux of low energy protons trapped in the inner Van Allen
belt (14,15{16) have about the same degree of penetration and energy
per nucleon as the cyclotron-accelerated protons which are adminis-
tered to nerve preparations in this study. Since eighty-five per-
cent of the radiation encountered in interplanetary space are pro-
tons, information on the radiosensitivity of nerves to protons has
relevance to the galactic space environment and the radiation haz-

ard there,
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It has been assérted that the action potential amplitude and
conduction velocity of rat caudal nerves wefe regularly increaséd
or enhanced with the onset of irradiation (17,18,19). Allen and
Nicholls (20) repeated these expériments on rat caudal nerve prep-
arations and rat phrenic nerQes and could find no radiation en-
hancement of neural activity.

In the present studles, frog sciatic nerves were exposed to
X-ray and proton . irradlation while bioélectric responses were being
measgred. It was of interest to relate changes in action potential
amplitude, conduction velocity;Aand detection period (stimulﬁs—

response interval) to the radiation dose administered to nerves.

METHODS .

Blological Erocedure:

Adult frogs (Rana pipiens) were employed in these éxperiments,
The procedure and electrophysiologic equipment used to geﬁérate.énd
record action potentials from isclated sciatic nerves was previous-
1y detailed (3,21).

Isolated nerves were maintained in frog Riﬁger’s solution (22)
at least sixty minutes before being tested for bioelectric activity.
Some nerves were héld in Ringer'é:solution for seve?al hours before
pfoton irradiations, because of the difficulties involved in obtain-
ing and adjusting a cyclotron particle beam to a selected eﬁergy for
protoné. |

Sdiatic nerves were individually placed inside é moist chamber
on Ag-AgCl electrodes. This plastic chamber had a reservoir of
watér to maintain a high relativé humidity. The stimulus strength

delivered to the central end of each nerve was regulated to evoke
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a maximal action potential (MAP) . 5 MAPs were detected from different
sites along the peripheral length of the nerve preparation and dis-
played on an oscilloscope. If the MAP amplitude remained unchanged
for at least ten minutes while the nerve was stimulated at 20 p.p.s.,
the nerve preparation was considéred physiologicaliy stable and was
subjected to either proton or x-irradiation.

The moist chamber housing a sclatic nerve was positioned to
intercept elther a beam of protons or x rays prior to recording
MAPs. The orientation and location of the moist chamber thereafter
was never changed for a gilven nerve study. Actlon potentials were

photographed before, during, and after irradiation.

X-irradiation Procedure:

A moist chamber was positioned so that its 1.0-mil Mylar win-
dow was between the nerve chamber and the exit port of a therapeu-
tic x-ray machine.

The x-ray machine was operated at 200-kV, 15-ma; the inherent
filtration of the oil in the x-ray tube was equivalent to 1.0 mm
Al; extra filtration consisted of 0.5 mm Al plate, an air path of
8.0 mm and the 1.0 mil Mylar window of the moist chamber. The
focus-to;target distance was 13.6 cm.

The quality of the x-ray beam in terms of the half value layer
(HVL) was determined'by the procedure described by Johns (23). The
HVL was found to be O. 83 mm Cu, |

Isolated nerve preparations received 1,700 + 9 R/min, as de-
termined by a Victoreen condenser lonizatlon chamber. This dose

rate included backscatter at the surface of nerves.
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Sinée it will be of intereét to determine the RBE of differ-
ent types of radiation, x-ray exposures need to be expressed in
terms of the dose absorbed (radj by nerves, D opye- The absorbed
dose under electronic equilibrium conditions is proportional to
exposure dose, 4, according to the equation:

Dperve = & X T |
where T is the conversion factor from roentgens to rads (24%). For
practical purposes values for the conversion factor for water, mus-
cle, and bone have reported as a function of the HVL for the rad-
‘fation employea (24); The conversion factor, T, was 0.946 for rad-
jations with a HVL of 0.83 mm Cu. The T value for muscle was taken

as the closest approximation to nerve.

Proton Irradiation Procedure:

An 1solated sciatic nerve rested on five Ag-AgCl electrodes
in a plastic, moist chamber prior to irradiation. Stimulation of
the nerve and detection of MAPs was performed remotely.

The 88-1inch sector-focused cyclotron at the Lawrence Radiation
" Laboratory in Berkeley éerved as a source of 47.5-Mev protons.
Cyclotron-accelerated particles of 1H were conducted in a four-inch
diameter vacuum pipe from the cyclotron to a biophysical research
cave. A quadrupole magnet focused the cyclotron's Beém and a par-
ticle absorbing collimator restricted the profile to a circular beam.

The proton dose was measured with a transmission ionization
chambers (25) plaéed directly in the béam approximaﬁely 2 to 3 mm
before the target nerve. As the proton beam passéd through the
ionization chamber, a charge was collected. This integrated charge

was related to the average dose absorbed by the nerve (25). Faraday
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cup.(265 and silicon diode (27) measurements of the proton dose
rate ylelded values in agreement with the transmission chamber.

The proton dose rate employéd in these experiments was 50 +
1.5 krad/min,_except in studies in which the dose rate was sbecif-
1caliy decreased. |

By tuning the rf system of the 88-inch cyclotron to 15 MHz,
protons with an average energy of 47.5-MeV/nucleon were'generated
with a maximum beam current of 60pA. The external beam power in
this opefating state was 2,850 watts (47.5-MeV x 6OPA). The range
of 47.5-MeV protons was 2.31 g/cm? in air and 2.00 g/cmz_in water.
The stopping power of these proton pérticles was 11,488 MevV-cm2/g
or 1.1488 keV/p in alr. The linear energy transfer (LET) for
47.5-MeV protohs~in water was 13,139;Mev-cm2/g or 1.3139-keV/u.

‘ Cables connected the nerve in the moist chamber to appropriate
'electropﬁysiologic equlpment in a shielded cave. Action potentials
'from nerve preparations were viewed con;inuously on an oscilloscope,
before, during, and after irradiation.

In these experiménts protons were restricted by a collimator
to a circular beam 6.2 mm in diameter. This proton beam intercepted
the nerve between the stimulaﬁing electrodes and the recording elec-
trodes.

The effects of irradiating the whole sciatic nerve preparation
with protons was tested and gave results similar to those to be re-
ported. |

RESULTS '

Isolated sciatic nerves were placed on Ag-AgCl electrodes in

a moist chamber and the chamber was sealed. Action potentials were
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genérated by 107°% sec rectangular pulses delivered to nerve ﬁrep-
arations at 20 p.p.s. The strengph of the stimulus was regulated
to evoke maximal action»poténtials (MAP) .

Electrical stimulafion of nerves was continuoﬁs, i.e. MAPs
" were generated during the preirradiation and irradiation period
without ‘interruption. About one minute before each action poten-
tlial was photographed, the stimulus strength was adjusted to insure
that the observed action potential was a MAP. If the MAP amplitude
of a given nerve preparation remained unchanged durling the preirra-
diatiOn'interval, the irradiation proccedure was initiated with the
nerve 1in place. | |

Nerves were maintained in moist chambers for about 3.5 héuréA
during X-ray exposures. Nonirradiated»nerves housed in ﬁoist
chambers maintained their action potentials for thirty-two hours

while being continually stimulated.

Biloelectrical Effects of X rays:

The radiation exposure to 1mmediately suﬁpress neural excit-
abllity was determined by continually monitoring the MAP of herVes
administered 200-kV x rays. In twenty experiments neural trans-
'mission was completely inhibited from 292 to 304 kR with an average
of 300 kR for x rays. An exposure dose of 300 kR of x rays is
equivalent to an absorbed dose 6f'285 krad (300 kR x 0.95 krad/kr).

Conduction velocity of neural impulses was studied as a func-
tion of the x-ray dose delivered to nerves. Conduction veloclties
were calcuiated from the interval between two actlon potential

peaks, recorded w;th reversible electrodes at different distances
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along phe length of nerves. Such conduction veloclity ‘determina-
tions were free from thelinterference that could arise from vari-
able latent period responses induced by radiation.

Fig. 1 is a composition of MAPs recorded from a nerﬁe during
a typical experiment. Before irradiation (O kR in Fig. 1) the MAP
amplitudes were 10.7 mV and conduction velocity was 28 M/sec. The
distance between recording electrodes in this trial was 10 mm. MAP
_amplitudes were measuréd from the zero baseline to the peak of the
negative wave. The detection period,,défined as the interval be--
"tween the stimﬁlus shock and the rise of the action potential, was
0.3 msec for the first MAP and 0.8 msec for the second MAP prior to
irradiation‘(o. kR in Fig. 1). During a 30 min preirradiation per-
iod, MAP amplitudes, conduction velocity, the detection periods,
and the stimulus strength'to.evoke MAPs were not alfered. There-
after, x-irradiation was applied to the nerve preparation until its
bioelectrichresponses-ceased.

During fhe preirradiation period the conduction velocity, MAP
amplitudes, and detection periods for any given nerve preparation
remained stable, but variations between nerve preparations were
found. The conduction velocity of twelve preirradiateé nerves
varied from 27 to 34 M/sec; MAP amplitudes ranged from 9 to 12 mv.
The detection periods before irradiation ranged from 0.30 to 0.33
msec for the first MAP and from 0.60 to 0.80 msec for the second

N

MAP.
-~ The computed conduction velocity, relative MAP amplitude, and

detection period of the action pbtentials in Fig. 1 were plotted

as a function of the x-ray exposure in Fig. 2. .The relative MAP
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amplitude was the fatio of the MAP amplitudes, A/Ao, where A was
the MAP amplitude for a particular exposure of x rays and Ay was
the MAP amplitude with zero R of x rays. Conduction velocity and
the detection period were plotted as percent changes from their
preifradiated values. ‘ |

From Fig. 1 and 2 it can be seén that nerve exposed to 75 kR
(71.3 krad) of x réys suffered a retardation of conduction velocity
and a lengthening of the detection period, even though the MAP amp-
litude remained unchangéd. Four times this amount of radiation was
réquired to inhibit neural responses.

In some experiménts 60 ka(57 krad) was éufficient to impalir
conduction veiocity and increase the detection period. All nerve
preparations demonstrated harmful conduction velocity énd detection
period changes after receiving 90 kR (85 krad) of x rays.

| When twenty nerves were administered x’rays, therevwas no
1mmediate'increa§e in the MAP amplitude at the onset of irradia-
tion, as was reported elsewhere (17,18,19). It was our finding
that MAP émplitﬁdes remained unchanged, even when.nerves were ex-
posed to 100 kR (95 krad) of x rays. However, fourteen out of
twénty nerve preparations exhibited a five to twelve percent in-
crease in MAP amplitude with 125 to 175 kR (118.8 to 166.3 krad)
of X rays. . These same nerves revealed increases in the duration
(measured from the rise of the action potential until it reached
the zero voltage baseline) of MAPs, reduction in conduction-veloc-
ity, -and increases in the detection period preceding increases in
MAP amblitudes° Six x-irradiated nerves did not demonstrate

heightened MAP amplitudes, only attenuation; conduction velocity
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reduction, detection period lengthening, and MAP duration spreéd~
ing were evidenced aftef these six nerves received about 75 kR

(71.3 krad) of x rays. _ |

A The stimulus strength to evoke MAPs was not significantly
altered when nerves were exposed to 100 kR (95 krad). In those in-
étances in which MAP amplitudes 1ncreased,.the stimulus strength de-
creased. It was neﬁessary to increase the stimulus strength to all
nerve preparations during the attenuation of the MAP amplitude pre-

ceding the loss of excitation.

Bioelectric Effects of Protons:

Individual nerves were sealed in a moist chamber and stimu-
lated fo generate MAPs. If the MAP amplitude of a nerve remained
stable for ten minutes, the segment of the nerve between the stim-
ulating and recording electrodes was irradiated-with a circular
beam (6.2 mm diameter) of 47.5-MeV protons.

A dose rate of 50 + 1.5 krad of protons/min was employed to
irradiate nerve preparations, except where thé dose rate was spe-
cifically mentioned as being otherwise.

The MAPs of eighteen nerves were complétely éuppressed when
they gbsorbed 580 to 620 krad of protons. The mean dose to block
neural responses toveléctrical stimulation was 600 krad of 47.5-
MeV protons.

Fig. 3 1is a‘serial representation of on-the-line MAPs from a
nerve that received proton irradiation. Before proﬁon exposure
the nerve required 0.1 msec for an impulse to pass between record-

ing electrodes separated by 3.0 mm. Hence, the preirradiation
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conduction velocity in this preparation was 30 M/sec (0 krad in
Fig. 3). The preirradiation MAP amplitudes'wefe 10 mV (Fig. 3).

The variation of preirrédiation electrophysiolbgical paramneters
from nerve-to-nerve was similar to the variétion_mentioned‘for pre-
irradiated X-ray nerve preparations. |

ACohduction velocity, relative MAP amplitude, and the detection
period data obtained from oscillograms in Fig. 3 were related to
~ the nerve's absorbed proton dose in Fig. 4. Conduétion velocity
slowed and.the‘detection periqd increased with 150 to 200 krad of.
prqtons, while the}relative MAP amplitude remained unaltered (Fig.
k), Even:after the nerve absorbed 300 krad of protons, the MAP
amplitude remained unchanged. The inactivation'do;e to inhibit
' neural transmission in this nerve was 600 krad of protons (Fig. 3
and 4). | |

All nerves administered 240 krad of protons had retarded
conduction.veloéities and prolonged detection periods. Radlation
changgs in conduction velocity and the detection period were pro-
voked by 150 krad of protons in many nerve preparations.

In fifteen experiments there was no increase in the MAP ampli-
tude of nerves administered 250 krad of protons. 1In general, MAP
amplitudes were ndt increased with massive doses of protons just
prior to rapid attenuation and'final loss of the MAP, as was ob~-
served in most experiments with 200-kV x rays. Only three proton
irradiated nefves in eighteen experiments revealed a four to twelve
'percent increase in the MAP amplitude. This increase in the MAP
amplitude required about 250 to 350 krad of protons.

Bachofer and Gautereaux (18) observed immediate increases in
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the action potentials amplitude of rat caudal nerve preparations
with 280-kV x rays. They reported that 6 kR/min of x rays gave con-
siderablé ehhancement of neural activity, while ét highér dose rates
the radiation augmented activity was less, and at lower dose rates,
irradiation enhancement was greater, but less réproducible. The
absofbed x-ray dose rate employed by Bachofer and Gautereaux (18)
was equivalent to 5.7 krad/min.

' To test the effects of dose rates on MAP amplitude of sciatic
nerves, the intensity of the 47.5-MeV proton Beam was adjusted to
2.6, 5.6, and 6.8 krad of protons/min. Two nerves were indlvid-
ually irradiated at each of these dose rates. The MAP amplitudes

" of these . six nerVes were not augmented at the on;ét of irradiation.
Even after each nerve preparation had absorbed about 200 krad of

protons, MAP amplitudes were not increased.

DISCUSSION

In this report the pelative biélogical effectiveness (RBE) was
definéd as the ratio of D#/Dt, where D, was the absorbed dose of
200-kV X rays to suppress impulse conduction in frog nerve and D¢
was the absofbed dose of a test radiatipn to produce the same effect.
It was found that 285 krad (average) of 200-kV x rays blocked ﬁeural
transmission. To produce this identical response with the same type
of nerve required 600 krad (average) of 47.5-MeV protons. Hence,
the RBE of protoﬁs was 0.48 with respect té X rays, which was assigned
an RBE of 1.00 (Table I).

It was reported (4,5) that exposures greater than 300 and less

than 390 kR (285 to 370 krad) of 260-kV x rays produced prompt
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abolishment of neural function in frog sciatic nérve. Tﬁe average
of these exposures, 345 kR (329 krad), was used as the neural block-
ing dose for 260-kV x rays in Tabie I. Thus, the RBE of 260-kV

x rays was 0.87.

The apparent dose of 910-MeV a-particles to inhibit neural
responses in frog sclatic nerves was reported to be 330 krad (3).
The actual inactivation dose in tﬁese experiments was 430 krad
of 910-MeV a-particles; This revision was based on dosimetric
studies performed on the 910-MeV q-parficle beam by J. T. Lyman
(2?). In 1970 sciatic nerves were irradiated with 910-MeV a-par-
ticles at the 184-inch cyclotron at the Lawrence Radiation Labora-
tory, Berkeley. It was confirmed by the.author that 430 krad of
910-MeV a-particles promptly blocked neural transmi;sion. The RBE
for 910—Mev a-particles was 0.66. |

According to Schmitz and Schaefer (29) 10 kR of x rays had
no obvious effects on the biloelectric activity of frog sciatic
nerves. Similarly, Janzen and Warren (30) found that the rat sciatic
nerve was neither electrophysiologically nor histologically altered
by 10 kR of 2U40-kV x rays. Therefore, it was of interest that
Bergstrom et al. (2) maintained that 10 krep (9.3 krad) of 5.3-

MeV a-particles from 2i°Po caused complete suppression of the action
" potential of frog nerve within a few minutes after irradiation, and
that half this dose inhibited excitation at'3O minutes ﬁostirradia-
tion. Tbis was the 1oﬁest dbse of radtation ever reported to cause
the irreversible loss of neural reéponses from frOg nérves. Radlo-
biologists accustomed to 8 to 10 krad as a threshold dose for neural

damage (4,5, 29 to 33) might regard the report of Bergstrom et al. (2)
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.'with suspicion. It is our contention:that the low neural blocking
dose of 5.3-MeV a-particles (2) can be accounted for on the basis
of the high-LET of 5.3-MeV a-particles.
| In Fig. 5 the logarithm of RBE values to promptly suppress
neural responses in frog nerve were plotted against the logarithm
of LET values of various radiations presented in Table I. RBE was
found to increase as a function of LET for 47.5-MeV prétons, g10-
MeV a—pérticles, 260-kV x rays, 200-kV x rays, and 5.3-MeV a-par-
ticles, despite the fact that absorbed dose rates for these radia-
tions varied consilderably. |

It should be stated that LET determinations of 5.3-MeV a-par-
“ticles from 21°po, 47.4-MeV protons, and 910-MeV a-particles were
based on the track segment method (6,7,8,34,35) and made use of
table of energy losses of Barkas and Berger (36). The mean LET
reported for 200-kV x rays was 2.5 keV/p in air and 3.0 keV/p in
tissue (33). Since both the LET and track-length factors are not
well defined for x rays, even mean LET values are subject to consid-
eréble uncertainty.. .A.complicated total track length calculation
based on the k-radiation spectrum (37,38) approximated LET values
for x rays. The mean LET estimate for 260-kV x rays was 2.7 keV/n
in tissue. | R

The log (RBE versus LET) plot in Fig.‘5 was based on experi-
ments employing radiations with only five different LET values.
. There is a serious lack of RBE data cofrespbnding to LET values
between 3 and 110 kev/p. This 1s because radiatibhs withiq this
LET rangé have very lbw penetration Which dictate the use of single

“nerve fibers. Unfortunately, single nerve fibers have been rarely
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used in radioblologic studies.

It would be expected that the monotonic log (RBE versus LET)
relation of Fig. 5 would not go on indefinitely. With high-LET
radiations a physical state would be reached in which more energy
would be deposited than is required for neural inhibition. The log
(RBE versus LET) relatlon would then exhibit satupation and perhaps,
decrease if the pattern in other blological systems is followed
(11 to 13, 38,39).

In determining the relative biological'effectiveness of a
test radiation (RBE¢), it was assumed:

D¢ X RBEy = Dy X RBE . Egq. 1
where Dx’was the absorbed dose of 200-kV x rays to block neural
activity, Dy was the absorbed dose of a test radiation to produce
the same radiobiologic effect, and RBEy was 1.0 by definition for
ﬁ200—kV X rays. The absorbed dose of varioué radiations required to
_ inhibit neural activity was found to be 1nversély broportional to
the relative biological effectiveness (Table I).

.The calculated doses of radiation to bloék conduction in frog
.nerve wére listed in Table I. -These calcglated inactivation doses
(Dy) were determined by assuming: )

D¢ x LETy = Dy X LETy | | ‘Eq. 2
was valid over the LET range 1.3 to 110 kev/p tissue. If the pro-
duct of the linear energy transfer (LET,) and actual inactivation
dose (Dx) for 200-kV is known, and the linear energy transfér of.the
test radiation (LETt) is avallable, the Dt can be computed.

The calculated dose of 5.3-MeV a-particles to inactivate frog

nerve was 7.8 krad, which was_l6% lower than the actual inactivation
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dose. The a-particle dose rate error repérted by Beréstrom et al.
(40) was i.3d%. If it is assumed that the LET of a~particles ffom
210py was increased to 140-keV/p in the nerves irradiated (2), the
calculated dose would be in error by~34% with respect to the actual
inactivation dose. In view of the large dose rate error in the
Bergstrom et al. experiments (2,40), the calculated inactivation
dose 1n Table I was close enough to the real inactivation dose fqr
most purposes.

There is sufficient agreement between actual and calculated
inactivation doses to suppress neural'activity with various species
of radiation (Table I) to warrant further inquiry into the relation
betweeﬁARBE énd LET. There is a need to detefmiﬁe 1f neurologic
effects of radiafioh can be made more meaningful as a function of
LET.

Kaack irradiated the posttrunk of the turtle's superior cer-
vical ganglla with beta rays from 80g5r.(41) and gamma rays from
®°Co (42). The mean LET estimate for beta (°°Sr) irradiation was
0.2 kev/p of tissue; the mean LET reported for gamma (5500) was 0.3
keV/n of tissue (23,43). If'the,éédiosensitivity of frog nerve and
turtle excitable membranes are assumed to be the same, then equation
(2) would predict that it would require 4.27 x 10%® rad of beta
(®°sr) and 2.86 x 10° rad of gamma (°°Co) radiation to suppress
bioelectric-activity. The actual inactivation doses reported were
4.00 x 10° rad for beta irradiation (41) and 1.50 x 10° R or 1.44
x 10 rad of gamma irradiation (42). Considering the assumptions
involved in the use of equation (2) here, the agreement between

actual and calculated inactivation doses is acceptable.
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Recehtly, Kaack (44) reported that neural responses of frog
sciatic nefveAWefe’inhibited with 81.6 to 204 krad of betaﬂ(sOSr)
radiation. The RBE of beta (°°Sr) radiation was 1.40 to 3.49.
Since equation (2) predicted an ilnactivation dose greater than the
observed dose, equation (2) is not valid in this instance.

Bachofer et al. (45) found that it required 308 kR (296 krad)
at pH 7.2 and 388 kR (373 krad) at pH 7.7 of gamma (°°Co) radia-
tion to block neural activity in frog sciatic nerves. Hence, the
RBE of gamma (%°Co) radiation was 0.96 (pH 7.2) and 0.77 (PH T.7). -
Equation (2) is not applicable in this case since the disagfeement
4between real and calculated inactivation doses were large.

The bicelectric responses qf excitable neural membranes to
radiation are intriguing, although perplexing. It was observed
in this report that x-ray and proton irradiation could retard con-
duction velocity and increase the detection period at doses that
were innocuous to the action potential amplitude. The radiobio-
logic mechanism for this differential action is not known.

Conduction velocity in rat caudal nerve (17 to 19) and earth-
worm fibers (46) have been reported to increase with the onset of
x—irradiation; Some earthworm fibers had conduction velocities
63% faster during the preirradiation phase-than at the start of
irradiation (46); some rat caudal nerves exhibited conduction
velocities 21 to 57% faster 20 minutes before irradiation than at
the initiation of irradiation (18,19). The probortion of nerves
with optimal physiological responses before irradiaﬁion was no#
specified (18,195. These preirradiation, optimal conduction velo-

clty values make the effects of radiation difficult to interpret,
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Irradiation enhanced conduction velocity 1n both the rat and earth-
worm nerve preparations failed to achieve‘optimal; preirradiaticn
conductioh velocity.

Conduction velocity in the frog nervé preparations used in
this research exhibited negligible variation during the .preirra-
diation interval. With the onset of X-ray or broton'irradiatioh,
no lncrease in conduction velocity was manifest. Only after frog
nervés absorbed about one-fourth of the radiation dose to fﬁlly
block conduction with x rays and protons wéé conduction veloclty
altefed,'and this change was a decrease in conduction velocity.
Conduction velocity siowing &n frog nerve preparations with x rays
and protons took place while the action}potentiai remained unchanged.

Gerstner et al. (4) reported that velocity of nerve conduction
Was"unchénged until bulifrog ner&es received approximately 100 R
(95 rad)'of'x rays. The present findings are in conéert with the
observation of Gerstner et al. (4).

) The amplitude of bioelectric responses from rat caudal nerves
(17 to 19), turtie!s superior cervical ganglion (41,42) were reported
to lncrease with the onset of radiation. "Allen and Nicholls (20)
irradiated rat caudal nerves and rat phrenic nerves and found no
radiaﬁion enhancement. of the MAP amplitude. Action potential amp-
litudes of frog nerves did not demonstrate a radiation augmentation
when exposed to high-energy a-particles (3).

The findings in the preéent report indicafe that neither 100
krad of x rays nor 250 krad of protons increased the MAP amplitude
of frog sciatic nerves,

Beta irradiation of sciatic nerves were reported to cause no
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enhancement of action potentials by Yamashita and Miyasaka (47)
and variable'reSponses by Kaack (44).

.Expérimental evidence to explaln why the action potential
amplitude appears td increase with radiaﬁion 1n_some cases and not

in others is lacking.
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Fig.
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LEGENDS

Maximal action potentials detected ét different loéations
along the length of an isolated frog scilatic nerve. The

white numbers‘iﬁ upper right corner of each dual-beam oscillo-
gram indicated the kiloroentgéns of x-rays delivered to the
nerve. |

Relative values of the maximal action potential amplitude,

Aconductioh velbcity, and detection period as a function of

the amount of x-rays delivered to the nerve. The action
pbtentials of Fig. 1 provided the information for this dia-
gram, |

Dual-beam oscillograms of maximal action potentials recorded
from é frog sclatic nerve at diffefent sites along the length
of the nerve. On each oscillogram was superimposed the pro-
ton dose in kilorads absorbed by the nerve. |
Relative values of maximal action potential amplitude, con-
duction velocity, and detection period as a function of the
proton dose absorbed by a nerve. This figure was constructed
frém the action potentials in Fig. 2.

In this study the relative biological effectiveness (RBE)
refers to the ratio of the absorbed dose of EQO kV x-rays
required to promptly block impulse conduction by frog nerve

to the absorbed dose -of test radiations to produce the same

'-efféct. Linear energy transfer (LET) refers to the loss of

energy of an ionizing particle per unit length of path trav-
eled through matter. For certailn specles of radiation, RBE

was a function of LET.
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TABIE I

The Absorbed Doses of Radiation to Inhibit Neural Responses in Frog Nerves,

Relative Biological Effeétiveness (RBE), and Linear Energy Transfer (LET)

Radiations Actual inactivation RBE LET Calculated inactivation
dose.(krad) . (keV/u) dose (krad)

a-particles, 5.3 MeV 9.3 (a) 30,60 1100 7.8

X=-rays, 200 kV 285.0 (b) 1,00 3.0 (réference dose)

x-rays, 260 kV o 329,0 (c) 0,87 2.7 316,0

a-particles, 910 MeV | 430,0 (d) 6066 1,6 535.0

protons, 47.5 MeV 600.0 (b) 0,48 1.3 657.0

(a) Bergstr8m et al, (2), (b) this report, (c) Gerstner et al, (4) znd Gerstner (5),

- (d) Gaffey (3)





