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INTRODUCTION

There is little in the literature concerning the action of highenergy
radiation on the bioelectric properties of nerve. Most papers deal with the

exposure of nerve to x rays (Audiat, 1932; Audiat and Piffault, 1934; Audiat

et al. 1934; Bachofer, 1957; Bachofer and Gautereau;c, 1959, '1960a, b;

Gerstner, 1956; Gerstnér et al. , 1955; Janzen and Warren, 1942) or B rays
(Gasteiger, 1951; 1952, 1959; Recifield it_j}_. » 1922). The goal of this in-
vestigation was to aetefmine the dése'of high-energy radiation that would
inhibit the ::exi_cita»t;)ry pchésé of frog's sciatic nerve. Synchrocyclotrdn-
produced 910—Mev a _partiéles', ‘and 455—Mev deute_r‘ons_ were erﬁployéd as
irradiation beams.

The é.frf'\.e@;t's of»high-e‘ne‘rgy a parficles and_deuteronsvhave medical
implicaitlions becéus.e.v éf'the_‘i.ncreasing application of c;rclotron :beams_ to
sterotaxic radiosurgery in the central nervous Syétem (Tobias et al., 19.52,
1958; Born et al., | 1959). In space exploration and in pfojécts involving
long-time expoSufe, such as lunar colonization, the biol(j}gicai effects of

high-energy partiéles.might be a limiting factor. ‘Evaluation of this hazard

has been speculative. A practical way to study this problem is to engage.

existing cyclotron facilities for biological research.
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METHODS

Biological Material

Frogs (Rana pipiens) were housed under low-temperature conditions

(1OOC) for about a week prior to experimentation. They were sacrificed by
decapitation followed by spinal cérd pithing. Bot.h sciatic nerves were ex-
ciséd from more than 200 frogs and placed in Ringgr's solution (Mit'c.héll,»

- 1948). One nerve of each pair was irradiated,b while its cdmpanion fuhctioned

- as a control.

‘Electrical Recording

| .To determine neural activity, a nerve was p.laced on Ag-AgCl eleétfodes
in a moist chamber (Fig. 1) through which circulated a mixture of-95 %o oxygAen
and 5% carbon dioxide saturated with Wa’tel: vapor after pas sage'.through three
gas—was.hing éylinders. Monophasic rectangular stimuli 0.1 msec in duration
were delivered from a Grass stimiulator (Model S4) through an isolation unit
to the ner\}e at 60 pulses per‘second Recdfding electrodes detecting the
propagated neural impulse ran to a push-pull, ac preampllfler (Grass Model
P5) wh1ch then fed the signal into a Tektronix oscilloscope (Model 532) with

a high-gain differential input amplifier (Tektronix type 53/54 D . In conduc-
tion velocity studies-a fast-rise dual-trace input stagé amplifier (Tektrorﬁx
type 53/54 C) was émployed. The displayed action potentials were photo-

graphed by a Fairchild polaroid escillescope camera (Model F286).

Cyclotron Irradiation

The Lawrence Radiation Laboratory's ’18_'4-inc'h frequency-modulated
cyclotron was available as a source of 910-Mev a particles and 455-Mev
deuterons (Tobias et al., 1952, 1958). By appropriate magnetic focusing

techniq_ﬁes, these high-energy nuclei were made to travel in parallel,
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approximately monoenergetic beams. ‘An ionizing chamber placed in front"
of the bombarded nerve was .uysed to monitor the delivered dose (B‘i'rig-é éiil' ,
1956). The specificétions of the. 184-inch synchrocyclotron are summarized
1n Table I. |

Under most experimental conditions, the'dosel rate received by nerves
was 2 krad per minute (1 krad = 105 ergs abserbed per gram, or 1-,07X103
rep absorbed in tissue). High-energy nuclei were generated by the 184-inch
synchr0cyeletron in 500-microsecond pulses a,t-a frequency of 64 pulses per

second. In special experiments the effect of varying the dose rate of the

cyclotron's beam from 0.5 to 8.0 krad per minute was tested to determine if :

this was a significant factor in altering neural activity. The linear energy

transfer (also referred to as stopping power and rate of energy loss) of a -
particles was 15 Mev-crn2 per g (Born et al., 1959), ile., approximately the
same linear energy transfer of secondary electrons as from a 250-kev x—fay

machine.

RESULTS

Bioelectric Studies

In expleratory experi‘m’ents nerves mounted in a moist chamber were
placed in the horizontal path of h1gh energy particles generated by the 184-
inch synchrocyclotron. Irradlatlon of the nerve was beyond the st1mu1at1ng
electrodes (max1mum beam dlame’cer vsA/aS 44 mm) After every 10 krad, the
cyclotron's beam was interrup‘te‘d,»‘ and thé action potential of'the nerve "being
irr’adiated was recorded pAho-togr-a:Lp.h'ieally. untii 't>her:e was no eiec.trical activity.
Large doses of a particles were.i"elqni.re:d toblock ekeitation. If is now known
that there is a serious diff‘i'cult(y w1th léhis>lt:3;pefbfrx;l:oeedu.re Becéuée a greater

i
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dose than minimal was received by the nerve to eliminate its el-'ectr.ophysi‘olog-
ical response. |

‘To determine the effect of high-energy particles on neural activity,
it was deemed prudent to follow the time course of the survival of bioelectric
activity after exposure to some specific dose of irradiation. For.this pdrpoSe‘
the following method was adopted. -After oscillograrﬁé of the pre—ilrradiated
neural acti\l/ity of both isolated sciatic nerves of a ffog:. had been 6btained,
one nerve of the pair was bofnb_arded in the cyclotr}on‘bebarn while contained
in a plastic vial filled with Ri_lhgerl'»s solution. Following irradiation, vthe.
neural activities of'thezexposed and control nerve were again monitored after
transferral to a moi:s‘t_cxzhamb'ér,(‘Fi-g. 1). This routine was repeated at 2-hour
‘intervals for a minimum of '24 B_ours_. Control nerves maintained in Ringer-.
filled vials were treated in an identical manner.

In Fig. 2 are- shown three rows of oscillograms of the action poten-
tials of the riéht (upper photogr’aphs) and left (lower photographs) sciatic
_ﬁerves of a frog. Preirradiation action potentials were recorded, and the
right sciatic nerve was subjected to 72 krad of 910—Mev d-particles. The
left sciatic nerve functioned as a control. Imndediafely after d-particle
irradiation (oscillograms above "0 hr' in Fig. 2), ‘a t’ransformation in the
action potential c§mp1ex of thve exposed nerve was apparent. Oscillo‘grams
recorded at 2, 4, 6, 8, 10, and 12 houxfs after ir‘radiatiorl trace the delgter—
ious effect:s of a#par’cicles. ,‘At »14 hours postirra‘diation, there was compl‘éte
cess‘vation of the bioelectric act'ivity of the d—bombardéd nerve, while the
acti(;n potential of the cor_ltrol nerve Qas still present.

The épike pofential changes fpr the irradiated and control nerve
illq_strated in Fig. 2. are s;lt;nmarized in Fig. 3 On the ordinate of Fig. 3

- (and also on the ordinates of Figs.4,5, and 6) is plotted the percentage
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6f the initi_al spike potential, i.e., the ratio of the_amplitgde of thg spike 7
iaotentiai at some t hours after irradiation over the preir‘rjadiateld spike
potential amplitude, multiplied by 100.

_‘I'ng“Fig', 4 is presented a sample of the data obtained for alterations
in the r;eu;rél alctivity resulting from d-particle irradiation. It is clear that
1ar‘ge doses c.)f!vh'igh-_energy a"% particles»(gr_eater than 300 krad) el'}minate
néural .éxc.i_tébility.rapidly, With lower doses o;‘f high-eperg_y,d—particle
irradié}:ioﬁ, the sﬁrvival of neural activity is progressively extended. It
would_app:e‘ar from Fig. 4 that ;at 6 hours postirradiation there is consider-
able enhancement of the neural output. Thatvall this ehhian‘cement._ié .a.direct
consequertl'ce of irradiation seems dou_btful,. b>ecause wh'gn th-:e irradiated nerve
of a pair dem’onstrated an.f-e?nhanc_ed neural qutput, so did.\ité nonirradiated
control (Fig. 5). HoWever, bémbarded nerves with enhanced activity were
usu‘all'y‘ 5to 10% higher in their ﬁeural outpﬁt fhan their controls. The non-
.irra‘diated nerves fnanifested the enhancement phenomena most dqri-ng the‘
winter séason.‘

‘The time course for the abolition of neural activity was also studied
as a fuhéfion of deuteron dose. A sample of the findings for the dégeneration

of the spike potential due to different doses of deuterons is presented in Fig. 6.

Deuteron experiments, which were carried out in the spring and summer

seasons; showed only a'small enhancement of neural output.

. The relative inhibitory effects of a-particle and deuteron irradiation

“on eXcitabiiity _a'_rev exemplified in Fig. 7. The time for the complete extinc-

tion of spike amplitude is a logarithmic function of the absorbed dose, within
certain limits. Below 30 krad for a- particles and 60 krad for deuterons, no
demonstrable suppression of the spike potential-of sciatic nerve due to irra-.

diétié_ﬁ_ can be repdrted; irradiated;nerves after more than 24 hours showed
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“deterioration of spike potential dctivity, bﬁt the degreé of itnpairment was
mimicked by the nonirradiated controls; The slope of the a-particle dose-
survival line is .doubl.e that of the deuteron line (Fig[?)'." This a—‘particle/ '
.deut’ero'n slope ratio is taken as evideﬂce‘ that a-particles have twice the - ¥
relative biological effectiveness of deuterons.

Conduction velocities of p‘ropagAated impulses have been c'omputed
from the time delay between two spike peaks on osciliograms and the distance .
~ between recording electrodes. Alterations from irradiation in cdnduction
v.eloc'i.tvy,\\latent "pél;'iod, and stimulus ‘st:rength do not ap{;ear strongly related
to suppression of the spike amplitude, because when the propagated impulse
was 90% abolished, c'onduction.lvelocity_ was retarded by only 25 to 30,%-of
its. eriginal value, and the stimulus stre-ngtl‘q and latency period were changed
by 25 and 20% respectively. |

From recent studies employing two Grass stimulators (Model S-4),
"it was found that the‘refractory period “i,ncreases (af_ter a small transient -
decrease) before reduction of coﬁdﬁctign veiocity, depression of action poten-
tial, prolongation of latency period, ‘and altefétion of stimulus strength. Thus,
the r»efrac;:ory period is the earliest index of radiation damage that the aﬁthor

has noted.

Dose-Rate Studies

The influence of modifying the dose rate at which a-particles were
administered toisolated sciatic nerve was investigated. The cyclotron beam
was adjusted to deliver high-energy particles at the rate of 0.5, 1.OI, 2.0, 4.0, 4
- and 8.0 krad per minute in eight experiments. The survival of excitability
was found to be independent: of’ theii:ntensity at which irradiation was absorbed,
- and dependent on. the quantity of'dose‘absorbed. The inhibition of neural

activity resulting from irradiation was not reversible.
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Radioactive Studies

The influence of a-particle irradiation on-dodium ion permeability of
sciatic nerve can be prese‘hted here only as a brief preliminary report.’ Nerve
sheaths were left intact in order to prevent volume changeé, -

Long-life Na22 was used as a radioactive tracer in Ringef's solution
(1 nC per ml of NaZZ). The proximal. ends of isolated nerves were ligated
with 3-mil tantalum wire to allow manipulation of the nerves. To determine
the time course for the penetration of radioactive sodi'um,‘the nerve- was
immersed in "hot'" Ringer's solution, and the activity accumulated during
this soaking period was estimated by removing the nerve from the Navzz
Ringer's solution to a 4-ml vial of nonlabeled Ringer's. A scintillation spec-
trometer registered the radioactivity of the sample, and the nerve was re-
stored to the Naz'2 Ringer's solution for additional radioactive tracer uptake.
The Na22 that diffused from the nerve during the counting time could sub-
sequently be estimated by recounting the vial of contaminated Ringer's solution.

Results from eight experiments have revealed that nerves given less
than 150 krad of a-particle irradiation did not differ significantly from their
nonirradiated controls in the kinetics of sodium ion penetration. In the dose
range 150 to 200 krad, the rate of Na22 uptake for irradiated nerves was
increased to only a small extent over controls (Fig. 8).

The technique for studying the emergence of Nazz from isolated sciatic
nerve was similar to that described by Shanes (1954). Nerves were immersed
in Nazz Ringer's solution for approximately 12 hours at 10°C, brought to
room temperature (21°C), and irradiated in the beam of the 184-inch synchro-
cyclotron. The emergence of NaZ'Z' from the '"loaded' nerves into frequently-

replaced vials of inactive Ringer's was measured with a satisfactory degree

of accuracy {counting error was less than 1% ) by a scintillation spectrometer.
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Figure 9 illustrates that after an exposure to 200 krad of a-particle
irradiation, the rate of movement of sodium ions from the irradiated nerve
was slightly less than from its control. From eight experiments in which
nervesswere administered doses below 150 krad of ¢ -particles, there was no ‘
evidence of an alterafion in the rates of loss of Na22 as a consequence of
irradiation.

From these limited radioactive studies, it can be inferred that with
a-particle irradiation in excess of 1_50 krad there is probably a rise in the
sodium ion content of sciatic nerve due to an increase in the rate of sodium
ion penetratipn coupled with a decrease in the rate of sodium ion loss.

In these experiments the étudies on the rate of Naz'2 loss began 5
minutes after irradiation was completed, while Na22 uptake studies started 1

hour postirradiation.

DISCUSSION

The present findings indicate that irradiation of frog nerve with 30
krad or less of high-energy a particles or deuterons was below the minimal
dose required to evoke an early impairment of neural activity. Such a result
is in general agreement with other observations found in the literature.
Schmitz and Schaefer (1933) reported no functional damage to frog sciatic
nerve when exposed to 10 kr of x rays. For rat sciatic nerve, no apparent
effect on neural conduction after exposure to 10 kr of x rays has been observed
(Janzen and Warren, 1942). Similarly, Rothenberg (1950) on administering
50 kr of x rays to squid's stellar axon reported that when the preparation was
electrically stimulated, good action potentials were present. From the data
offered in this paper, it is reasonable to report that 30 krad of 910-Mev &

particles represents a threshold dose for the destruction of bioelectrical
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activity of the amphibian nerve. No explanation on the molecular level that
would account for what determines the functional resistivity of nerve to ion-
izing radiation is yet found in the literature.

For prompt inhibition of bioelectric activity of frog (Rana pipiens) ' -

sciatic ne‘rve, about 300 krad of « particles or deuterons was required (pres-
ent.: paper). Using a frog muscle—nerve preparation; -Audidt:® (1932) and
Audiat et al. (1934) observed that administering 360 kr of x rays caused a
loss of neural excitability. Gerstner (1955; Gerstner et al., 1956) stated

that the sciatic nerve of bullfrog {Rana catesbiana) suffered a conduction block

when exposed to about 300 kr of high-intensity x radiation. The neural alter-
ations of mammalian nerve during x irradiation have been investigated by
Bachofer {(1957) and Bachofer and Gartereaux (1960,a,b), ané they established
that approximately 500 kr will extinguish the amplitude of the spike potential
of the ventral caudal nerve of the rat. Extirpation of axonal activity of the
median and lateral single giant nerve fibers of the earthworn (Lumbricus
terrestris)‘was shown to occur after 246 and 306 kr of x rays respectively
(Bachofer and Gautereaux, 1959). The neural mechanisms affected by these
massive doses of irradiation have not Been established.

The sodium ion influx into squid giant axon immediately after x irra-
diation has been reported by Rothenbefg{ (1950), using Na24. After 125 kr,
sodium influx was increased markedly. On exposure to 50 kr, the rise in

sodium permeability was smaller, but significant. The Na22 experiments on

frog nerves (described in this report) after d-particle irradiation are in har-
many with the view that irradiation increases sodium ion permeability. How-
ever, the cz-particlé dose must be near 150 krad to express a §odium perme-
ability increase.

- Experiments have revealed that the relative biologic effectiveness
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(RBE) of a particles is twice that of deuterons in inhibiting neural activity

(Fig. 7). It is known (Zirkle, 1954) that the linear energy transfer (i.e., the
stopping power or rate of energy loss) along a particle's track varies as the
square of its charge. The linear energy transfer of an ¢ particle is four times
that of a deuteron of the same velocity, Since biological effects in general - =
vary with the linear energy transfer, it would be expected that the relative
biological effectiveness of @& particles with respect to deuterons would approach

four as a limit.

Membrane Model

In the following section a membrane model for nerve is outlined which
suggests how the function of nerve is affected by radiation energy.

Direct evidence of neural membrane structure, in terms of lipid and
protein components, must awéit a detailed study of lipids and lipid-protein

7 systems. Whatever may be the ultimate interpretatiOn.of the molecular organ-
ization of the axon membrane, it is probably safe to say from electron micro-
scope studies that the unit membrane includes two protein monolayers allied
with a double layer of lipid molecules (Schmitt, 1959).

If it is assumed that the protein molecules of the neural membrane ére
helical in nature and form an oriented structural layer, certain insights into
membrang properties are revealed. Consider for a beginning three helical
protein molecules of macromolecular diameter which are. closely packed.
As a conseq_ﬁence a fourth element is created — an interstice or fault which
for convenience will be referred to as a “channel." When three protein macro-
molecules 28.2 A in radius are most efficiently packed, an intermolecular
channel about 4 A in radius is obtained (Fig. 10).

It is known that models of‘membranes based on the concept of a con-

tinuous lipid layer are untenable because experiments reveal that biological
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membranes are crossed by_mple,culesﬂof, water and numerous ,co.mbounds in-
soluble in fat. This is a pr.oper'tfy;io»f a-rhembran—e with channels rather than

a solution process in a lipid film. - Compariéon of rates of water entrance
into cells under the inf}uence of ésmotic:f)ressure gr.adients va.nd simple-dif-
fusion gradients gives a rough indication of what may be the ""equivalent
channel size" (Koeffed—Johriso_n and Ussing, 1953; Prescott and Zeuthen, 1953).
Valuesb’ofb chénnels range from 5 A in red blood cells to 16 A in squid axons

{(Nevis, 19 57; Solomon et al., 1957). Wheﬁ' frog nerve'is placed’'in a medium
' 8

labeled wifh deuterium, tritium, or Ol , the half time for eqﬁilibration is
only 1 minute (Tobias. and Nelson; 1959). Hénce, the existence of a channel -
p.athway th_r‘ough the ultrastruéture of cell merribrapes to water and small ions
seerﬁs"like'ly.' "Specific information on the dirrieﬁsi'on"of the channels in the
membrane is &f érucial ifnportanc‘e in dealing with ib'nic penetration. Re-
cvently, G'ol“'.dstein and_So.lomon (1960) have developed a new method to measure
the equivalent channel size of red bbdé)éi cell membranes; Aséﬁfning a mem-
brane pierced by uniform cylindrical channels and the obédience of Poiseulle's
law, they report the value of the mean equivalent channel rad;lusv as 4.2 A.
“elr It has been suggestedvby Mullins. ('19‘56) that the numbér O6f. sheHs of
hydration: associéted with each’'ion in trav_‘efsing the neural membrane is
limited to the same minimum, say one. In physiologic solutions sodium ions
are 'consic?.ered to be larger than ﬁotassium ions, because sodium ions orient
rnvc'nje layers of hydra‘tion owing to the intense eiectric field cféated by the -
charge on the ion (Liﬁg, ;19_52, 1957). . Potassium ioné, with a lower energy
of hydratien than sodium, haveveffectivevly fewer oriented shells of hydration
and hence a high»er_y mobility in an aqueous .medium. Kortum and Bochris
(1951) point out that for cations, water molecules on the firstAlay.er (primary

hydration) a_re‘h_eld szo-:tightly that the primary hydration shell moves as a
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unit with the .ion. However, water molecules beyond thve' primary hydrafion
- layer are loosély'orient'ed and exchange readily with surrounding water moi—'
ecules. Hence, it is an acceptable hypothesis that ions with one layer of
hydration migrate through neural membranes. From Fig. 11 it is seen that
‘the radius of primary hydfated potassium is 4.05 A, which is larger thah .
primary hydrated sodium (3.67 A in radius; Fig. 12). The crystal lattice
radii are taken from Pauling (1945), and thé width of concentric water shells
of hydraﬁ_on is th‘iat of the diameter of a water molecule, 2.72 A (Buswell and
Rodebush, 1956).

Before the implications of this membrane rnodelAare considered, two
remarks should be injected.. First, the intermolecular ferces .b'etween‘ pro--
'tein elements of the membréne are no doubt subjected to.. lateral straining .
pressures produced by thermal motion (kinetic and vibrational) and cytoplaémic
streaming. As a i'esult, a channel is never o f a fixed size, but stétistically.
distributed, prbbably in a Gaussian fassion. The mode éf the chanﬁel-—size
distributi'on of the resting membrane is éssigned to the ion empirically known
to have:the highe;t relative membrane permeability, potéssium (Fig. 13,
resting state). The spread of the Gaussian distributién curve for the rest-
ing state (Fig. 13) is adjusted so that.the area representing potassium iovn
channels is 25 times the area representing sodium ion channels, which is
in harmony with Hodgkin and Katz's {(1949) evidence that the relative perme- -
ability of potassium to sodium ions across the axonél membrane is 25 to 1.
During excitation thése relations are reversed, i.e., the permeability of
potassium to sodium 1s 1 to 25. Heﬁce, the mode of the distribution éur;/e
during activity. is ‘assigned tosédium (Fig. 13, conducting state).

. Secondly, the concept thaf the neur‘él membrane behaves as thngh it

were a molecular sieve is not practical. ~Such a proposal does not offer an
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explanation of how the cell discriminates b'et_’w_e‘en potiassium land ‘sodi,u_.m icns,
as indicated by permeability s_tudie\s—.' A molecular-sieve _model fcr the mem-
brane permits a small ion to pass through any channel of greater size than
itself. ©On this basis, sodium ions 3.67 A in radius should have free passage :
through channels that sterically just pass potassium ions 4.05;A_ inradius.
Hence a mo‘le{cnlar’—'sieve model fails vtor explain selective ion p'ermeability.
ThlS difficulty is removed 1f solvation (1on1c interaction with the protein of
the membrane) is ""quantized.'" That is, when an ion enters‘a channel, all 1ts.
hydration ‘shells beyond the primary hydration level are solvated by the wall
of the channel (Mullins, 1956). It is maintained tha-t this process of solvation
involves only whole shells of hydration. A 3.67-A sodium ien could not fit
iin.to a 4.05-A potassium ion channel'becaus_ev_ ther'e is no level of hydration at
~which a sodinm ion corresponds (in size) o,t-;Q;ravf_;fpoﬂiés simm: ion-channel.:
Such corre_sponderice could occur only if some level of hydration (secondary,
tertiary) for sodinm' did uniquely‘match seme hydrated size of potassium.
Similarly, potassium ions do not fit sodium—size channels. A comparison to
Bohr's theory in which electrons exist in integral energy levels is only an =
analogy, but it may help one's thinking. For the membrane"s channel wall,
it is held that.instead of an.infinite number of solvation levels, there is only
a _res_tricted number with properties represented by functions of n, where n is -
an integ.er.’ :

.If the quantized view ofv membrane solvation is correct and ions pene-
trate the membrane w1th only. the prlmary layer of hydration then it will
cost the 11v1ng cell more 1n solvation energy to transport sodium (44.7 kcal/mole)
than potasmum (40.5 kcal/mole) On the evolutionary scale it would appear
that the "cheaper" ion was selected to balance the 1ntracellular negative

charges. -
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The initial suggestion of a h’él’i_ca‘l pfofaein'é;‘_'t'rﬁ"ctu‘re does not violate "
our knowledge ébc:iut the .érchitec'tu're of pf'(;téihs. . In terms of our membrane
" model, the helical nature of protein provides a key'r to the intefp‘fetatiion’é).f the

excitat.ion phi.enomeria of ax'oné. Protein membrane 1:'nolec':vules are conceived ’
to be in a contrac'f:evd or coiled state, ‘while the nerk(e is-in the résting state.

A threshold stimulus perfnits the cpnstrainéd, helical macromolecule to be-
come relaxed or uncocked, thus diminishing the radius of the macrombolecule.
Intermolecular attractive forces maintaining membrane structural order cause
a decrease in the mode of the channel-size distribufion after the coiled macro-
'rholecules. ur;cqck. If on stimulation the membrané macromolecules valter _
their radii frbm.ZS.Z A to 26.2 A, owing to é ‘constrained—unco‘cked tranvs—.
Aformation, the.new mode of the channel size distribution will be 3.67 A, the
size of prima.ry hydrated sodium ion (see Fig. 13, condugting sta'te).' It is
naive to irhagihe thét the helical protein rnobleculesv have.characteristics of a
mechanical spring. A coiled spring ‘can be stretcl;led.a:“goodfdeal before a de-
crease in_radius is effected. The reduction of the radial dirnén,s’ién of the
membrane's helical molecules is perhaps due to the action of London forces.

A pleasing consequence of this mémbrane model is the number of
neural characteristics it can interpret. The ;all—or—none law for axons on’the
molecular level can be viewed as a consequence pf the states which the mem-
brane helical macromolecules can occupy; either a stimulus is sufficient to
unco'ckvthe 'ma.cromolecule,»vo.r it is not. If the stimulus is sufficient, the. : N
chanr;el'-size mode shifts frévm’ pétassium to sodium. As a conséquence ions
‘follow their‘ electrochérﬁivéal grédient, thus generating a bioelectric impulse.
Moléc;ulariy tfanslafeé, :thvéﬂrefra(':tory period of a nerve 1s the time required

to resto're ti'le helical‘f'ri'éj(t:"rbxmolécule to the constrained state. -
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radiation energy influences neural fu»r:l_ct_ibo.nipg‘_ relatively easy. .Only an aver<-
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Hodgkin and Katz (1949) have presented ‘eviden.(_:i_e_ showing that, at rest,
the ionic permeability of potassium is 25 times that of sodium. During ex-
citation these ionic permeabi}lit'i_es are quickly reversed, so that sodium__ is. .-
25 times as;.pez_'meab_le,_as_potassiufﬁ. - The burden of accounting for this sudden
ionic shift has run down many anvinge_hious membrane hypgthesis._ .The cocked-

uncocked perfor'manc.e of helical molecules in the pre:s_ent membrane model

not only su"ppl_ies an adequate explanation for the cycl_vicbperrj_meabil_ity' events

triggered by excitatiqn_, Vbu.t alv»s_o”.offer.s.:a ph‘y,sic’al'vvrnodelv to aid in understand-
ing the time con§ténts‘for fhe l1mbs Qf the a_ct.io_n p_otventia_lll.

. “'Iv‘hve character of ‘th_‘e cpckedvpfoteir‘l_mole_c’:ule is such‘as tovallc\)w for
a rapid change; to thev_relaﬁc,ed‘ structural state, thus accountingfor the smmall -
time constant »_of the ascending limb of the action potential. That a large time

constant (of the descending limb of the action potential) is associated with

~reconstraint of the relaxed helical macromolecules suggests not only that the

process is slow, but also that it req_uire{s_e_n_ergy{_. . Since the ratio of heat pro-
duced during activity over that pro,duq__ed in recovery 'show_s that the: 1atter_vre-‘
quires most of the energy, we have another observation that Idoe_s .not violate
the mod__e_l, but agrees with it. '

De_veléping a membrane model has made the task. of interpreting how
age energy of some tens of :é_lecti'on volts can be accepted by a molecule.
Successive energy trangfe;fs‘bp._cﬁcqrring along the path of high_jen'_e-l;,gy_part;clgs
(kinetic energy in the thousand- or million-elecfron—volt range) exceed the
écceptable energy level, and a defective ‘molecule-is the consequence. Radia-
tion inhibitiqn of neural excitation is construed as structural damage to protein

molecules of the axon's membrane.
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Radioactive tracer studies of resting nerve ;(Rothevnbe"rg, 1950; also

Radioactive Studies, in this paper) reveal that radiation causes an increase’

in sodium ion pérmeab'ility, i.e.; a shift in the mode channel size from po-
‘tassium thard' éodium (Fig."'lk3', resting state vs irrédiatiéﬁ state). Bio-
‘electric studies of single myelinate nerve fibers after irradiation (Gaffey,
1960) indicate that there is an increase in potassium i‘c;ﬁ‘p'ermeabilify (re-
ve;lejd by a decrease in the élopé of the falling limb of the action potential)
dnd a decrease in sodium ion permeability (connoted by a decrease in the
slope of the rising limb of ;che action potential). Deterioration of ionic per-
me'abil'ity-by'thé cbndueting nerve is viewed as a translation of the mbde_
channel size from sodium toward potassium (Fig. 13, "cgl"iduc_:ting state vs
irradiation stéte). These ‘early‘éigns of neural impairﬁiént would be ex-
pected as a conséquencé of the vpartial loss of the‘aBilit'y;of the membranes
helical molecules to fully coil 'énd uncoil. The final degenerative steps due
to radiation take bp'lace quickly and could be interpreted as a full loss of the -
ability of the he’lical‘molecuigs ofvthve'»membrahe to chzain'fgé state, perhaps as
a result of lodéenihg of their structure. This would cause a broadéning and
flattening of the ‘cha'nnel distribution curve, which in essence eliminates
selective ion permeability, thus causing a rapid loss o'f'exciftat‘iilit’y.‘ A
In cfbriclusi'on, it can be argued that certain doses of irradiation are

threshold for neural i’njury as a result of the mer‘nb.rari.s's macromolecules

being irreversibly impaired in their ability to change states.
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SUMMARY *

"Isolated sciatic nerves from Rana pipiens were exposed to‘éyélot'rbnv—

accelerated beams of 455-Mev deuterons and 9 10-Mev d p‘ar‘ti‘clﬁe':fsr Thedegree
of el‘evctroph'y’siologi;:al damage Wés.fo'u'n'd to d'e'_pehn'd.'on the ._&OSe of1rrad1at1on
and the elapsed time from irfa.ciiat'ioﬁ. S o
- With rn'abss’ivve doses of 'crxiipariticles or dueter‘ons.‘ (greater than 300 krad)
the action pdtential of the frog's Scia-ti.c'nery_e was éfofnptiir sup.p.r‘ésSec'.l:.'“
Within the range 30 to,300 krad fbi' a pa;;ticles."and 60 to 300 krad for

deuterons, the survival time of the action potential was a logarithmic function

,of the absorbed dose.

'Alphé'particl_es were. found to have twice the relative biologiéél effec=
tiv"envess of deuterons in blbcking excitation. o

An increase in the refréctory peffod was manifested before éonducl;.i'on
velocity was reduced, action potentiél wasvvdépr‘esse‘d, 'laten{:y ;pefidd waé |
prolonged, and stimulus 'sti-ength‘alte_red iﬁvthé-high‘;éné'rgy-i_rfrad‘iail:ed nerve.

Alpha-pé;rtic‘le—ixi‘rédiavted ne‘r\-/és_' Qére éhowh novt;to‘-incre:a.se! 1n sodium
ion permeability for doses less than 1'50'krad'. From 150 to 200 krad the fafe
of Nézz pénetratidn :waé 'vslight'lvy' in'c.:r.'e'a..sed, :wh_ei;'eas :th.te' rate of 1‘o.s's of N;ZZ
from the nerve was decreased, | | |

Variaﬁoné in thé-éxpééui:é r.a:fte frém O~.5 toré.O kra.d éer miﬁufte failed
to induce a dose-rate effect for « Pérticles. “

B The inhibition of he:i.lr:a..l; ‘ac't‘iviéy 'r-é"sultinlg fr‘o‘rn;a-—parti'csle. and ;ieﬁteron

irradiat_ion was not reversible. - R | |

A r'n:dd“él' for the neural me‘r‘hbi'ane-v“was outlined, a'nd'the a'ctio_r'l';’of

radiation was interpreted on the basis of this model. '
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‘Table I; Summary .of specifications. of the 184-inch ?v}’n.ﬂC'h--?'QC.Y.let‘ron 3

" Béam pﬂa-r'-ti{:'les s

~Deuterons.: . . Alpha . -

i .-—pé rticles

Beam energy - maximum (Mev) . . . . - 460 . 915
‘Beam imr.1t;nsity ;"maveraimgé cuf?entI (pva). | A_ - 0.757. - -_0'. 10
Beam intensity — peak current (pa) . . ' 120 o 16% ..
Tir;me rteq_uiil_'(‘avd for _._\accel.erati'orzl' (.rmn._sec)v S o 45 _ .45
Number of revolutions during acceieratioﬁ - vlll‘O, 000 . -;‘10, QOO
Distangg t.,raye_led Jdurin:g acceleratiqn_ (miles) . v 550 S ' _ 550
‘Velocity :alt, maximum energy (v/c) . 0.59 . .0.59
Mass incr‘ease at maximum energy (% of.&est;m:ass;:‘;24 o ' v{‘24>.'
Range of particles.(in. of Al) _ V o 12  L T

Range of particles (g"/gx;nzf‘,o_f tissue) ... Lo 44 oL 22

. A
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B \ Outflow

: .
- Electrodes

_Inflow of water saturated

MU=21179

P

Fig. 1. Lucite chamber for keeping a nerve moist during the study
of propagated potentials, Electrodes 1 and 2 are stimulating
electrodes; recordings can be made from electrodes 3 and 5

or 4 and 5. The distances from the first electrode are 3 mm,

v 15 mm, 30 mm, and 40 mm.
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Fig. 2. 'A composite of action potentials from the right and left

sciatic nerves of a frog before and after irradiation. The
nerve producing the action potentials in the upper section

of each row was exposed to 72 krad of 910-Mev a particles.
The nerve producing the action potentials in the lower sec-
tion of each row served as a control. Conduction block
occurred in the bombarded nerve 14 hours following irradia-
tion. On the ordinate, 1 unit is equivalent to 2.5 mv; on the
abscissa 1 unit is equivalent to 1 msec,
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Fig. 3. The percent of the initial spike potential (%) plotted
against postirradiation time for a nerve exposed to 72
krad of a particles and for its pair control. The oscil-
lograms in Fig, 2 provided the data for the:construction
of this figure. o
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Fig. 4. Percent of initial spike potential plottéd against the
- -time after irradation by 910-Mev o particles for doses
between 2 and 339 krad. '
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Fig. 5. Nonirradiated control nerves exhibit a variation in the
amplitude of the spike potential when plotted as percentage
of the 1n1t1a1 sp1ke potential, : :
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Fig, 6. The time course for the inhibition of the spike potential

' ‘of nerves bombarded with 455-Mev deuterons in the dose
range 50 to 300 krad, Alterations in the magnitude of the
‘action potentials are given in terms of relative spike activity,
i.e., percentage of the initial spike potential, '

3
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MU-21182

Fig. 7. The logarithm of the dose of irradiation (910-Mev a -
particles and 455-Mev deuterons) is plotted against the
. ;surv1va1 time of neural excitability. High-energy parti-
. cles given in doses near 300 krad promptly inhibit the
_action potential of frog sciatic nerve. Above 100 krad
each point on the diagram is the mean of two exper1ments,
below 100 krad each point is the average of three experi-
ments, : '
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Fig. 8.. The'time course for the entry of radioactive tracer
sodium into sciati¢ nerve exposed to a 150-krad dose of
910-Mev o particles, and its pair control. The experi-

mental temperature was 21°C +1,5°C. : -
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Fig. 9. Decline of the Naz'2 content (percent initial) of sheathed
. sciatic nerves by diffusion into Ringer's solution. Each of .
the experimental points on the 200-krad a-particles line is

- the average data from four experiments, as also are the
- points on the control line. . ' :
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Radii (R)
K* 4.05
Macromolecule 28.20

MU-21187

Fig. 10.. Protein macromolecules are schematically represented
~as circles oriented hexagonally., At the junction of three
macromolecules, an interstice is formed which in the three-
dimensional model would be a channel, From this drawing
(to scale) it can be seen that potassium with its primary layer
of hydration fits the channel created by the macromolecules.
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Fig. 11. Representation of the potassium ion with a crystalline
radius of 1.33 A and the 1st, 2nd, 3rd, and 4th hydration
shells, The diameter of a water layer is taken as 2,72 A.
Hydration energies for a given hydration shell are computed
on the basis that hydration energy exponentially decreases
with the distance from the charge on the ion, -

R
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Fig. 12, Repre-seritation of the'sodiumi‘on'wit_h a crystalline
" radius' of 0,95 A-and the lst, 2nd, 3rd, ‘and 4th hydration
“shells, - SR P ISE S PR AL ‘
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Fig. 13. The relative permeability of an ion (ordinate) is con-
sidered a physiologic term interchangeable with density of
channel size, The ordinate on these diagrams could just
as conveniently read '""number of available channels per unit
area of membrane.'" It is reasonable assumption that channel
size (abscissa) is distributed according to a Gaussian curve.
For neural membranes it is assumed the mode of the distri-
bution curve is (a) in the resting state that of a potassium ion,
(b) in the conducting state that of a sodium ion, and (c) in the
irradiation state somewhere between (2) and (b). '
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with the Commission, or his employment with such contractor.



