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REDUCED EXCITABILITY IN NERVE CELLS
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| ABSTRACT
The chahge_in excitabi]ﬁty of unstained nérye cells from neonatal
rat cerebellum was-measuréd'asia function‘df énergy density énd wave-
length of incident laser 1ight.'The energy denéity‘was in the range of.
O‘td 30 uJ/umZ; SiX Wave1engths“between 490 and 685 nm were used. Laser
pulses abbvé a threshold energy dehsity significantly reduced the cells’
excitability. ‘The sensitivity of'the'ce11s, defined as:the,inverse
Aof‘this,threshold ehergy‘density; increased by an order of magnitude -
toward the shorter wavelengths. ,Thesé results are consistent with
primary absorption of the 1ight by mftoéhondria] enzymes, resulting in
local heating.f011owed by mitochondrial calcium re]ease into‘the"

cytoplasm.
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Laser radiation, foéused to subcellular dimensions, is known
to produce lesions at a prescribed location within a single cell (1).

- A large 1ncrease‘in thevselectivity of the irradiatibnito the intended
targef can be achieved by using vital dyes Which'seTectively bind to
. ce11u1ar 6rgane]1es such as nucleo1i (2), mitOChohdria (3),

' lysosomes (4), and chromosomes (5).:_Howéver; the stains themselves
often produce physio]ogjca] alterations wﬁich must'be~con$1dered along
with the laser microdiséection.~ In some cases light may be absorbed
by thé dye at some other locus than the one intended. In the abéence
of dyes, 1ight is absorbed by endogenous chromophores within the cell

- such as ch]orophy11'(6), hemoglobin (7), and the cytochromes (8). By
. proper selection of laser Wave]ength, damagevmay be réstriéfed to a |
particular prgane]le or ehzymé'(Q), Thus, thé laser may be used to
a]ter the ¢Haractef15tics of a single Cell'without the comp]icatiﬁg
factors introduced by -added substances.

We previous1y-reported the results of preliminary experiments.
which indicatedla>reduction in the rate bf spontanéous-aétivity of
unstained nerve cells as a result of high’ihtensity ruby laser
irradiation (694 nm) (10). No change in rate occurred unless
the incident laser energy density exceeded a certain threshold
value. In our attempt to corre]até the functional change produced
- by the laser with absorptioh by a particular éonstituent of the

cell, we obtained an action spectrum of a reduced electrical
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excitabi]ity'dsing a_liquid'dye 1eser. fhe functional eﬁdvpoint is
the change in vb]fage needed to elicit an ecfion potential when
stimulated by current injection thrqﬁgh an extracellular microelectrode:
The results' presented here corrobdrate our eaflier experimenfs in that
the laSer absorption 1eads to a reduced electrical e;citébi]ity, and
that low doses of 1aser energy may be_delivefed With no apparent effect.
Cerebellar tissue cu]tbre was chosen as the objeet»of our
investigation because it provided‘é system Qf easi1y:accessib1e neurons
that were morpho]ogica11y,'phérmaco]dgica11y,.andvphysio1ogiea11y
similar to ﬁhese jg;xixg (1]). The ability to measure electhphysio-

logicéTIparameterSJOf these cells within minutes before and after a

" laser pulse enabled a direct assessment df the immediate changes

produced by the laser.

Explants of rat ‘cerebella were obta1ned from -two- to three -day
old animals. The cerebellum was sliced parasagitally into six p1eces -
and.affixed_onto a glass toverslﬁp using a pTasma clot. 'The‘explants'
were'incubated in a roller drum at 37°C in an atmosphere containing

% €0,. The 1ncubat1on medium, cons1st1ng of 25% Ear]e S ba1anced salt

2°

| so1ut1on, 25% fetal calf serum 50% minimum essent1a1 med1um and 5 5

mg/m1 g}ucose,'was changed twice weekly. After about two»weeks a near

‘monolayer of nerve cells and glia was obtained, permitting visualiza-

tion of individual nerve cell bodies using phase contrast microscopy.



Electrophysiological recdrdings wefe made whi}é thevculture was
bathed 1in Hank's balanced salt soiutioh (without pheno] red) and
maintained at 33:0.1°C. Extrace]]u]ar record1ng and st1mu1at1ng
micropipets were pulled to tip diameters of about 1 um and filled
_with 2M NaCl. - The micropipet resistance was in the range of 5to7 »
MQ-_ | . v. v | f _
A liquid dye laser (phase-R model DL 1100), producihg a

1 usec-]dng pulse, was used for the irradiations.. B?bad—band laser
emission (bandwidth approxihate]y_10 nm) was obtained with maximum
' power.centefed at 480, 540;’580, 600, 650, and 685 nm‘using various 7
dyes (12). The maximum focused 1a$ef ehergy available for 1rradiatibn
variéd from 15'uJ for 540 nh to 360 uJ for_685 nm. The energy of

each laser pulse wasvmeasured with a bhotodiode and beam splitter
arrangement. The respOnse»Qf thié photodiode wasvstandardized in a’
separate measuremént against that of a éaiibrated photodiode placed

in the focal plane of the microscope. The pQTse energy was controlled
.by 1nterpos1ng neutral dens1ty f11ters in the path of the laser beam;
The measured half-width of the focused laser spot was 2 ym. The laser
v pulses were delayed by 6 msec after a spontaneous action ﬁotentia] in
order to study nerve cells in a defined state of bolarization (13).

Large nerve te11s'(20 to 40 um diam) of the type'studied in this -

work show spontaneous electrical activity, which can Sé recorded with »

an extracellular electrode for several hours (14). Action potential
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amplitudes and time intervals between action potentials were determined

V'over several minutes'prior to each laser pu]sé. Data (from approxi-

mately 10% of the cells) were discarded in those cases where the

pulse amp1itude"did not remain stable or the firing pattern was not

stationary. |

| The excitébf]jty.was measufed‘QSing the céI]s' response to.extraé
cellular stimulation. The neurons were stimu]éted With trains of 100
square voltage pulses of 0.5 msec durat1on and constant amplitude, V,
through a m1crop1pet pos1t1oned about 100 um from the cell body The
response of the nerve cells was'measured w1th a recording e]ectrode in
appafent cdntacf with the ce]] soma uhder microscope observation. The
ratio of elicited responses to stimu]éting pulses was measured as a

function of the stimu1u5-volta§e, V. The yb]tage at which this ratio

- was equal to ohe#ha1f of the maximum possible, or the half-maximal

voltage (HMV) was determined for each cell before and after delivery
of a laser pulse. The excitability was taken as (1/HMV). ‘The relative

excitability was then defined as (HMV) J(HMV)

,before after’

The relative extitabi]ity of each neuron under study was measured
for a single laser pulse of prescribed ehérgy and wavelength. Ten

cells were irradiated at each wave1ength, us1ng different 1aser pu]se

'energ1es. The relative. exc1tab111ty as a funct1on of 1aser energy is

shown in Figure 1 for 580 nm,;.Th1S'dependenCe is qualitatively the

same for all wavelengths used. Low energy pulses produce no noticable
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Relative excitability

Fig.
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1. The re]at1ve exc1tab111ty after a s1ng]e laser pu]se as

a function of laser energy density for irradiation wavelength

equal to 580 nm. Each point corresponds to a determination

made from a different cell. The excitability of the neuron is .
taken to be the inverse of the HMV as described in the text.

The excitability after the laser pulse relative to the exc1tab111ty :
before the pulse (or equivalently HMVpafope /HMV3 fter) is plotted
against the absolute laser energy dens1ty 1nc1dent at the focus “
of the laser beam. The interval delimited by points Ej and Ep
is the range of energy densities that characterizes the sensi-
t1v1ty of the neurons to the part1cu1ar wavelength of light.

v’
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‘ ’effect while at h1gh energ1es the celT no 1onger responds to

st1mu1at1on Over an 1ntermed1ate range of ‘energies, an 1ncreas1ng
voltage is necessary to stimulate the- ce]]
The 1nstrumenta1 constra1nts made a cont1nuous variation of

laser pulse energy 1mpract1cab1e However as seen in F1gure 1, a

thresho]d energy dens1ty can be assumed to exist w1th1n the 1nterva] E2

to E]. This- threshold 1nterva1 was measured as a funct1on of ‘wavelength

in order to obtain the neurons'act{on spectrum. A lower threshold

energy implies a'greater oe11 sensitivity, and accordingly, the cell
sensitivity was taken as the inverse of this threshold energy{ The
resu]ts ‘have been plotted in F1gure 2, wh1ch shows the neuron sens1;
tivity as a funct1on of 1aser wave1ength w1th the sensitivity intervals
correspond1ng to 1/E - 1/E

The shape of the: act1on spectrum is similar to that reported

‘by Ham et al.(15) for threshold damage in Rhesus monkey retina fol-

lowing laser jrradiation. Both cUrves_show an increased sensitivity
toWards shorter wavelength with,no'ihdjcatioo of a peak sensitivity
over. the wavelengths studied (the speetrom in Hem et al. extends from
1064 to 441.6 nm). ' |
Several investigationsxcorre]afing~the effect of visible laser
irrediation with ultrastructural ohenges have‘concluded that the -
primary site of absorption w{thin the neuron{is{like]y”to be the mito-

chondrion (8, 16). Although the action spectrum of Figure 2 has
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Fig. 2. The action spectrum for produciné a reduction in the

excitability of the nerve cell. The points Ey and Ep are

~derived from the energy density values so labeled on Fig. 1.

The ordinate is in relative units, which correspond to
dimensions of inverse energy density. o
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re]at1ve1y few points spaced over a wide range of wave]engths, its

shape is cons1stent w1th this hypothes1s The )ncreasedvsens1t1v1ty

“in the range of 490 to 540 nm can be ascribed to absorption by

cytochrome-c (with absorption peaks ét 415, 521 and 550 nm) (17),
cytochrome-b (whlch absorbs max1ma11y at 429 532 and 563 nm) (17),
cytochrome-_-a,a3 (w1th max imum absorpt1on around 440 and 600 nm) (17),
and flavoproteins (which absorb near 450 nm) (17), all of which are

found in high'concentratiohs in mitochondria. Light absorption by the

cytochromes has been suggested as the cause of various physio]ogical

~ responses (8,9,18). Ofuparticular‘interest are the experiments of

)

Rounds and 01son (9), who demonstrate by spectroscopic methods that

‘the electron transport chain could be interrupted at the level of
‘cytochrome-c by laser irradiation of 530 nm. ‘Also of interest is the

~ recent work of Pereira et al. (19) who demonstrate a photo-induced»

1mpajrh€nt of mitochondrial function with blue light, due to absorption
by flavoproteins. _ |
The e1e¢trophysio1ogica] results can be understood in terms of

calcium release by mitochondria. Mitochondria sequester large amounts

. of calcium in an energy-1inked procesS'(ZO),vleaving the: ionized

-7 -8

calcium concentration in the cytop]asm't0 be 107" to 10 ° M as measured

in squid axon (21). Rattner et-a]!-haVe suggested?that laser-induced

calcium release from mitochondria may be the cause of the changes in

contractility observed in rat myocardial cells after irradiation (22).
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Changes in internal calcium concentrétion have been related to

pacemaker rhythm in Aplysia neurons (23) and rat myocardium (24)

as well as increased ionic conductances-in nudibranch neuron (25)

and cat motoneuron (26). It may be expectéd,'tﬁerefore, that the

ré]ease-of calcium by mitochondria_thét are damaged by Taser irradia-

tion would reddce the excitability of tﬁeée nerve cells. |
Using feasonab]e'appfoximafions, the average incréase in

calcium concentratfon induced by the 1a§er pulse can be estimated to _

" be on the order of 30 uM (27). This va]ue'is within the range of

COncentrations that have been showd to have'varibus physio]ogica]

effécts (28). In}our Case,»this high concentratibn of talcium on the

inner side 6f a porfion.of thé‘p]asma.membrane may lead to é transient

increase in the potassium conductance and effectiVely.short'out the .

soma membrane. This would resu]t in reduced excitabi1ity*Until the

remaining active calcium pumps in the undamaged mitochondria and plasma

membrane return the intracellular calcium concentration to its normal

level.

Various possible mechanisms for the interaction of laser light with

~ biological material have been cited by several authors. These include
purely thermal mechanisms (29), photodynamic action (30), two-photon
absorption (31), and second harmonic generation (32). The present

results, by themselves, do not allow a firm conclusion as to the

v
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actual process whereby the cell is;affected. However, in a series of

‘reiated experiments (33) we have found that the sensitivity at 690 nm
~is dependent upon the}power density of the laser pulse. ThiS-wOu]d

- seem to exclude a photochemical mechanism, because such a process would

be sensitive.oniy to the total energy of the pulse and not to the rate
at which 1t is delivered (i.e., photon fiux) | |

The local increase in temperature at the mitochondrion can be

estimated to be_12°C (33,34). If the laser energy absorbed by the

mitochondria is_dissipated over the entire cell volume, the average
temperature pf the cell will increase by oniy‘Q.i°C (35). This
increase in ceii temperature is well within phySioiogicai ranges,
whereaS‘that of the mitochondria is assumed to be suffieieht to

induce calcium release. Such a mechanism would be consistent with

our results.

These studies were supported by the Nationai Institutes of Heaith
(Grant No. GM0829A), and the Office of Hea]th and Env1ronmenta1 '
Research of the U.S. Department of Energy under Contract W- 7405-ENG-48.
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Assuming all the irradiated volUmg is elevated by 12°C and that .
the specific heat of the‘cell is uniform,vthe increase in average
cellular teﬁperature relative to that of the‘irradiéted volume
will be equal to the ratio of these volumes (irradiated volume/cell 5"
3

volume). For-a 10 um radius cell this ratio-is 8.1 x107°.

Hence the average cell temperature increase becomes 0.10°C.
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