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STUDIES ON THE ELECTRIC EXCITABILITY
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In previous works (LABOs, SALANKI 1963, LABOS, SALANKI and S.-R6zsa
1964) the rhythmic motor activity of fresh-water mussels ( Anodonta cygnea 1..)
being in their early ontogenetic stage was investigated. The animals were in
the veliger phase of individual development preceding their release into open
water. Their rhythmic motor activity consists of contraction and relaxing of
larval adductor muscle. The fibres of adductor are parallel to the longitudinal
axis of the animal and adhere to the middle fields of the two half valves. Their
length is about 200 u, and their thickness 5—15 u (Fig. 1). It was found that
the rate of rhythmic action of the adductor may be increased both considerably
and lastingly by potassium chloride and tryptamine. It is a much debated
question if these effects and the spontaneous rhythmic activity itself are
indicative of the properties of the muscle fibres or they are due to the rhythmic
action of nerve elements. The problem of motor innervation has not as yet
been solved morphologically, and the only thing we are in knowledge of is that
the ganglions are in the initial stage of differentiation (HERBERS 1914).

This present work deals with the electric excitability of glochidia. The
findings of RusaToN and Lapricque (RusaTON 1930, LAPICQUE 1931) show
that the parameters of excitability as threshold voltage and chronaxic are
mainly dependent on the conditions of excitation. Namely, as it was pointed
out by RusaTON the direction of the electric field is not indifferent with regard
to the efficacy of excitation current (RusaToN 1930). RUSHTON performed his
studies on the sartorius of adult specimens of Rana temporaria. He discovered
that an electric current passing at right angles to the direction of fibres was
considerably less efficacious than those passing parallel with it. His findings
confirm that similar regularities exist also in connection with the nerves
(RusaTON 1927). His stimulatory experiments were made in liquid medium.
This method was successfully employed in investigating the excitability of
glochidia. In these present studies an attempt is made to investigate if the
parameters of excitability of embryonal nerve fibres of mussel and their
dependency on the direction of electric field follow similar regularities as the
sartorius and the nerves of onto- and phylogenetically more developed adult
specimens of frog.

Nerve and muscle fibres of different excitability and direction were
successfully distinguished by RusHTON by the usual method of excitation in
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the nerve-muscle complex of frog. Possibility for this distinction was afforded
by the observation that the responses of tissues of two different types to
stimuli of perpendicular direction was small, whereas optimum excitation was
produced by stimuli of longitudinal direction. Thus tissues of diverse direction
may get optimally excited by electric fields of different direction. The relation
between duration of stimulus and threshold potential of nerve-muscle complex
may be illustrated graphically by a composite curve.

The direction of the fibres of adductor in the glochidia is longitudinal.
The existence of motor nerve fibres has not been established as yet. Nevertheless
if there are such fibres their direction should differ from that of the muscle
fibres, because the primitive colonies of ganglia are situated laterally from the
muscle fibres.

Material and methods

The experiments were performed on the glochidia of fresh-water mussel
(Anodonta cygnea L.). The glochidia were removed from the lamellae of the
gill of the parent and were rinsed in twice filtered fresh Balaton-water. There-
after the glochidia were put into a PETrI-dish containing likewise Balaton-
water. The Prrri-dish was placed on the objective table of a ZErss profile-
projector. The stimulating electrodes were dipped into the fluid and their
position was fixed.

Ag-AgCl electrodes were also used in these investigations. Except for
preventing polarization and limiting the degree of excitation by the insulating
effect of AgCl layer, these electrodes had no distoring influence on the effects
produced.

The tips of the two electrodes were at a 5 mm distance from each other.
The diameter of the connectives were 0.2 mm, with spherical ends of 1 mm
diameter. Only one half of the sphere was left free, its other hemipshere which
was dipped into the fluid was insulated. Under these conditions the resistance
of the fluid measured between the electrodes was 20—40 kf. Square impulses
were applied for excitation. '

The position and direction of the animal investigated could be adjusted
by two manipulators situated at right angles to each other. These manipulators
could be turned round above the objective table of the profileprojector. The
animal was placed at 1.5 mm distance beneath the plane of the electrodes.
(In the followings this will be dismissed). The factors determining the spatial
relation between electrodes and glochidia are illustrated in Fig. 2. The center
of the rectangular system of coordinates drawn in the plane of a glochidium
coincides with the middle point of the distance between the two electrodes.
The line connecting the two electrodes is the ordinate and the abscissa is set
at right angles to its middle point. The glochidium has a central position, if
its middle point coincides with the center of the system of coordinates. The
bisecting point of transverse axis the contact line of the two valves and longi-
tudinal axis (the line passing through the tips of shell) constitutes the center
of the glochidium. The g-angle between the longitudinal axis of the animal
and the ordinate is also an important factor. The glochidium is asymmetric
to its longitudinal axis, thus at ¢ = 90° its narrower part always faces to posi-
tive direction.
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In the course of excitation sufficient time was allowed for restitution.
Threshold excitation was determined by increasing stimuli gradually. The
value of g-angle was adjusted after every measurement with an accuracy of
0.5°.

)
A
1
K X
N ) P
mm
L
2

Fig. 2. The position of glochidium on a horizontal plain, and the spatial relation between
glochidia and the stimulating electrodes

A — the axes of the horizontal system of coordinates, the position and the dimensions

of electrodes; a — Ag or Ag.AgCl, b — insulation

B — spatial position of glochidia: at 1,5 mm beneath the plane of electrodes; square-

impulses of 7 msec duration and V voltage were taken on the electrodes; g — glochidium

2. dbra. A glochidium helyzete a vizszintes sikon és a glochidiumok és ingerl6 elektrédok

térbeli viszonya

A — a vizszintes koordindta rendszer tengelyei az elektrédok helyzete és méretei; a —
Ag vagy Ag-AgCl, b — szigetelés

B — a glochidium térbeli helyzete: az elektrédok sikja alatt 1,5 mm-re; az elektrédokra

7 msec id6tartamu és V fesziiltségli négyszégimpulzusokat visziink; g — glochidium

Results

When placing an unarranged group of glochidia into the electric field
and single impulses of constant duration are taken on the electrodes, divergent
values of threshold voltages will be obtained. Threshold voltage is greatly
influenced not only by the spatial relation between animal and electrodes but
also by the orientation of the animal itself (p-angle). In Fig. 3 an unarranged
group of glochidia is illustrated. The electrodes are indicated by semicircular
arches. Values of threshold voltages at impulses of 5 msec duration are indi-
cated by the figures beside the animals. Threshold voltages varied between
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2—24 V. The minimum voltage necessary to produce contraction in the ad-
ductor of glochidium at an impulse of given duration may greatly vary depend-
ing on the position of the glochidium. The purposes of subsequent measurements
is to examine methodically the excitability of individual glochidia of central
position in the function of g-angle, further to determine the threshold of the
single animals situated in longitudinal direction (¢ = 0°) in various places of
the electric field.
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Fig. 8. Unarranged group of glochidia between the electrodes. The figures beside the
glochidia indicate threshold voltages produced by impulses of 5 msec duration. The
values of threshold voltages varied between 3—24V

3. dbra. Rendezetlen glochidiumhalmaz az elektréddk kozott. A glochidiumok mellé irt

szémok 5 msec-es impulzusokkal torténé ingerlés esetén a kiiszobfesziiltséget jelentik.
Lathat6, hogy 3 V-tél 24 V-ot meghaladé kiiszéb egyardnt el6fordul

1. Threshold voltage of glochidia of right and longitudinal direction in
central position.

Threshold voltages of glochidia of central position and of orientations of
@ = 0° and ¢ = 90° were studied at impulses of 5 msec duration. Threshold
values were much greater in transversal than longitudinal direction. In longi-
tudinal direction, ¢.e. at ¢ — 0° the value of threshold voltage was 8,51 + 0.2
V under the given experimental conditions. The data refer to 50 specimens of
animals originating from five populations.

These investigations do not furnish exact data on the average value of
transversal threshold, because transversal threshold of great many animals
surpassed the upper limit of the voltage (24 V) of the stimulator.
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2. Dependency of threshold voltage on the direction of the longitudinal
axis of glochidium of central position.

In this run threshold excitation was determined as follows. The glochi-
dium was removed from its longitudinal position by turning it round at equal
arches. The duration of excitation impulses was 5 msec. At a turn from 0° to
60—65° threshold voltage became approximately doubled. It increased more
rapidly by increasing the angle and at about 70—80° it was higher than 24 V.
The changes of threshold of a single glochidium at a complete turn is given in
Fig. 4.
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Fig. 4. Dependency of threshold voltage on the g-angle at impulses of constant duration
(5 ms). On the abscissa the ¢ angle, on the ordinate the V¢ threshold voltage is given.
The points indicate the data of a single glochidium

4. abra. A kiiszobfesziiltség fliggése a @-sz6g nagysdgdtdl dllandé (5 ms) 1mpulzusszélesség
esetén. Abszcisszdn  orientdcids szog, ordindtén Vo kiiszébfesziiltség. A pontok egyetlen
glochidium adatait jelentik

Because lateral parts of the animal during this turn round get to regions
where the strength of electric field is smaller, it is suggested that this difference
in electric field might be responsible for the above changes in threshold. For
elucidating this problem threshold voltage determinations were made when
moving the animals either in the direction of abscissa or of the ordinate. During
these investigations the direction of glochidium was longitudinal, ¢.e. p = 0°.

3. Changes in threshold voltage by changing the position of a glochidium
of longitudinal direction.

Threshold voltage measurements were performed on glochidium of longi-
tudinal direction at different points (at 1.5 mm distances) of the abscissa. The
averages of ten serial measurements are presented in Fig. 5. The increase in
threshold voltage may be represented graphically by a parabole. At a 5 mm
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distance from the center threshold voltage was about 10 V. The suggestion
that perhaps the decrease in strength of field in lateral direction may be respon-
sible for the increases in threshold voltage during rotation has to be rejected
namely, as it is also evidenced by the graphs, every portion of the animal
located centrally was nearer to the center than 0.5 mm.

When moving the glochidium of longitudinal direction along the ordinate
the changes registered in the critical zone of rotation are similarly negligible.

Thus it is extremely likely that the deviations produced by rotation are
related primarily to changes in angle between muscle fibres of glochidium and
strength of field.

-
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Fig. 5. Differences in threshold veltage when moving the glochidium along the abscissa;
@ = 0° (glochidium of longitudinal direction). On the abscissa the points of X-axis,
on the ordinate threshold voltage are illustrated; 7 = 5 msee, distance between the elect-
rodes is 5 mm. The graph illustrates the averages of results obtained on ten animals
separately
5. dbra. A glochidium kiiszobfesziiltségének véltozdsa az X-tengely mentén elmozditva;
@ = 0° (hosszanti helyzet{i glochidium). Abszcisszén az X-tengely pontjai, ordindtén a
kiiszobfesziiltség; @ = 5 msee, az elektrédok kozotti tdvolsdg 5 mm. A gorbe 10 dllat
dtlagit mutatja

4. Deviations in threshold voltage of glochidium of central position
induced by impulses of different durations.

It has been established in the foregoings that the thresholds of glochidia
at impulses of constant duration are subject to changes depending on the
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transversal or longitudinal direction of the animals. In the next experimental
run the relationship between threshold voltage and duration of impulses is
investigated at three different directions (p = 0°, 45° and 65°). Duration of
impulses varied between 200 usec and 120 msec. The results of ten animals
obtained are presented in Fig. 6. At every direction investigated a fast and a
slow decrease in threshold voltage was observable between 200 usec—1 msec
and 1—120 msec respectively. The slope of curves obtained by increasing the

T oA
1 Ve(T)| || Dk e b
20- Volt | l | E
i i?=4f° 1
‘ |
15 | ]
|
0] |
] ||
L
g 1] |
ryey
0] | \ i
a7 100 m sec

Fig. 6. Threshold voltage-duration relation. Abscissa: duration of stimulating impulses

in msec. Ordinate: values of threshold voltages at different g-angles and at impulses of

different durations (Vg(7)) expressed in V. Semilogarithmie illustration. The investigated

directions were: ¢ = 0°, 45°, 65°

The experimental points indicate averages of measurements performed on 10 different
animals g

6. dbra. Kiiszobfesziiltség —id6tartam dsszefiiggése. Abszeissza: az ingerimpulzus tartama

msec-ban. Ordindta: a kiiszobfesziiltség értékel kiillonb6z6 @-szogek és impulzusszélesség

esetében (V(r)) Voltban. Féllogaritmikus dbrézolds. A vizsgélt irdnyok ¢ = 0°, 45°, 65°,
Minden pont 10 dllaton végzett mérések dtlagdt jelenti

g-angle passes along gradually higher values. The curve is more off centered
between 0°—45° than between 45°—65°, though the difference in the case of
the later is only 20°. Secondary changes in the slope of curves may also occur
which is indicative of their composite character.

The value of chronaxie is 0.7—1.5 msec (1 msec in average).

Discussion

It may be established on basis of foregoings that the degree of excitation
produced with a pair of electrodes in liquid medium is mainly influenced by
the spatial relations between glochidia and electrodes. Especially two factors
proved to be responsible for the changes in threshold voltage in excitation
experiments run under constant conditions and at impulses of equal duration.
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The one is the position of the animal in the electric field, the other the angle
between electric strength of field and muscle fibres.

The importance of the first factor is indicated by increases in threshold
values obtained when moving the glochidium of given direction off from
the electrodes along the abscissa. This is obviously due to external causes.
Namely, there is a decrease in the density of line of forces in lateral direction.

The importance of the other factor was detected when the glochidium
placed in a central region of relatively constant strength of field was turned
round. The dependency of threshold voltage on g¢-angle seems to be appro-
achable mathematically by a discontinuous circular function. Studying in
detail the relation between line of forces and excitability, it was suggested by
RusaTON (1927, 1930), that the inefficacy of transversal excitation is presu-
mably due that only electric components running parallel with the direction
of muscle fibres and nerves are stimulating. This was also expressed by him
mathematically as: V, = V/cos ¢, where V, and V, are threshold voltages
in case the angle is tp or 0° respectively under otherwise equal conditions.
The results reported here are in agreement in general with the theory formu-
lated by RUSHTON, i.e. excitation is considerably less efficaceous in trans-
versal direction, and it is optimal when produced by stimuli parallel with the
direction of the fibres.

It should be noted, however, that neither RUSHTON’s investigations,
nor these present studies could explain the nature of this phenomenon. It is
assumed that the relation between the dimensions of various fibres may also
“be helpful in explaining the results. Namely, the decrease in voltage at constant.
strength of field and at equal specific resistance is greater in longitudinal than
in the shorter transversal section. Fall in voltage is mainly influenced also by
the value of specific impedance, which may be direction dependent. Thus,
the actual fall in voltage in a given section of muscle fibre is determined
mainly by these two factors. The changes of specific resistance, however, may
originate from the fine differences existing between longitunidal and trans-
versal structures.

Thus on basis of foregoings it is regarded unnecessary to suggest the
presence of motor nerve fibres of special direction in order to explain the
direction-dependency of excitability.

Nevertheless, the question arises wether further inferences may be drawn
on basis of these results concerning the presence of motor innervation. In Fig. 6
the graphs representing threshold voltage show secondary changes in slope.
These graphs were drawn on the basis of measurements performed on ten
animals. Similar properties were reflected by measurements on the single
individual. It was assumed by W. A. H. RusaTox (1930) on basis of similar
differences that there may motor nerves be present in the muscle fibres. This
assumption is, however, confronted by the fact, that the average value of
chronaxie is approximately constant: 1, that is 1—0.92 at angles of 0°, 45°
and 65°. It was observed by RusHTON that nerve elements were highly exci-
table (y-excitability), whereas muscle elements displayed low excitability
(a-excitability), which corresponds to small and great chronaxie respectively.
On the present occasion, however, no considerable differences in chronaxie
were observed by changing the angle. It is suggested that if the secondary
changes in slope are due to the presence of nerve elements, then they would be
isochronous with the excited muscle fibres at ¢ = 0°. In that case the differen-
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ces in chronaxie at the above angles would be negligible, and the differences
in the direction of hypothetical nerve elements should also be small or strongly
deviating respectively, for the secondary changes of slope are unimportant.
It is also presumably that only muscle fibres were excited at every angle
applied. In that latter case the secondary changes in slope, as illustrated in
Fig. 6, may be considered only as experimental errors.

The reciprocal cosinus relation between transversal and longitudina
excitability as established by RusHTON applies, apart from certain little

Fig. 7. A — a relation in agreement with figure 4: dependency of V,, threshold voltage

on g-angle, represented in a polar system of coordinates. The values of V,, are marked on

the sides of p-angles. The relation is approximately linear. e — curve deviating by ¢-angle
(Vg/cos ¢) from f-line set at right angles on the abscissa. B - explanatory figure

7. dbra. A — a 4. dbrdnak megfelels Osszefiiggés: a V, kiiszobfesziiltség fiiggése a @

sz6gt6l, poldrkoordindtarendszerben dbrdzolva. A g-szogek szdrdra mértiik rd a V,

értékeket. Az osszefiiggést kozel linedrisnak tekintjiik (e), mely 8-szoggel eltér az absz-
cisszdra meréleges f-egyenest6l (V /cos ¢). B — magyaréz6 dbra

deviations, also for the relation presented in Fig. 4. Fig. 7[A illustrates the
results of threshold voltage measurements performed on ten glochidia each.
The glochidia of central position were turned round and were excited at impul-
ses of 5 msec duration. The results are illustrated in a polar system of coordi

nates. On the side of ¢ angle the corresponding value of threshold voltage (V¢)
is marked off. The values should have taken place along the f-line in agreement

3*
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to the correlation as determined by Rusuron (V, = V /cos ¢). Newertheless
on every occasion V, < V/cos p. Consequently the points obtained took place
along the e-curve, which on basis of simple trigonometric considerations may
be expressed as (see Fig. 7/B)

V cos 9
? " cos(p — 9)

where 9 is the angle between the f-line obtained by RusaToN and the e-line
obtained in these experiments. The actual value of this angle may be expressed
mathematically as ;

Vi :

——Vol 2 = cotgd
In case 9 = 0° then the relation according to RusHTON is obtained. It is
assumable on basis of this 9 angle that there may be in the glochidium excitable
structures present, which are deviating from the direction of the longitudinal
axis of the animal (these may be either muscle fibres of deviating direction or
nerve elements). It is also presumable that the deviations from RUsHTON’s rule
may originate in the differences of electric structures in the external medium,
and muscle fibres, which produce a break in strength of forces along the con-
tact line of the two substances and further in the fact that the experimental
animal was placed under the plane of the electrodes. In view of these and other
questions discussed so far it is considered important to investigate further
the limits of the validity of RusaTON’s rule and the problem of a hypothetical

motor innervation.
{

Summary

In this work the electric excitability of the adductor of glochidia of fresh-
water mussel (Anodonta cygnea L.) was investigated. The reciprocal cosinus
relation between excitability and direction of electric field as established by
RusHaTON, holds true approximately also in these experiments. The threshold
obtained at impulses of 5 msec duration running parallel with muscle fibres
was 3.5 V. Threshold voltage is approximately doubled and the transversal
threshold becomes very high when increasing the angle to 60°—65°. Up to 65°
chronaxie was about constant i.e. 1 msec. The possibility of a hypothetical
motor innervation is discussed on basis of secondary changes in the relation
between threshold voltage and duration, and of other results deviating from
the findings of RusHTON.
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ELEKTROMOS INGERLEKENYSEG VIZSGALATA
ANODONT A-LARVAK (GLOCHIDIUMOK) ZAROIZMAN

Ldabos Elemér

Osszefoglalas

Tavi kagyl6 (Anodonta cygnea L.) glochidiumainak zdréizmét folyadékon keresztiil,
elektromosan ingerelve azt taldltuk, hogy az ingerlékenység és elektromos tér irdnya
kozott a RusaTON-féle rec1prok cosinus Osszefliggés kozelit6leg fennall. Az izomrostokkal
pérhuzamos ingerlés sordn taldlt kiiszob, 5 msec ingerid6tartam mellett 3,56 V. A kiiszob-
fesziiltség 60— 65°-ig kb. kétszeresére n6, a harantkiiszob igen magas. A chronaxia 656°-ig
kozel alland6, 1mseec. A Kkiiszobfesziiltség-ingeridGtartam Osszefiiggés maésodlagos
meredekségvaltozdsai és a RUSHTON-Gsszefiiggéstél vald kisfoku eltérések alapjan taglal-
tuk a motoros beidegzés jelenléténck kérdését.

VCCJIEJOBAHUE 3JIEKTPUUECKONM BO3BYIUMOCTU
HA 3AIIMPATEJIbHOM MbILIILIE JIMUMHOK (I'NIOXUIMEB) BE33YBKU

3. Jlaoow

Pagjpayxast 9J1eKTpUYeCKUM TOKOM 3allMPaTEJIbHYIO MBILILY INIOXUAUeB 0e33y0KU uepes
JKUIKOCTD, OBIJI0 YCTAHOBJIEHO, YTO 00paTHAsi KOCMHYCHAsI 3aBUCUMOCTh PalTona mexnay B03-
OYAMMOCTH U HAIIPABJIEHHEM 9JIEKTPUUECKOI'0 TIPOCTPAHCTBA MPUOIUSUTEILHO OCTAETCS B CHJIE.
TToporoBbiM HampsiKEHHEM OKasaioch 3,5 V. eciiM pasapa)keHHe NPOUCXOAUT NapasiesiiHo
MBILIEYHBIMHY BOJIOKHAMM U TIPU IPOA0JDKUTEIbHOCTH UMITYJIbca B & MceK. IToporosoe Hanpsie-
Hue Mexay 60—65° ypesnuMBaercst IpUMePHO BABOE, M IIONEPEYHBIA IOPOI' 0Y€Hb BBICOKHII.
Xponakceust 10 65° moutu nocTosiHHA U paBHsieTcsi 1 Mcek. Ha 0CHOBe BTOPUYHOrO M3MeHEHMsI
KPHMBH3HBI B 3aBUCUMOCTH IIPOJOJDKUTEIBHOCTH UMITYJIECA U TIOPOTOBOI'0 HATIPSI>KEHUST U TPHHU-
Masl BO BHUMaHUU He00JIbIIOEe OTKJIOHEHHE 0T 3aKoHA Pamrona 06cy K/1aeTcsi BoNpoc 0 HaJHUUn
MOTOPHOH MHHepBaLUK 9MOPHOHAIbHOI 3anupaTebHON MbIILEL






Faj. 1. Photo of the larva of Anodonta cygnea (glochidium)

1 = larval adductor; 2 = lateral cavity; 3 = mesoderm band; 4 = shell; 5 = tooth of
shell; 6 = larval mantle; 7 = primordium of the foot; 8 = intestinal sac
According to K. Herbers (1913) the primitive ganglion colonies develop in the region
of intestinal sac and the primordium of the foot

1. 4bra. Anodonta larva (glochidium) képe
1 = a larvalis adduktor izomrostjai; 2 = oldalsé géddor; 3 = mezoderma csik; 4 = héj;
o = héjfog; 6 = larvalis képeny; 7 = labdudor; 8 = entodermazsak
A primitiv gangliontelepek K. Herbebs (1913) szerint az entoderma zsdk és labdudor
tdjan fejlédnek
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