
E L E C T R I C A L  C H A R A C T E R I S T I C S  O F  S E N S O R Y  

N E U R O N S  OF H i r u d o  m e d i c i n a l i s  

V.  L .  Z h u r a v l e v  a n d  T .  A .  S a f o n o v a  UDC 612.829,014,42 

During intraeel lular  polar izat ion of identified sensory  neurons of the leech by square 
pulses  of hyperpolar iz ing current  e lec t r ica l  pa r ame te r s  of the cell membranes  were 
determined:  input res i s tance  of the neuron R n, t ime constant of the membrane  T, the 
rat io between conductance of the cell p roces se s  and conductance of the soma p, the 
res i s tance  of the soma membrane rs,  the input res is tance  of the axon r a, capacitance 
of the membrane  Cs, and res is t iv i ty  of the soma membrane  R s. The resul t s  obtained 
by the study of var ious  types of neurons were subjected to s tat is t ical  analysis  andcom-  
pared  with each other .  Significant differences for  neurons of N- and T- types  were 
found only between the values of T, Cs, and R s (P < 0.01). These  p a r a m e t e r s  a l sohad 
the lowest coefficients of variat ion.  The surface a rea  of the soma of the neurons, ca l -  
culated f rom the capacitance of the membrane  (the specific capacitance of the m e m -  
brane was taken as 1 ~ F / c m  2) was 7-10 t imes  (N-neurons) or 4-6 t imes  (T-neurons) 
g rea t e r  than the surface  a rea  of a sphere of the same diameter .  The res is t iv i ty  of the 
soma membrane  R s was 35.00 kf~.cm 2 for  cells  of the N-type and 19.50 k~ -era2 for T -  
neurons.  The reasons  for  the relat ive stability of this p a r a m e t e r  compared  with the 
input res is tance  of the cell  (coefficient of var ia t ion 22-7 and 53-31% respect ively)  are 
discussed.  The possible effects of e lec t r ica l  cha rac te r i s t i c s  on the p roper t i es  of r e -  
peated d ischarges  in neurons of different types also are discussed.  

INTRODUCTION 

Altogether 14 sensory neurons have been identified in the segmental ganglia of Hirudo medicinalis 
and, depending on differences in their electrical responses to mechanical stimulation of the skin and to 
passage of a direct current through the cell body they can be distinguished into three gToUpS" T, P, and N 
[18]. The identified neurons can easily be recognized in each segmental ganglion by their position and 
electrical responses. The sharpest differences between them are manifested in the character of responses 
to the action of long stimuli (direct current, mechanical stimulation of the skin). Neurons of N-type are 
characterized by a low maximal firing rate (up to 1-5 spikes/sec) and a long duration of after-hyperpolariza- 
tion (AH) after  the single excitation wave (the "time constant" of AH is about 200 msec) .  The maximal 
f ir ing rate  of the T -  and P -neurons  is 200 and 70-80 sp ikes /see  respect ive ly .  The duration of AH in these 
cel ls  is substantially less  than in cel ls  of the N-type (about 10 msec  in T-neurons  and about 20 msec  in P -  
neurons) (Fig. 1). As exper iments  on a se r ies  of objects showed, the differences in the frequency of r e -  
peated d ischarges  can be attributed, f irst ,  to differences in the duration of the a f t e r -dec rease  of excit-  
ability in each type of cell after  the passage of a single action potential (AP) and, second, to different 
ra tes  of r i se  of potentials appearing as on- responses  to depolarizing cur ren t s  [11, 13]. Depolarization of 
the cell to the threshold level is determined by the rate of r i se  of the "passive" shift of potential and the 
active local  react ion of the membrane .  Differences in the duration of the a f t e r -dec rease  of excitability in 
cells  of N- and T- types  are  mainly due to differences in the temporal  course  of  res tora t ion  of conductance 
for  potass ium ions when increased after passage of the AP [15]. However, differences in the "passive" 
cha rac t e r i s t i c s  of the cell membrane  may also be ref lected in the charac te r  of the f ir ing pat tern of the 

neuron. 
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The object of this investigation was to compare  the e lect r ical  cha rac -  
t e r i s t i c s  of different types of sensory  neurons of Hirudo medicinalis  dist in- 
guished by marked differences in repetit ive d ischarges  in response  to p ro -  
longed stimuli.  

I-- 

Fig. 1. Action potentials 
in sensory  neurons of N-, 
P- ,  and T- types  ar is ing 
as o f f - responses  to hyper-  
polar izing cur ren t .  Cali-  
bration: 40 mV, 4.10 .9 A, 
I0 msee. 

EXPERIMENTAL METHOD 

Intraeellular potentials of sensory neurons of the leech were recorded 

by glass microelectrodes with a resistance of 30-50 m~2, filled with 2 M potas- 

sium citrate. The neurons were polarized through the same microelectrode 

by means of a bridge circuit. Neurons of the different types were identified 

both by the response of the cell to puncture of its membrane by the micro- 

electrode [18] and by the shape of the antidromic AP during stimulation of the 

lateral or dorsal root of the ganglion. The electrical characteristics of the 

cell membrane were determined by analysis of the transitional process after 
application of a hyperpolartzing current of i-2 hA. The following parameters 

were calculated, input resistance R n, time constant r, dendritic dominance 

factor p, capacitance of the soma membrane Cs, resistivity of the soma mem- 

brane of the neuron R s, resistance of the soma membrane rs, and input re- 
sistance of the axon r a. 

The methods used to calculate these parameters are adequately de- 

scribed elsewhere [2, 16, 20]. The curves were analyzed by graphic differen- 

tiation [5]. The surface area of the soma was determined from photographs 

of the neurons injected with the dye Proc ion  yellow [19]o According to e l ec t ron-mic roscop ic  investigations 
[8], neurons of the leech have a folded outer membrane .  To est imate  the "true" surface area  of the cell 
body, the capacitance of the membrane  was taken to be 1 p F / e m  2 (as in many animal tissue cells), and on 
this bas is  the area  of the membrane  (Scale) was calculated as the rat io between the input capacitance of 
the neuron soma and the specific capacitance of the membrane .  The res is t iv i ty  of the soma membrane 
was calculated without allowing for folding of the membrane  (Rs. meas in Table 1) and allowing for  the cal-  
culated surface area  of the neuron soma (Rs.calc) ,  For  each pa rame te r  for the N- and T-neurons  the 
ar i thmet ic  mean and coefficient of variat ion (CV) were determined.  The significance of differences be-  
tween the pa rame te r s  was a s se s sed  with the aid of Student 's c r i ter ion.  The P-neurons  were not compared 
with other cel ls .  Only four neurons of this type were investigated and the pa rame te r s  for  them showed 
great  variabil i ty,  evidently because of the heterogeneity of the P -neurons  in the ganglion (four such cel ls  
were identified in each segmental  ganglion). 

RESULTS AND DISCUSSION 

The results of measurement of the passive characteristics of neurons of N-, T-, and P-types are 
given in Table I. 

The input resistance of the different types of neurons in these experiments was 10-54 m~2. Jansen 

and Nicholls [15] consider that an input resistance of the order of 50-100 m~2 is normal for cells of the N- 

type, but this applies only to exceptional cases. Sensory neurons of the leech are comparatively small 

(30-50/~) and are covered by a dense glial membrane. Even if microelectrodes with a resistance of 30-50 

rag2 are used it is not always possible to avoid damaging the cell. The passive characteristics were cal- 
culated only for neurons in which stable responses were observed during the 15-20 rain after insertion of 
the mieroelectrode. Assessment of the input resistances from records illustrating several papers [5, 6, 

19] showed that in most cases the investigations were carried out on neurons whose resistance also was 

15-40 m~2. The wide scatter of the values of the input resistances in the present experiments (CV = 53- 

31%) made it difficult to compare this parameter in neurons of different types. Differences in the sizes 

of the neurons and in their  position in the ganglion, affecting successful  introduction of the microe lec t rode ,  
could also lead to additional e r r o r s .  However, even allowing for  these obstacles,  neurons of the leech 
have a much higher input res i s tance  than more  widely studied objects (giant neurons of Ani dor is  [171 
and A Aplysia [14], Betz cel ls  of the eat motor  cor tex [16], eat motoneurons [10]). This  is due both to the 
small  size of the neurons and the res is t iv i ty  of the membrane  (see below). 

To determine the res is t iv t t ies  of the membrane  more  accurately,  allowance was made for the in- 
c?:ease in total conductance of the cell because of shunting of par t  of the applied cur rent  by the p rocesses  
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of the cell [20]. This increase in conductance was expressed  as the rat io between the conductance of the 
cell p roces ses  and the conductance of the soma (the factor  p) . If  the value of p is small  {as it is, for ex- 
ample, in mollusk neurons) it can be determined f rom the slope of the electrotonic potential curve at the 
t ime of application of the polar izing current  [2]: 

dV i V_ 
~-~ It~o ~ (P + 1 ) '  

where Voo is the electrotonic potential of the soma after  the end of the transit ional  p rocess .  The value of 
p var ied  in the present  experiments  f r o m  0.28 to 2.2. Differences between the mean values for T -  and N- 
cel ls  were not significant.  The coefficients of variat ion of p in the cells  of the two types were much 
grea te r  than CV for the input r e s i s t ances  of the neurons {especially for  T-neurons) .  Injury to the cell 
membrane  by the microe lec t rode  can substantially modify the rat io between the conductances of soma and 
p rocesses ,  for the soma membrane  suffers  the most  damage and its res i s tance  is reduced correspondingly.  
An improvement in recording  methods must therefore  lead to some increase in the value of p. The resul ts  
agree with those obtained for giant neurons of Planorbis  eorneus [2]. The value of p in these cells  var ied  
f rom 0.0 to 1.4, However, considering the possibil i ty of a marked change in p because of damage to the 
neuron soma by the microelec t rode ,  the real  value of p could be as much as 2-3 (also in view of the fact 
that the input r e s i s t ances  of the cells  may reach  50-100 m~) [15]. In that ease the value of p in the leech 
neurons comes c loser  to the resul ts  obtained for the neurons of Anisodoris  [17]. 

The t ime constant of the membrane was determined f rom the slope of the curve In (dV/dt) =f(t) 
relative to the ordinate.  The mean value of ~- for six N-neurons  was 35.00 msee,  with CV 22%; for six 
neurons of the T- type  it was 19.50 msec,  CV = 7%. The t ime constant in the P -neurons  was 24.70 msee 
(four neurons).  

The duration of a f te r -hyperpolar tza t ion  potentials recorded  f rom the N- and T -ce l t s  differed 
sharply {200 and 10 msec  respectively),  whereas the sensory  neurons of the leech had comparable  values 
of 7 (35.00 and 19.50 msee  respect ively) .  Never theless  these differences are  s tat is t ical ly significant 
(P < 0.01) and cel ls  with AH of longer duration (neurons of N-type) had a greater  time constant.  

However, the observed paral lel  cannot be regarded  as proof that the duration of AH depends on the 
value of T. The t ime constant of the neuron soma membrane can determine the course  of AH only if there 
is a significant difference between the values of z and the "time constant" of AH; moreover ,  an essential  
condition must  be satisfied: ~- must  be very  large compared  with the duration of AH. The ra t ios  between 
these values  differed in the neurons of different types studied. In N-cel ls  the duration of AH (200 msec) 
was much much grea te r  than the value of ~- (35 msec) and for that reason the course  of AH was entirely 
determined by the t ime of r ecovery  of normal  permeabi l i ty  for potass ium ions (the "potassium" charac te r  
of AH in leech neurons was demonst ra ted  by Nicholls and Baylor  [18]). Opposite relat ionships were ob-  
se rved  in neurons of the T- type .  The mean value of ~" for six neurons was 19.5 msec  but the "time con- 
stant" of AH was about 7-10 msec;  in the T -ce l t s  the value of 7" may therefore  have some effect on the rate 
of recovery  of MP after  passage of the AP.  The possibi l i ty of a reduction in z because of increased con-  
ductance of the cell membrane  in the course  of AH must  also be considered (this leads to a decrease  in 
the effect of T on the duration of AH). P-Neurons  (if the sample of data obtained by" the investigation of 
four neurons can be assumed to be representat ive)  had about equal values of ~- and AH (24.7 and 20 msec 
respectively)  and the effect of z on the course  of AH was about the same as in the T-ce l l s .  

Comparison of the pa r ame te r s  of the N- and T-neurons  showed the presence  of significant differ-  
ences (P < 0.01) only in the values of Cs, T, and Rs .ca lc°  The coefficients of variat ion of these p a r a m -  
e ters  also were comparat ively  low (from 7 to 22%). Relative constancy of the capacitance cha rac t e r -  
istics of the membrane has been demonstra ted for many objects [9, 10, 16], and even during the develop- 
ment of excitation p r o c e s s e s  the capacitance of the membrane  does not change by more  than 20% [9], 
whereas  conductance increases  by hundreds of t imes .  When neurons are identified by their  e lect rophysio-  
logical pax'ameters,  most  attention should therefore  be paid to these most  stable cha rac te r i s t i c s .  Capac-  
itance of the membrane  (C) is determined by the area  of the membrane  and the value of the specific capac-  
i tance.  Since ~;he specific capaci tance of the membrane  in most  animal and plant cei ls  is about 1 p F / c m  2, 
the surface a rea  of the soma of identifiable neurons can be compared  with respec t  to the value of C s.  Such 
a compar ison is par t icu lar ly  neces sa ry  for  the neurons of many inver tebrates  because of the considerable 
folding of the soma membrane  surface [1, 4, 7, 8]. The rea l  surface a rea  of the soma in the giant neurons 
of P lanorbis  corneus  can exceed the surface a rea  of a sphere of the same diameter  by 10-25 t imes  [2]. 
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This rat io for  N-neurons  was 7-10 t imes,  and for T-neurons  4-6 t imes .  Differences in the values of the 
calculated a reas  were significant (P < 0.01). Calculation of the res is t iv i t ies  of the soma membrane  of 
the neurons allowing for  folding of the membrane  showed a considerable  difference between these values 
in neurons of N- and T- types  (35.00 and 19.50 k 2 - c m  2 respect ively,  P < 0.01). Those values differ 
somewhat f rom those obtained for  neurons of Aplysia (2500-11,300 2 • cm z) [14] and Helix (1000-8300 2 - 
cm 2) [3 ] and those calculated without regard  to folding of the membrane .  However, allowing for  the folded 
s t ruc ture  of the membrane ,  ve ry  close values of the res i s t iv i ty  have been obtained for  the neurons of Helix 
pomatia  (23,400 ~2 • cm 2) [12]. 

When the res is t iv i ty  was determined without r ega rd  to folding of the membrane,  s imi lar  values 
were obtained for N- and T-neurons  (5670 and 4490 ~.cm2),  i . e . ,  d is regarding  the re l ief  of the cell s u r -  
face cannot  only lead to a decrease  in the value of the resis t ivi ty ,  but it can also mask  possible differ-  
ences  in its value in different neurons.  

It is also interest ing to examine the relative stability of the res is t iv i ty  of the membrane  (Rs. calc) 
in T-  and N-ce l l s .  The coefficient of variat ion for them was 7 and 22%. Meanwhile the coefficient of va r i a -  
tion for the input res i s tance  of the cells  was 31 and 53%. Differences between the res is t iv i t ies  of the m e m -  
brane were significant (P < 0.01) but the difference between the input res i s tances  was not significant. 

The variabi l i ty of the input res i s tances  is due to differences in the degree of injury to the cell 
membrane  by the mic roe lec t rode .  Only a small a rea  of the membrane  around the microe lec t rode  tip was 
injured, but this had a s t rong shunting effect on the cur ren t  passed through because of its proximity to the 
tip of the polar iz ing and record ing  e lect rode.  The proper t ies  of the g rea te r  part  of the surface membrane,  
however, were only slightly affected, with consequent stability of the cell responses  to external stimuli for 
a period measured  in tens of minutes and relative constancy of the basic e lec t r ica l  cha rac te r i s t i c s  of the 

membrane  (C s and Rs). 
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