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A B S T R A C T The  membrane  properties of  isolated neurons from Helix aspersa 
were examined by using a new suction pipette method. The  method combines 
internal perfusion with voltage clamp of  nerve cell bodies separated from their 
axons. Pretreatment with enzymes such as trypsin that alter membrane  function is 
not required. A platinized platinum wire which ruptures the soma membrane 
allows low resistance access directly to the cell's interior improving the time 
resolution under  voltage clamp by two orders of  magnitude. The  shunt resistance 
of  the suction pipette was 10-50 times the neuronal membrane resistance, and the 
series resistance of  the system, which was largely due to the tip diameter ,  was about 
105 f l .  However,  the peak clamp currents were only about 20 nA for a 60-mV 
voltage step so that measurements of  membrane  voltage were accurate to within at 
least 3%. Spatial control of  voltage was achieved only after somal separation, and 
nerve cell bodies isolated in this way do not generate all-or-none action potentials. 
Measurements of  membrane  potential, membrane  resistance, and membrane time 
constant are equivalent to those obtained using intracellular micropipettes, the 
customary method. With the axon attached, comparable all-or-none action poten- 
tials were also measured by either method.  Complete exchange of  Cs + for K + was 
accomplished by internal perfusion and allowed K + currents to be blocked. Na + 
currents could then be blocked by T T X  or suppressed by Tris-substituted snail 
Ringer solution. Ca 2+ currents could be blocked using Ni 2+ and other  divalent 
cations as well as organic Ca 2+ blockers. The  most favorable intracellular anion was 
aspartate-,  and the sequence of  favorability was inverted from that found in squid 
axon. 

I N T R O D U C T I O N  

T h e  vo l tage -dependent  conductances  o f  nerve  cell bodies  appear  to be m o r e  
n u m e r o u s  than those  o f  their attached axons .  In addit ion to the Na + and K + 
currents  f o u n d  in axons  (Hodgk in  and Huxley ,  1052), the fo l lowing voltage- 
d e p e n d e n t  currents  have been  reported  in mol luscan neurons:  a transient Ca 2+ 
current  (Geduldig  and Gruener ,  1070; Kostyuk et al., 1974a, 1974b; Standen,  
1975b); a persistent,  slowly inactivating Ca 2+ current  (Eckert and Lux,  1976); a 
fast transient K + current  (Hagiwara et al., 1961; C o n n o r s  and Stevens,  1971; 
N e h e r ,  1071); an anomalous ly  rectifying K + current  (Kandel  and Tauc ,  1064); a 
slow K + current  (Brodwick and J u n g e ,  1072; Partridge and Stevens,  1076); and 
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a Ca2+-act ivated K + c u r r e n t  ( M e e c h  a n d  S t a n d e n ,  1975; H e y e r  a n d  L u x ,  1976; 
B r o w n  et  a l . ,  1977). T h e s e  c o n d u c t a n c e s  have  no t  b e e n  c h a r a c t e r i z e d  as 
c o m p l e t e l y  as those  in a x o n s  ( H o d g k i n  a n d  H u x l e y ,  1952) b e c a u s e  o f  two 
d i f f icu l t i es :  s e p a r a t i o n  a n d  s p a t i o t e m p o r a l  r e s o l u t i o n  o f  the  ionic  c u r r e n t s .  T h i s  
is u n f o r t u n a t e  b e c a u s e ,  j u d g i n g  f r o m  the  e x a m p l e  o f  squ id  g i an t  a x o n ,  knowl -  
e d g e  o f  the  vo l tage  a n d  t i m e - d e p e n d e n c e  o f  i n d i v i d u a l  c o n d u c t a n c e s  w o u l d  
p r o v i d e  ins igh t  in to  basic  ion  c o n d u c t i o n  p roces ses  as well as the  f r a m e w o r k  for  
an  e x p l a n a t i o n  o f  the  wide  r e p e r t o i r e  o f  n e u r o n a l  f u n c t i o n s  such  as s p o n t a n e o u s  
d i s c h a r g e ,  e x t e n d e d  r a n g e s  o f  d i s c h a r g e  f r e q u e n c y ,  s u b t h r e s h o l d  osc i l la t ions ,  
a n d  l o n g - l a s t i n g  c h a n g e s  in m e m b r a n e  p o t e n t i a l .  W e  have  d e v e l o p e d  a m e t h o d  
tha t  o v e r c o m e s  the  d i f f i cu l t i e s  m e n t i o n e d  above .  T h e  m e t h o d  c o m b i n e s  vo l t age  
c l a m p  a n d  i n t e r n a l  p e r f u s i o n  o f  i so la ted  n e r v e  cell  b o d i e s  w i t h o u t  e x p o s i n g  
n e u r o n s  to e n z y m e s  t ha t  a r e  k n o w n  to a l t e r  m e m b r a n e  f u n c t i o n .  In  t he  p r e s e n t  
p a p e r ,  t he  m e t h o d  is e v a l u a t e d  a n d  the  p r o p e r t i e s  o f  n e u r o n s  e x a m i n e d  wi th  it 
a r e  d e s c r i b e d .  I n  t he  a c c o m p a n y i n g  p a p e r  (Aka ike  et  al .)  t he  m e t h o d  was u s e d  
to s e p a r a t e  a n d  ana lyze  the  Ca 2+ c u r r e n t  o f  n e u r o n s .  

M E T H O D S  

Preparation 

The exper iments  were done on neurons located in the subesophageal ganglion of  Helix 
aspersa. The ganglion was removed and the connective tissue was s t r ipped off with 
jeweller 's forceps until clusters of  neurons floated free in the snail Ringer (composition 
shown in Table I). Individual  neurons o f  ~ 100 tzm in d iameter  were then partially 
aspirated under  a negative pressure of  about - 3 0  mm Hg so as to occlude the 15-50-~m 
diameter  tip of  a suction pipette (Fig. 1). The  suction pipette was pulled from Pyrex 
tubing 3.0 mm OD and tapered  over a length of  0.5-1.0 cm from its tip. The  wall 
thickness at the tip was about 10 t~m and the volume of  the pipette was about 5 ml. The  
pipette was coupled to a sliding micromanipulator  (Carl Zeiss, Inc., New York) which 
was moved so as to rend the neuron free from both its neighbors and its axon. The  
experiments  were done at room tempera ture  of  18-20~ 

IntraceUular Perfusion 

Internal  perfusion was preceded by disrupt ing part  of  the neuronal  membrane  aspirated 
into the tip of  the suction pipette.  This was accomplished by inserting manually a 
platinized platinum wire having a diameter  of  1-2 ~m at its tip th rough  the membrane  
into the cytoplasm. The  tip was sharpened electrolyticaUy using pure plat inum wire 20 
/~m in diameter  and a solution of  95 ml H3PO4, 5 ml H2SO4, and 1 g gelatin. An 
alternative ar rangement  was to have the plat inum wire at the tip of  the pipette so that 
aspiration was accompanied by disruption.  The  wire which had a resistance of  30 kl'I was 
also used to pass current  directly into the cell (Fig. 1). The  inlet tubing for perfusion 
(Fig. 1) was positioned near the membrane whereas the outlet tube connected to the 
suction was more remote.  Inflow was delivered from a group of  parallel reservoirs which 
were usually ~30 cm above the neuron.  Negative pressure was applied via a series of  trap 
bottles and was adjusted so as to obtain a minimum of  damage and a maximum seal from 
the extracellular fluid. The  negative pressure together  with the hydrostatic pressure 
resulted in a flow rate th rough  the suction pipette of  0.5 ml/min. The  composition of  the 
internal perfusion fluids is given in Table I. 
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T A B L E  I 

S N A I L  E X T E R N A L  A N D  I N T E R N A L  S O L U T I O N S  

491 

K aspar- Cs aspar- 
NaCI Tris* C1 KCI CsC[ CaCI~ MgCI~ late tale 

mM 

External solution 
(pH 7.6) 

Normal  75 5 5 -- 10 15 -- -- 
Tris - 80 5 - 10 15 - - 
Tris,  Cs - 80 - 5 10 15 - - 

Internal  solution 
(pH 7.4) 

K aspartate . . . . . .  105 
Cs aspartate . . . . . . .  110 
KCI - - 105 . . . . .  

pH in each solution was adjusted by Tris* base. 
* Tris: tris (hydroxymethyl) aminomethane .  

lOOM/1. 

c 

F I G U R E  1. E x p e r i m e n t a l  a r r a n g e m e n t .  D r a w i n g  n o t  to scale. DI ,  D2,  a n d  D 3 a r e  

95 p-m, 500 p.m, a n d  2 m m ,  respec t ive ly .  T h e  a g a r  p l u g  is c r o s s - h a t c h e d .  SR,  se r ies  

r e s i s t ance  c o m p e n s a t i o n ;  M, m e g a o h m .  

Electrical Measurements 

M e m b r a n e  po t en t i a l  was  m e a s u r e d  u s i n g  an  A g - A g C I  wire  a b o u t  1 m m  in d i a m e t e r  at its 

t ip  i n s e r t e d  in to  a p o l y e t h y l e n e  t u b e  1 c m  in d i a m e t e r ,  filled wi th  a 0.15 M K C I - a g a r  p l u g  

w h i c h  was  p l aced  ins ide  t h e  suc t i on  p i p e t t e  (Fig.  1). T h e  r e f e r e n c e  e l e c t r o d e  was  a lso  an  



492 THE JOURNAL OF GENERAL PHYSIOLOGY" VOLUME 7 1 '  1978 

Ag-AgC1 wire connected to the bath by an 0.15 M KCl-agar bridge. The resistance of 
either electrode in snail Ringer was 1-2 kl~ and the resistance between the suction pipette 
with a 50-~m tip and the bath electrode was 100 kl). Both electrodes were connected via 
matched unity gain operational amplifiers (not shown) to a x 10 differential amplifier. 
Liquid junct ion potentials for the various internal and external solutions to which either 
electrode was exposed (Table I) were measured using an Ag-AgCI wire in 0.15 or 3.0 M 
KCI solutions as a reference. These potentials had values <2.0 mV. 

Constant current  pulses were passed from a stimulator (Digitimer. W-P Instruments,  
Inc., New Haven, Conn.),  across a 5 • l0 -s f~ resistor to the bath. 

The arrangement  used for voltage clamping is shown in Fig. 1. The loop gain of the 
clamp amplifier at 50 kHz was 300, and the rise time to 90% for the voltage step was 10 
~s. Series resistance compensation was used in some experiments according to the 
methods of Hodgkin et al. (1952). Series resistance was estimated from the clamp current  
transient and from the instantaneous voltage displacement produced by a step of current  
(Hodgkin et al., 1952). A circuit (not shown) was used to prevent damage from 
oscillations in clamp current.  Current  was measured using a current-to-voltage converter. 
It was also convenient in some experiments to nullify the current  across the shunt 
resistance which isolated the aspirated part of the cell from the surrounding extracellular 
fluid. 

Evaluation of the Method 
Measurements of resting membrane potential, membrane resistance, action potential, 
current  clamp voltage responses, and voltage clamp current  responses were compared 
with measurements obtained using intracellular micropipettes, the standard technique. 
The micropipettes were filled with 3 M KCI, had tip diameters of I v,m, resistances of 2- 
5 x 106 1"1, and were inserted into a partially aspirated cell. 

The most important electrical parameters to be evaluated were the shunt and series 
resistances. The shunt resistance isolates the neuron  from the bathing fluid and was 
estimated as follows. During isolation, voltage pulses were passed between the bath 
ground and the voltage electrode in the suction pipette. Isolation was usually successful 
when the current  responses were reduced between 20- and 80-fold, and further increases 
in negative pressure had no additional effects (Fig. 2A). Shunting around inserted 
micropipettes could be evaluated in the same way. Another  simple test of satisfactory 
isolation was the amplitude of the action potential which should be similar to values 
obtained with intracellular micropipettes. A more accurate determination was made by 
inserting two micropipettes to inject t ransmembrane current  and measure transmem- 
brane voltage. The voltage deflections of the micropipette and of the voltage-sensing 
electrode in the suction pipette were compared before and after puncture of the 
aspirated portion of neuronal  membrane (Fig. 5). 

The adequacy of the internal perfusion system was assessed by measuring the 
intracellular K + and CI- activities after changes in the internal perfusate. Intracellular 
K § and CI- liquid ion exchanger microelectrodes were fabricated and used according to 
Russell and Brown (1972a, b). 

The leakage resistance was determined by measuring the voltage deflections produced 
by small hyperpolarizing pulses from the resting potential and from the current-voltage 
relationship that remained after blockage of all of  the voltage dependent  ionic conduct- 
ances. 

R E S U L T S  

Separation of the Neuron 

As the suc t ion  p ipe t te  makes  contac t  with the n e u r o n ,  the c u r r e n t  def lec t ions  
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FIGURE 2. Separation of  neurons.  (A) Effects o f  aspiration on the currents  
elicited by constant voltage pulses passed between the suction pipette 's  interior  and 
the bath ground.  The  marked reduction in current  indicates good isolation. (B) 
Voltages elicited by constant current  stimuli dur ing  isolation of  a neuron.  At the 
first arrow, a burst of  abortive action potentials appear  as the neuron is aspirated 
by the suction pipette.  At the second arrow the aspirated membrane  is rup tured  by 
the current-passing wire. The  voltage becomes progressively more  negative reflect- 
ing the neuron 's  membrane  potential Era, and the hyperpolar iz ing voltages elicited 
by the constant current  pulses become progressively larger.  Em is - 6 0  mV. Full- 
blown action potentials with overshoots o f  +20 to +30 mV occur at the termination 
of  each voltage pulse. (C) Voltage responses to constant cur rent  pulses in a neuron  
isolated from its axon. (D) Time-course  of  recovery of  input  resistance after  
membrane  puncture .  

e l i c i t ed  by c o n s t a n t  vo l t age  pu l ses  a r e  m a r k e d l y  r e d u c e d ,  a n d  a s t e a d y  c u r r e n t  
f lows f r o m  p i p e t t e  to  b a t h  (Fig .  2 A).  W h e n  a m i c r o p i p e t t e  is i n s e r t e d  in to  t he  
cel l ,  t he  c u r r e n t  d e f l e c t i o n s  u n d e r  s imi la r  c o n d i t i o n s  a r e  no t  r e d u c e d  as g r e a t l y .  
T h e  c h a n g e s  in suc t ion  p i p e t t e  vo l t age  with  r e s p e c t  to t he  b a t h  a r e  s h o w n  in Fig .  
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2 B. Initial aspirat ion produces  a negative potential ,  a t ransient  burs t  o f  action 
potentials,  and  an increase in the voltage deflections elicited by constant  cur ren t  
pulses. After  d is rupt ing the aspira ted m e m b r a n e  with the Pt-Pt cu r ren t  wire, an 
increase in rest ing potent ial  to about  - 6 0  mV is recorded  (Fig. 2 B), and  full- 
blown overshoot ing  action potentials are elicited at the anodal  breaks.  At this 
stage supra thresho ld  depolar iz ing cu r ren t  pulses elicit a l l -or-none action poten-  
tials with overshoots  o f  +30 to +40 mV (Fig. 3 A). T h e  spikes arise f r o m  the axon  
and in voltage c lamp axonal  cur ren ts  are seen at supra th resho ld  voltages (Fig. 
3 C). T h e  values for  rest ing potential ,  action potential  ampl i tude ,  and  as we 
shall see later,  m e m b r a n e  resistance are equivalent  to the values obta ined with 
intracellular  micropipet tes .  T o  rend  the soma free o f  its axon the mic romanip-  
ulator ,  with its a t tached suction pipet te ,  is moved .  T h e  rest ing potential  is 
transiently reduced  and then  recovers  within 5-10 min.  Hyperpo la r i z ing  voltage 
responses  with the t ime constant  characteristic o f  t r a n s m e m b r a n e  voltage 
changes  are elicited by hyperpola r iz ing  cur ren t  steps (Fig. 2C).  T h e  input  
resistance is always increased af ter  recovery f rom rup tu r e  reaching  values of  
20-50 Mfl  (Fig. 2 D), and  d a m a g e d  but persistent  axonal  r emnan t s  are not likely 
to be present .  Most o f  the cells are no longer  capable o f  p roduc ing  all or  none 
action potentials (Fig. 3 B). T h e  axonal  cur ren ts  which invaded  the soma 
former ly  are no longer  present ,  and  smaller  soma currents  are observed (Fig. 
3 D). T h e  progress ion of  inward soma cur ren ts  with depolar iz ing steps is shown 
more  completely  in Fig. 9 A. Note that  the ratio of  inward- to-outward  axonal  
cur ren ts  is much  grea ter  than the ratio of  inward- to-outward  somal currents .  

Adequacy of Internal Perfusion 

This was evaluated directly by following the changes  in concentra t ion  of  Ki + or 
CI~- when the internal  per fus ion  fluid was switched to K+-free or  Cl--r ich 
solutions (Fig. 4). In the case o f  CI-,  the neu ron  was per fused  with K + aspar ta te  
(Table  I), which was then  changed  to KCI. Within 2-3 min the intracellular  C1- 
had risen f rom a few mM to 105 mM. When the aspar ta te  per fusa te  was 
reinst i tuted,  a quick fall in CI~- occurred .  T h e  few mM C1C presen t  in K 
aspar ta te  reflects the selectivity of  the CI- electrode (CI-: a spa r ta te -  selectivity 
ratio is 20-50). 

T h e  measured  changes  of  K~ + were similar. Replacing K aspar ta te  with Tris  
CI resul ted in a fall o f  K, + f r o m  105 mM to 10 mM within per iods rang ing  f rom 
2.5 to 5 min. T h e  10 mM residual  levels o f  K + in Tris per fusa te  reflect the 
selectivity o f  the K + electrode (about  10-30 to 1 for  K + over  Tris+). 

T h e  exchange  times are affected by the shape  of  the suction pipette.  T h e  
most rapid  exchanges  occur  when the tip of  the pipet te  has a very shallow taper .  

Ano the r  me thod  o f  evaluat ing internal  exchange  was to follow the blockage 
of  the ou tward  c lamp currents  a f ter  switching the internal  per fus ion  fluid f rom 
K aspar ta te  to Cs aspar ta te .  T h e  ou tward  currents  were usually complete ly  
blocked within 5-10 minutes  of  such a solution change (Fig. 10). 

Evaluation of the Shunt and Series Resistances 

T h e  shunt  resistance (Rsh) was calculated f rom data obta ined by using the 
exper imen ta l  p rocedu re  shown in Fig. 5 A. Membrane  resistance was measured  
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by us ing  in t racel lu lar  mic rop ipe t t e s  fo r  pass ing t r a n s m e m b r a n e  c u r r e n t  and  
r e c o r d i n g  t r a n s r n e m b r a n e  vol tage.  T h e  vol tage def lect ions  in the  suct ion p ipe t te  
were  m e a s u r e d  be fo re  a nd  af ter  p e r f o r a t i o n  o f  the  asp i ra ted  somal  m e m b r a n e .  
T h e  equiva len t  electrical circuits are  shown in Fig. 5 B (before  p u n c t u r e )  and  5 C 
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FXGURE 3. (A, B) Action potentials elicited by currents of  1, 2, 3, and 4 • 10 -9 A 
in a, b, c, and d, respectively. (A) The low threshold spikes (Era = - 5 0  mV) 
originate from the axon and (B) are not seen after rending the neuron free from 
its axon (Era = -60  mV). (B) The neuron has been rended free from its axon and 
healed over. All-or-none action potentials are no longer elicited, and the graded 
voltage-dependent responses require higher currents than when the axon is 
attached. (C) Voltage clamp currents from a neuron with attached axon. Currents 
are corrected for leakage in these and subsequent records except where stated 
otherwise. The voltage steps were to -45 ,  -40 ,  -39,  -33 ,  -23 ,  and - 4  mV and 
were applied from holding potential, Vh of  - 60  inV. The inward currents arise 
after a considerable latency and increase very little with increasing voltage clamp 
steps. They arise from the axon and dominate any somal currents. Note the 
repetitive responses at larger depolarizations indicating inadequate spatial control 
of  voltage. (D) Voltage-clamp currents after tearing the neuron soma off  its axon. 
Vh = - 6 0  inV. The voltages of  the steps are given for each current.  

(af ter  punc tu re ) .  Be fo re  p u n c t u r e  the  re levant  equa t ions  are:  

I = Vx/R,~ + V~/R~h (1) 

and  

lp = (V1 - V~)/Rp = V2/Rsh = Ish, (2) 

whe re  I is the  c u r r e n t  injected f r o m  the mic rop ipe t t e ,  VI is the t r a n s m e m b r a n e  
vol tage c h a n g e ,  V2 is the  vol tage c h a n g e  in the  suct ion pipet te ,  Ip and  Ish are  the  
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FIGURE 4. (A) Changes in intraceltular C1- concentration after changes in internal 
perfusate Cl-. The  concentrations in A and B were calculated from the measured 
ionic activities by using a measured activity coefficient of  0.77. At the first arrow 
the CI- microelectrode is inserted into the neuron which was perfused with K 
aspartate. 105 mM CI- was then substituted temporarily for aspartate-. (0) 
Extracellular and (C)) intracellular CI activities. (B) Changes in intracellular K + 
concentration after changes in internal perfusate K +. Cs + was substituted for K +. 
Sequences as in A. 
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patch and shunt  currents ,  and Rm, Rsh, and Rp are the membrane ,  shunt,  and 
patch resistances, respectively. After  punc ture  we have: 

Va R,..  Rsh 
- (3) 

I Rm + Rsh ' 

where Va is the voltage change in the suction pipette elicited by the same 
t r ansmembrane  current .  In using this me thod  to evaluate the system's electrical 
proper t ies  we have found  that Rm ranges f rom 20 to 50 MII and Rsh has values 
o f  10-50 x Rm. 

T h e  same a r r angemen t  allowed us to compare  the cur ren t  clamp responses of  
the suction pipette and mictopipet te  systems using an artificial cell made o f  
passive components  which simulated the equivalent circuit o f  Fig. 5, but  also 
included a parallel capacitor o f  5 x 10 -1~ F. T h e  cell was g rounded ,  and cur ren t  
and voltage connect ions between it and ei ther  of  the two pipette systems were 
made  th rough  the bath. T h e  voltage responses to hyperpolar iz ing cur ren t  steps 

A B C 

I~ | Rm-- Rsh l,.l,h! 
FIGURE 5. Evaluation of shunt resistance, Rsh, membrane resistance, Rm, and 
patch resistance, Rp. (A) Experimental procedures. (B) Equivalent circuit before 
puncturing the aspirated membrane. (C) Equivalent circuit after puncture. 

were similar in ampli tude and time-course.  T h e  cur ren t  responses to voltage 
clamp steps were not. T h e  rise times o f  the voltage steps for  an unshielded 
micropipet te  system and for the suction pipette were 2 ms and 10 p,s, respec- 
tively. T h e  time constants for  the respective cur ren t  transients were 3-7 ms and 
100-500/.~s, respectively. As we shall see subsequently,  the values for  the suction 
pipette depend  largely upon  its tip diameter .  

T h e  cur ren t  and voltage clamp responses of  the same neu ron  examined  with 
both methods  were also compared  (Fig. 6). T h e  voltage responses to hyperpo-  
larizing cur ren t  steps were similar in ampl i tude  and t ime-course as were the 
action potentials elicited by depolarizing cur ren t  pulses (Fig. 6 B and C), but  the 
similarities d e p e n d e d  upon  the tip d iameter  o f  the suction pipette and the 
resultant  resistance to cur ren t  flow at this site. T h e  relationship is shown in Fig. 
7 A; this resistance can be the main source o f  series resistance using the suction 
pipette method .  I f  there  is a sufficient IR or  voltage d ro p  across the tip du r ing  a 
step o f  cur ren t ,  a co r respond ing  voltage deflection at t = 0 results, and this may 
cause the voltages r eco rded  by the suction pipette to be grea ter  than those re- 
corded  by intracellular micropipettes.  This  problem can be avoided by using 
appropr ia te  tip diameters ,  but  it can also be readily recognized and corrected  
for.  In the case o f  voltage clamp, series resistance compensa t ion  (Fig. l) may be 
used when unusually large currents  (50-100 nA) occur.  
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In ou r  expe r imen t s  the voltage deflections elicited by steps of  cu r r en t  at t = 0 
usually gave values for  the series resistance of  105 lq. T h e  c lamp cur ren t  
t ransient  was fitted by a single exponent ia l  (Fig. 7) and had t ime constants 
r ang ing  f rom 150 to 500/zs. T h e  series resistance measured  f rom the t ransient  
according to Hodgk in  et al. (1959) also had values o f  l0 s fl (Fig. 7). Series 
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C 

25 mY 

0.Ss 
FIGURE 6. Comparison of successive voltage responses in neuron using the 
arrangement shown in A recorded by (B) an intracellular micropipette and (C) the 
suction pipette. Constant current pulses of 2 nA were used. 

resistance compensa t ion  u n d e r  these c i rcumstances  had little effect  on the 
inward currents  which were  usually <20 x 10 -9 A for  voltage steps o f  about  70 
inV. T h e  m e m b r a n e  capacitance was calculated f rom the in tegra ted  c lamp 
cur ren t  t ransient  and  r anged  f rom 300 to 600 pF. T h e  lower values correlate  
reasonably with calculated values assuming a spherical  cell body without  
significant infoldings o f  --- 100 ~ m  in d i ame te r  cor rec ted  for  ---20% m e m b r a n e  
loss with the suction pipet te  and  a specific capacitance o f  10 -6 F cm -z. T h e  h igher  
values may  have been  associated with larger  cells but  this was not  examined .  



LZE, AKAIKE, AND BROWN Perfused Voltage-Clamped Neurons 499 

Evaluation of the Leakage Resistance 

The leakage resistance, Ri, was de termined  over a limited range in five 
experiments  using intracellular micropipettes and the suction pipette on the 
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FIGURE 7. Evaluation of series resistance, Rs. (A) Relationship of suction pipette 
tip diameter to resistance of suction pipette. The IR drop across the tip was 
recorded as the voltage within the pipette when current was passed between the 
pipette and the bath. Most of our pipettes had tip diameters between 20 and 50 
/~m. (B) Current transients produced by small hyper- and depolarizing voltage 
steps. (C) Faster time base recording of the current transient elicited by the 
depolarizing step in B. The capacitative current is a single exponential function (D) 
and from its time constant a value of 10 ~ 1~" for Rs may be calculated. 

same neuron  in normal  Ringer solution. It was calculated f rom the I-V 
relationship o f  small voltage pulses which were hyperpolar iz ing relative to the 
holding potential o f  - 6 0  mV and gave equivalent values using either method 
a l though correction for the small contribution of  Rsh would give slightly higher  
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Rl's for  the suction pipet te  me thod  (Fig. 8). However ,  it is impor t an t  that  the 
leakage currents  be evaluated at large depolar iz ing potentials because,  as the 
following p a p e r  demons t ra tes ,  vo l t age-dependen t  inward currents  become  very 
small at such voltages. T o  do this, the K + currents  were blocked with Cs § 
replacing K + in the internal  and  external  solutions, the Na § currents  were 
blocked with te t rodotoxin  (10 -s g/ml) or  suppressed  by Tris  + substi tution,  and  
the Ca 2+ currents  were blocked with Ni 2+, Co 2+, or  Verapami l  (hydrochlor ide  
o f  o~-isopropyl- o~[(N-methyl-N-homoveratryl) -T-aminopropyl]-3 ,4-dimethoxy-  
phenylacetoni tr i le ,  Knoll Pharmaceut ica l  Co.,  Whippany ,  N . J . )  in doses de- 
scribed in the accompany ing  p a p e r  (Akaike et al.). A typical leakage I-V 
re la t ionship shown in Fig. 8 is l inear over  most  o f  its range ,  but  rises more  
steeply at very large depolarizat ions.  Substi tution of  isethionate-  or  methane-  

i )D 

MEMBRANE POTENTIAL (mV) t$ ~ 
5,o 

t 
CURRENT ( nA ) 

FIGURE 8. Evaluation of the leakage resistance, RI. Current-voltage plot of the 
leakage current after blockage of active currents by internal perfusion with Cs 
aspartate (Table I), extracellular perfusion with Tris-Cs solution (Table I), and 
10 -5 M Verapamil. The shunt currents have not been nullified. The solid line is 
without correction for the shunt resistance and Rsh:Rm was 10:1. Values for R t 

obtained with intracellular micropipettes are shown by the dashed line. 

su l fona te -  for  internal  aspar ta te -  or  external  CI- had no apprec iable  effects on 
the leakage I-V curves.  

Voltage Clamp Currents and Their Separation in Internally-Perfused Neurons 

Neurons  were not classified according  to appea rance ,  position, or  spon taneous  
activity, and  some variability in results was encoun te red  due to di f ferences  
a m o n g  neurons .  

At small depolar izat ions f r o m  the holding potential  of  - 6 0  mV,  an inward 
cu r ren t  arises which inactivates very slowly (Fig. 9 A). An inward tail cu r ren t  is 
also observed but  is n o t  shown in this record .  At more  depolar iz ing voltage 
steps an inward t ransient  appea r s  and  is followed by an ou tward  cu r r en t  which, 
at its m a x i m u m ,  is usually about  four-to-f ive times larger  than the peak  of  the 
t ransient  inward cu r ren t  (Fig. 9 A). T h e  tail cur rents  at these la rger  depolar iz ing 
steps are outwards .  A t ransient  ou tward  cu r ren t  similar to that  r epo r t ed  by 
Nehe r  (1971) and Connors  and  Stevens (1971) was activated by hyperpola r iz ing  
prepulses .  Both ou tward  currents  are suppressed  by internal  per fus ion  with K- 
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subst i tuted Cs aspar ta te .  Cs + is also subst i tuted for  external  K +, and  the net 
result  o f  these twin substi tutions is that  the rest ing m e m b r a n e  potent ial  is only 
changed  slightly. T h u s ,  the change  f rom K aspar ta te  to Cs aspar ta te  is 
accompan ied  by a depolar iza t ion o f  10-20 mV f rom the rest ing potential ,  and  
when  Cs + is substi tuted for  Ko +, the m e m b r a n e  repolar izes  by 10-20 mV.  

T h e  t ime-course o f  cu r r en t  blockage is shown in Fig. 10. T h e  ou tward  
currents  are r educed  and  finally abolished whereas  the inward  cur ren t s  become  
larger .  A persistent  inward cu r ren t  is now a p p a r e n t  at +25 and  +40 mV,  as well 
as - 3 8  mV,  a l though it is not obvious at +115 mV even af ter  correct ion for  
leakage cur ren t  (Fig. 9B).  T h e  tail cur ren ts  (not shown) are inwards  at all 
depolar iz ing  voltages. T h e  t ime-course  of  the effects o f  these ionic substi tutions 
is the same as the mixing times shown in Fig. 4. T h e  ou tward  cur ren ts  were not 
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FIGURE 9. Effects of  internal perfusion with Cs aspartate on voltage clamp 
currents. (A) Control clamp currents elicited by voltage steps indicated by the 
numbers. Vh = -60  mV. Intracellular perfusion was with K + aspartate (Table I). 
(B) Clamp currents 15 min after changing to Cs aspartate. Current is amplified 4 
times greater than in A. The outward current is blocked and the inward current 
increased. 

r educed  fu r the r  by subst i tut ing 50 mM T E A  + for  extracel lular  Na § However ,  
when K aspar ta te  was used in the internal  per fusa te ,  100 mM T E A  + extracellu- 
larly blocked the ou tward  currents .  In  some exper iments  in ternal  T E A  + in 
amoun t s  up  to 10 mM was used,  but  the leakage cur ren ts  became  too large and  
the cell's rest ing potential  and  resistance de ter iora ted .  T h e  neu rons  a p p e a r e d  to 
tolerate  internal  Cs + bet ter  than extracel lular  T E A  +, so this was the p r e f e r r e d  
me thod  o f  blocking ou tward  currents .  

T h e  inward cur ren t  could be separa ted  into two componen t s ,  a Na + cu r ren t  
and  a Ca z+ cur ren t .  T h e  Na + cur ren t  was blocked by T T X  or by equ imola r  
substitution o f  Tr is  + for  Nao + and accounted  for  some 30% of  the total inward 
cu r ren t  in a Cs+-perfused neu ron  (Fig. I 1 C). T h e  T T X  had to be made  freshly 
f rom acidic stock solutions,  because o lder  samples  in neut ra l  solutions had  no 
effect.  When  the Na  § cu r r en t  was blocked with T T X ,  subst i tut ion with Tr is  § 
had no fu r the r  effect  on the r ema in ing  inward cur ren t .  As a l ready r epo r t ed  
(Lee et al., 1977), t r ea tmen t  for  2-3 min with 0.1% trypsin in the extracel lular  
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fluid selectively destroyed the T T X  sensitivity without affecting the Na + current  
and its reversal potential. The  Ca 2+ cur ren t  and its blockage by Ni 2+, Co 2+, or  
Verapamil were unaffected by such doses o f  trypsin (Lee et al., 1977). 

The  remaining inward current  was carried by Ca ~+ ion (Fig. 11 B). All neurons  
showed a transient Ca 2+ current  and many,  but not all, showed a slowly 
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FIGURE 10. Time-course of changes in clamp currents after intracellular perfu- 
siGn with Cs aspartate. (A) Currents evoked by steps from -60 to +25 inV. (B) 
Corresponding values for peak inward and outward currents. 0 K + current 
occurred 13 rain after Cs perfusion. 

inactivating Ca ~+ cur ren t  which appeared  at smaller depolarizing voltages. The  
Na + current  remaining after  blockage of  Ica has not been as extensively 
investigated, but  its onset appears  to be slightly faster and it appears to inactivate 
more rapidly (Fig. 11 C). The  Ca 2+ currents  were blocked by Co 2+ and Verapa- 
mil, a l though in subsequent experiments  we found Ni ~+ to be the most effective 
blocker. They  were not affected by T T X  at doses greater  than those which 
blocked the Na + current .  
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Effects of Intracellular Anions upon the Inward Currents 

It is well known that the responsiveness and survival o f  internal ly-perfused 
squid axons are markedly affected by the choice o f  anion (Adelman et al., 1966; 
Baker et al., 1961; Tasaki et al., 1965). T h e  o rde r  o f  anion favorability was 
examined ,  therefore ,  in internal ly-perfused snail neurons .  T h e  voltage clamp 
currents  remained  unchanged  for upwards  o f  5 h when e i ther  aspar ta te-  or  CI- 
was used as the internal  anions, but the leakage currents  were smaller with 
aspar ta te- .  T h e  results with F- and H2PO4- as anions were quite d i f ferent ,  
however.  After  30 rain o f  perfusion with CsF, the inward currents  were similar 
in magni tude  and t ime-course to those obtained using aspar ta te-  or  CI-, and 
T T X ,  Verapamil ,  Co 2+, and Tris substitutions were effective blockers. After  40 
min in F- the inward currents  and leakage currents  were reduced  and the clamp 
cur ren t  capacitative transients were pro longed .  At still longer  perfusion times 
the transient  peak inward cur ren t  was abolished. T h e  inward cu r ren t  that 
persisted did not inactivate and was no longer  affected by T T X  or  Verapamil.  
When H2PO4- was used, the leakage currents  were much grea ter  than those 
observed using aspar ta te-  or  CI-, and the clamp capacitative cu r ren t  transient  
was pro longed.  A selective suppression o f  INa, as repor ted  by Kostyuk et al. 
(1975), was not observed.  

D I S C U S S I O N  

Method 

T h e  suction pipette me thod  gives values for  resting membrane  potential ,  action 
potential,  and m e m b r a n e  resistance that are comparable  to those obtained using 
the customary method ,  namely,  intracellular micropipettes.  T h e  obvious advan- 
tages o f  the suction pipette method  are (a) the capability to change the 
intracellular ionic composi t ion,  and (b) the enhanced  response t ime o f  the 
voltage clamp because disrupt ion of  the plasma membrane  by the platinized Pt 
wire provides a low resistance pathway to the cell's interior.  Voltage clamp o f  
nerve cell bodies with micropipet tes  is much slower and resolution o f  the early 
currents  is not  possible. As we have shown, the neuron  may be avulsed f rom its 
axon and still heal over,  as can cut cardiac cells. This  leads to excellent spatial 
voltage control ,  and axonai contaminat ion is avoided.  It is o f  interest that the 
isolated soma does not  p roduce  al l-or-none action potentials probably because 
the outward  K + cu r ren t  is much greater  than the inward currents .  Standen 
(1975a) r epor ted  action potentials in snail neurons  in the absence o f  Nao +, but  
these may have been Ca2+-dependent action potentials arising f rom the at tached 
axons.  Ca2+-dependent action potentials in Aplysia axons have been observed by 
Horn  (1977). 

Isolation o f  the cell's inter ior  f rom the bath is essential because the inward 
currents  in particular are so small. T h e  high degree  o f  isolation achieved in the 
present  exper iments  may be related to the fact that the glial cover ing o f  snail 
neurons  examined  by electron microscopy is incomplete  (Kostyuk et al, 1974a). 

Ionic Currents in Internally Perfused Nerve Cell Bodies 

An outward  cur ren t  which behaves like the delayed rectifier o f  squid axon has 
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been identified (Connors  and Stevens, 1971; Hodgkin  and Huxley,  1952). 
Inasmuch  as it is blocked by internal Cs + and external T E A  +, we attribute it to 
K +. Other  K + currents  refer red  to in the introduct ion have not been separated 
as yet a l though the fast, transient cur rent  has been observed. These K + currents  
appear  to be blocked by substituting Cs + for K + intra- and extracellularly. The  
inward currents  are carried by Ca 2+ and Na + ions and can be separated 
pharmacologically. 

The  Na + current  is sensitive to T T X  in larger doses than those required in 
squid axon. Similar results were observed in Aplysia (Brodwick and Junge ,  1972; 
Geduldig and Gruener ,  1970) and snail neurons  (Moreton, 1968). However,  we 
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FIGURE I I. Separation of Na + and Ca 2+ currents. Vh = -60  mY. Outward 
currents blocked by internal perfusion with Cs aspartate. External solution is Na- 
Cs Ringer. (A) Before separation. (B) In TTX 5 x 10 -6 M. The inward current at 
+25 mV is reduced. Similar results are obtained using Tris-Cs Ringer. Pretreat- 
ment of the neuron with trypsin (0.1% for 1-2 rain) prevents the TTX action but 
does not affect the Tris action. (C) After removal of TTX and 30 min after 
substitution of Co z+ for Ca z+ in the extracellular solution. The remaining inward 
current is blocked by TTX or Tris. Pretreatment with trypsin prevents the action 
of TTX but not that of Tris. The onset of the Na + current is faster in this neuron. 

have found  that it is essential to use recently prepared  T T X .  The  T T X  
sensitivity is abolished by external trypsin without affecting the Na + cur ren t  
(Lee et al., 1977). This explains the absence of  T T X  sensitivity in dispersed 
neurons  pretreated with trypsin (Kostyuk et al., 1974a) and points out  another  
impor tant  advantage o f  the suction pipette method,  namely, that enzymatic 
isolation of  single neurons  is not required.  

The  leakage current  has been identified as the current  that remains after 
blocking the K +, Na +, and Ca 2+ vol tage-dependent  currents.  Under  these 
circumstances, part  o f  it appears  to be similar to the leakage currents  recorded  
by small hyperpolar izing pulses a round  the resting potential o f  the unt rea ted  
neuron .  There fore ,  it may not be greatly affected by the t reatments  used to 
block the active currents .  It does not appear  to be markedly t ime-dependent  but 
it is clearly vol tage-dependent ,  increasing at large depolarizing voltages. As we 
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have noted ,  this becomes impor t an t  in the evaluat ion o f  inward cur ren ts  at these 
voltages. T h e  rectification may be due  to Cs + t r anspor ted  t h rough  K + conduct-  
ances. 

Action of Internal Anions on the Inward Currents 

T h e  vo l t age -dependen t  inward currents  and  the leakage cur ren ts  are greatly 
af fec ted  by the choice o f  anions used in the intracellular per fusa te .  T h e  o r d e r  
o f  favorabili ty is a spa r t a t e -  _-__ C1- ::~ H2PO4- > F-.  T h e  sequence is an inversion 
o f  the lyotropic series. T h e  choice o f  anions used in the in ternal  per fusa te  o f  
squid giant axons (Ade lman  et al., 1966; Baker  et al., 1961; Tasaki  et al., 1965) 
and  barnacle  muscle fibers (Tasaki ,  1968) may also affect  their  electrical 
p roper t ies  markedly .  However ,  the o rde r  o f  favorability in squid giant axon is 
F-  > H2PO4- > a spa r t a t e -  > SO, 2- -> CI- > Br -  which follows the lyotropic 
series. In  barnacle  the sequence  is ace ta te-  > ise thionate-  > aspar ta te -  > F-  > 
H~PO4- > SO42- > CI- > I -  which is ne i ther  the lyotropic series nor  an 
a r r a n g e m e n t  based on valence, size, or  polarizability. 

We cannot  explain the pro longat ion  o f  the cur ren t  t ransient  when F-  and  
H2PO4- were used. Nor  can we account  for  the persistent  inward cu r ren t  at 
long times. Polarization o f  the cu r ren t  e lectrode seems unlikely in view o f  the 
small cur rents ,  and  the results were present  when a chloridbd Ag wire was 
subst i tuted.  Some change  in series or  shunt  resistance could be responsible.  

O u r  results d i f fer  f rom those r epo r t ed  by Kostyuk et al. (1975). T h e y  found  
that  intracellular  C1- had  deleter ious effects on the neuron ' s  survival. Survival 
was enhanced  by using F-  as the intracel lular  anion,  and  this also separa ted  an 
inward Na + cur ren t .  When  H2PO4- was used,  an inward Ca ~+ cur ren t  was 
separa ted .  None  o f  these observat ions were co r robora ted  in the presen t  exper i -  
ments .  However ,  they used a d i f ferent  me thod  to change intracel lular  compo-  
sition. In  their  expe r imen t s  the p lasma m e m b r a n e  o f  par t  o f  the Helix pomatia 
neuron  was made  pe rmeab le  by external  per fus ion  with a ca lc ium-free  solution 
so that  direct access to the cytoplasm did not  occur,  as is the case with ou r  
suction pipet te  me thod .  In  a r epo r t  publ ished af ter  we had submi t ted  the 
present  papers ,  these au thors  now r u p t u r e  one  o f  the m e m b r a n e s  but  still f ind 
F-  and  H2PO4- the p r e f e r r e d  anions (Kostyuk and  Krishtal,  1977). 

T h e  dif ferences  between results may be due  to o ther  di f ferences  between the 
methods  or to species differences.  It  is not due to p r e t r e a t m e n t  with t rypsin,  
which was used in their  dialysis exper iments ,  because this enzyme did not  affect  
the anionic sequence in ou r  exper iments .  More recently these au thors  have 
r epo r t ed  that  F-  suppresses  the Ca 2+ conduc tance  by des t roying an associated 
a s y m m e t r y  cur ren t  (Kostyuk et al., 1977). T h e  effect  is associated with a small 
persistent  inward cu r ren t  not very d i f fe ren t  f r o m  that  which we have observed 
so that  the d i f ferences  between our  results may not be as great  as their  earl ier  
repor t s  suggest (Kostyuk et al., 1975, 1977). 

As we have noted,  the electrical p roper t ies  o f  molluscan nerve  cell bodies are 
much  more  varied than those o f  molluscan axons.  In  the same cell, the soma 
has Ca 2+ and Na § inward currents ,  a variety o f  K + conductances ,  and  a host o f  
r ecep to r  sites for  potential  neuro t ransmi t te r s .  Moreover ,  the specific resistance 
o f  the nerve  cell bodies f rom which the squid giant axon arises is considerably 
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g rea t e r  t h a n  that  o f  the a x o n  ( C a r p e n t e r ,  1973). T h e  s t r ik ing  d i f fe rences  
b e t w e e n  p r e f e r r e d  a n i o n  sequences  is f u r t h e r  ev idence  for  the d i f f e r e n t  n a t u r e s  
o f  these two exci table  m e m b r a n e s .  
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