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Identification and Characterization of a Ca2+-Sensitive Nonspecific 
Cation Channel Underlying Prolonged Repetitive Firing in 
Aplysia Neurons
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The afterd ischarge of A p ly s ia  bag cell neurons has served as a 
m odel system  fo r the s tudy o f phosphory la tion -m ed iated 
changes in neuronal exc itab ility . The nature o f the depolariza­
tion generating the afterd ischarge, how ever, has rem ained un­
clear. W e now  have found tha t venom  from  C o n u s  tex tile  

triggers a sim ilar pro longed discharge, and we have identified a 
s low  inward current and correspond ing  channel, the activation 
o f w h ich seem s to con tribu te  to  the onset o f the discharge. The 
s low  inward current is vo ltage -dependen t and Ca2+-sensitive, 
reverses at potentia ls s lightly positive to  0 mV, exh ib its a se­
lectiv ity  o f K =  Na >> Tris >  W -m ethyl-D-glucam ine (NMDG),

and is b locked by high concen tra tions o f te trodo tox in . C o m ­

parison o f these features w ith  those observed in channel re­

cord ings provides evidence tha t a C a2+-sensitive, nonspecific  
cation channel is responsib le  fo r a s low  inward current tha t 

regulates spontaneous repetitive firing and suggests tha t m o d ­

ulation of the cation channel underlies pro longed changes in 

neuronal response properties.

K e y  w o rd s : C a2 + -a c tiv a te d  n o n s p e c if ic  c a tio n  ch a n n e l; s lo w  

in w a rd  c u rre n t; io n  c h a n n e l m o d u la tio n ; a fte rd is c h a rg e ; b u rs t­

in g ;  Aplysia b a g  c e ll n e u ro n s ; Conus textile

Changes in slow inward currents are a powerful and widespread 
mechanism for producing prolonged alterations in the electrical 
activity of neurons. Slow inward currents influence the number 
and pattern of action potentials elicited in response to stimulation 
and, even more basically, determine the presence and level of 
spontaneous electrical activity. A role for slow inward currents in 
providing the depolarizing drive underlying endogenous bursting 
has been suggested in a number of mammalian (Lanthorn et al., 
1984; Stafstrom et al., 1985; Alonso and Llinas, 1989) and mol­
luscan neurons (Wilson and Wachtel, 1974; Eckert and Lux, 1976; 
Partridge et al., 1979; Hofmeier and Lux, 1981; Lewis, 1984; 
Kramer and Zucker, 1985; Swandulla and Lux, 1985), and slow 
inward currents also may play a role in the generation of epilep­
tiform activity in the hippocampus (Hoehn et al., 1993) and 
pacemaker potentials in the heart (Colquhoun et al., 1981; 
Reuter, 1984).

One particularly dramatic example of a long-lasting change in 
spontaneous activity is found in the bag cell neurons that mediate 
egg-laying behaviors in Aplysia. Bag cell neurons are located in 
two symmetric clusters, each containing from 200 to 400 neurons, 
at the juncture of the abdominal ganglion and the pleuroabdomi- 
nal connective nerve. Normally these neurons are silent; however, 
brief stimulation of the presynaptic nerve triggers a depolariza-
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tion that causes an ~30 min period of spontaneous action poten­
tials referred to as the afterdischarge (Kupfermann and Kandel, 
1970; Kaczmarek et al., 1978). The afterdischarge differs from the 
bursting behavior described for other neurons in that action 
potentials typically are not clustered and that, apart from a grad­
ual decline, there is little variation in the underlying depolariza­
tion once the afterdischarge is initiated. In addition, the afterdis­
charge is followed by a refractory period lasting ~18 hr, during 
which further electrical stimulation fails to depolarize cells and 
fails to trigger an afterdischarge (Kupfermann and Kandel, 1970; 
Kauer and Kaczmarek, 1985).

We now present evidence that activation of a slow inward cation 
current may provide the depolarizing drive underlying the after­
discharge. This current normally is not detected in single bag cell 
neurons and has not been examined in intact ganglia because of 
the extensive electrical coupling between neurons. To allow the 
cation current to be examined in single bag cell neurons, we 
induced the current using an extract of venom from Conus textile 
(CtVm) that, in intact ganglia, triggers a discharge similar to that 
observed after electrical stimulation. Conus textile is a member of 
the marine snail genus that has provided a number of neurotoxins 
that act on nicotinic acetylcholine receptors, voltage-dependent 
sodium (Na) channels, and neuronal N-type Ca channels (for 
review, see Gray et al., 1988; Olivera et al., 1990). The inward 
cation current observed after treatment with CtVm is voltage- 
dependent and Ca2+-sensitive, inactivates slowly over a period of 
minutes, is blocked by high concentrations of tetrodotoxin (TTX), 
and is carried by both monovalent and divalent cations. In previ­
ous work (Wilson and Kaczmarek, 1993), we described the mod­
ulation of a cation channel by both serine/threonine and tyrosine 
phosphorylation systems. We now also show that the properties of 
this cation channel correspond closely to that of the slow inward 
current observed in whole-cell experiments, a result which sug­
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gests that modulation of bag cell neuron-cation channels is cru­
cial to the initiation of the prolonged discharge by CtVm.

MATERIALS AND METHODS
Cell preparation
A dult Aplysia californica (A lacrity  M arine  B iological Services, R edondo  
B each, C A ) w ere  an esthetized  by injecting iso ton ic  M gC l2, and  the 
abdom inal ganglia w ere excised along w ith  the  p leu roabdom inal connec­
tive nerves. A bdom inal ganglia used  in ex tracellu lar reco rd ing  experi­
m en ts w ere tran sfe rred  im m ediately  to  artificial seaw ater (A SW ) con­
tain ing  (in mM): 460 N aC l, 10.4 KCl, 11 C aC l2, 55 M gC l2, and  10 H E PE S , 
pH  7.8 (N aO H ).

P rim ary  cu ltu res o f bag  cell n eu rons w ere ob ta ined  as described p re ­
viously (K aczm arek e t al., 1979) by trea tin g  th e  abdom inal ganglia in 
n eu tra l p ro tease  (20 m g/m l; B oehringer M annheim , Ind ianapolis, IN ) fo r 
18 h r a t room  tem p era tu re  (~22°C ). B ag cell n eu ro n  clusters th en  w ere 
rem oved  from  the  su rround ing  connective tissue, d issociated  by gentle 
tr itu ra tio n  w ith a  fire-polished P asteu r p ip e tte , and  p la ted  on to  35 m m  
tissue cu ltu re  d ishes a t a  density  o f  1 0 -2 0  neu ro n s p er dish. C ultu res w ere 
m ain ta ined  a t 14°C in A SW  supp lem en ted  w ith glucose (1 m g/m l), 
penicillin  (100 U /m l), and  streptom ycin  (0.1 m g/m l) fo r 1 -4  d before  
recording.

Electrophysiology
T h e  activity o f bag  cell n eu rons in in tac t abdom inal ganglia w as reco rded  
extracellu larly  in a  reco rd ing  cham ber m ain ta ined  a t 14°C using suction 
e lec trodes p laced  over bag  cell n eu ro n  clusters. A fterd ischarges w ere 
electrically  stim ula ted  by passing a  b rie f  tra in  o f  pulses (8 -2 0  V , 2.5 m sec 
a t 6 H z fo r ~ 1 0  sec) th rough  a  second suction  e lec trode  placed on the 
ipsila teral p leu roabdom inal connective nerve. D a ta  w ere s to red  on v id­
eocasse tte  tapes and  rep layed  on a  G rass In strum en ts ch art reco rder. T he 
activity o f sing le-cultured  bag  cell n eu rons w as reco rd ed  in tracellu larly  
using an  A xoclam p am plifier (A xon In strum en ts, F o ste r City, CA). F or 
single-electrode voltage-clam p and  curren t-clam p experim ents, pulse 
genera tio n  and  d a ta  acquisition  w ere  p erfo rm ed  using a  386 IBM /A T- 
com patib le  com p u te r and  Fastlab  softw are. P ip e ttes  w ere filled w ith 2 M 
potassium  aceta te  and  had  resis tances o f 12-20 M O . F o r w hole-cell 
cu rren t-v o ltag e  re la tions, cu rren t values w ere m easured  a t th e  end  of the 
response  to  each  3 sec tes t pulse to  the  ind icated  voltage. A  3 sec in terval 
se p ara ted  successive test pulses; 1 -2  m in se p ara ted  each fam ily o f test 
pulses fo r successive cu rren t-v o ltag e  re la tions. S ingle-channel cu rren ts  of 
patches excised from  sing le-cultured  bag  cell n eu rons w ere reco rd ed  
using a  L ist E PC -7  am plifier, low -pass-filtered a t 3 kH z, and  sto red  on 
v ideocassettes. D a ta  acquisition  and  analysis w ere  p erfo rm ed  using soft­
w are  w ritten  in A xobasic (A xon In strum en ts). U nless o therw ise noted , 
th e  so lu tion  facing the  extracellu lar side o f  the  m em brane was A SW , and 
th e  so lu tion  facing th e  in tracellu lar side con ta ined  (in mM): 500 
K -asparta te , 70 KCl, 0.77 C aC l2, 1.2 M gC l2, 10 H E P E S , 11 glucose, 0.77 
E G T A , 10 g lu tath ione (a  reducing  agen t), 5 A T P  (grade  2 disodium  salt; 
Sigm a, St. Louis, M O ), an d  0.1 G T P  (type 3 disodium  salt; S igm a), pH  7.3 
(K O H ). P ipettes w ere  coated  w ith S Y L G A R D  and  had  resis tances ran g ­
ing from  3 -6  M O  w ith th e  exception  th a t, in o u tside/ou t patch  experi­
m ents, h igher resis tance  p ip e ttes  (8 -1 5  M O ) w ere used  to  m inim ize the 
n um ber o f channels p er patch. P ipette  junction  po ten tia ls w ere nulled 
im m ediately  befo re  seal fo rm ation . C hannel am plitudes w ere m easured  
by sub trac ting  straigh t lines fitted  by eye to  op en  and  closed cu rren t levels 
fo r 0 .5 -2  sec segm ents o f activity. B ecause o f  the  low probability  o f 
en coun tering  single cation  channels, especially in o u tside/ou t patches, 
and  because o f  th e  w ide range o f op en  probab ilities (P o) observed fo r 
cation  channels in con tro l conditions, som e experim ents re lied  on visual 
com parisons o f  P o. A  clear change in the  cu rren t level a t w hich the 
p red o m in an t activity occurred  w as judged  as indicating  a  corresponding  
change in the  average P o. In  w hole-cell patch-clam p experim ents exam ­
ining th e  C a2+-dependence  o f th e  depolariza tion , the  in tracellu lar so lu­
tion  in the  patch  p ip e tte  (1 -2  M O ) con ta ined  5 mM M gC l2 and  e ith er 0.2 
mM E G T A  and  0 mM C aC l2; 20 mM E G T A  and  4.14 mM C aC l2 (for a 
calcu lated  free  C a2+ concen tra tion  o f  3.5 X 10—8 m ); o r  40 mM E G T A  
and  4.14 mM C aC l2 (fo r a  calculated  free  C a2+ concen tra tion  o f 1.5 X 
10—8 m ). Calcium  concen tra tions w ere  calcu lated  according to  Chang e t 
al. (1988). A ll experim ents w ere perfo rm ed  a t room  tem p era tu re  
(~22°C ).

Ion substitution. In  ion substitu tion  experim ents, th e  N a + or C a2+ of 
A SW  w as su bstitu ted  w ith an equ im olar am oun t o f th e  tes t cation . T est 
so lu tions w ere perfused  using gravitational flow. In  iso lated  patch  exper­

im ents, te s t so lu tions w ere app lied  using a  m ultibarre l perfusion  system 
as described  by Y ellen  (1982), by w hich patches w ere m oved from  the 
m ou th  o f one b arre l to  th e  next perm itting  a  nearly  in stan taneous change 
in so lu tions a t th e  face o f the  patch. In  experim ents exam ining the 
C a2+-dependence  o f single-channel activity, the  free  C a2+ of the  in tra ­
cellu lar so lu tion  was ad justed  to  the  desired  level by including 0.77 mM 
E G T A  an d  e ith e r 0.77, 0.385, 0.07, o r 0 mM C aC l2 fo r 10—6, 10—7, 10—8, 
and  10—9 free  C a2+ concen tra tions, respectively.

C onus textile venom. C tV m  w as ob ta ined  and  p rep a red  as described  in 
C ruz e t al. (1976) and  H illyard e t al. (1989). C tV m  w as app lied  by 
p ipetting  an  a liquo t in to  the  reco rd ing  solu tion  to  ob ta in  the  sta ted  final 
concen trations. In all experim ents w ith in tac t ganglia, th e  venom  re ­
m ained  in the  b a th  fo r the  du ra tio n  o f  th e  discharge; fo r the  assessm ent 
o f  re frac to riness involving m ultip le applications, C tV m  w as w ashed from  
th e  b a th  im m ediately  a f te r  the  term in a tio n  o f a  discharge.

RESULTS 
CtVm effec ts  on  b ag  cell n eu ro n s  of in tac t 
abdom inal gang lia
In their resting state, bag cell neurons of acutely isolated abdom­
inal ganglia display little or no spontaneous activity. As shown in 
the extracellular recordings of Figure 1A (top), however, brief 
electrical stimulation of the pleuroabdominal nerve innervating 
the bag cell neuron cluster triggers a long-lasting period of spon­
taneous repetitive action potentials ~30 min in duration, as has 
been described previously (Kupfermann and Kandel, 1970; Kacz­
marek et al., 1978). We have found that CtVm (100 ^g/ml), when 
bath-applied to resting cells (shown by the arrow in Fig. 1A, 
bottom ), is capable of triggering a similar prolonged discharge. 
The bag cell neuron response to CtVm could occur within sec­
onds, although typically it occurred within 1-5 min after addition 
of the extract. The discharge elicited by CtVm was comparable to 
that observed in response to electrical stimulation both in dura­
tion and in the exhibition of characteristic fast and slow firing 
phases (n = 6). CtVm further mimicked electrical stimulation in 
that CtVm-induced discharges were followed by a prolonged 
refractory period. Refractoriness was assessed using either elec­
trical stimulation or CtVm at times ranging from 30 min to 2 hr 
after completion of the first discharge. Longer times were not 
tested. The refractoriness induced by electrical stimulation 
blocked the ability of CtVm to induce a prolonged discharge (n = 
4), and, conversely, the refractoriness induced by CtVm blocked 
the ability of electrical stimulation to induce a prolonged dis­
charge (n = 4).

CtVm effec ts  on  iso la ted  b ag  cell n e u ro n s
With the aim of characterizing the ionic mechanism underlying 
the onset of the CtVm-induced discharge, we examined the effects 
of CtVm on isolated neurons to determine whether 
afterdischarge-like activity could be elicited. As shown in Figure
1 B , CtVm applied to single bag cell neurons produced an abrupt 
depolarization, which was often accompanied by a prolonged 
burst of action potentials. In 39 cells examined, CtVm (100 ^g/ml) 
produced a mean peak depolarization of 29.7 ± 2.5 mV from a 
starting resting potential averaging —48.0 ± 1.9 mV. In approxi­
mately one-third of the cells, the depolarization was preceded by 
a brief hyperpolarization ranging from 5 to 22 mV in magnitude. 
Although in some cases the response to the extract was immediate 
(i.e., within seconds), the response usually occurred within 1-5 
min after application and decayed gradually over a period ranging 
from 5 to 30 min. Similar results were obtained with concentra­
tions of extract as low as 5 ^g/ml. As observed for the CtVm- 
induced discharge in intact ganglia, reapplication of CtVm failed 
to elicit subsequent depolarizations even after washes of extended 
duration (e.g., 30 min; n = 3). The “King Kong” peptide, isolated
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Figure 1. E ffect o f C tV m  on  bag  cell neurons o f in tact abdom inal ganglia and single bag cell neurons iso lated  and m ain tained  in vitro. A , C om parison  
o f electrically stim ulated  and C tV m -induced discharges reco rded  from  bag cell neurons o f in tact abdom inal ganglia. Top, D ischarge triggered  by a tra in  
o f electrical pulses (8 V, 6 H z) applied  to  th e  p leuroabdom inal nerve with a suction e lectrode for th e  du ra tion  indicated  by th e  bar im m ediately below 
the  trace. Bottom, D ischarge triggered  by b a th  application  o f C tV m  (100 ug/m l). B, V oltage response o f a single-cultured bag cell n eu ron  to  application 
o f C tV m  (100 jug/ml).

from CtVm by Hillyard et al. (1989), failed to reproduce any of 
the above effects (n = 4; data not shown), suggesting that the 
component of CtVm acting on bag cell neurons is a novel toxin.

In voltage-clamp experiments, treatment with CtVm resulted in 
the activation of two voltage-dependent inward currents normally 
not observed in the current-voltage relations of bag cell neurons. 
Figure 2A  shows typical currents elicited in response to voltage 
steps to -3 0  mV from a holding potential of -7 0  mV before (top 
trace) and immediately after (bottom trace) application of CtVm. 
The average control and CtVm current-voltage relations, ob­
tained by measuring the current amplitudes at the end of the 
response to test pulses to the indicated voltages, are shown in 
Figure 2B  (n = 6). Pharmacological evidence suggests that the 
change in the current-voltage relation is attributable to the acti­
vation of two independent currents. At negative potentials, appli­
cation of CtVm (100 ug/ml) caused the appearance of a current 
with properties matching those of inwardly rectifying potassium 
(KIR) currents. The contribution of the KIR current could be 
eliminated from the response to CtVm by bath application of 
either 10 or 20 mM CsCl (n = 4; Fig. 2C, left) and seemed to 
account for the brief hyperpolarizations sometimes observed in 
response to the extract. Treatment with CtVm also caused the 
appearance of a negative slope resistance region in the steady- 
state current-voltage relation. The corresponding current, which 
we have shown is a cation current (see below) and refer to as ICAT, 
was maximally activated near -  40 mV and was unaffected by the 
presence of up to 20 mM CsCl, but it could be blocked with high 
concentrations of TTX (100 uM n = 22; Fig. 2C, right). In

addition, no depolarizations were observed when CtVm was ap­
plied in the presence of TTX (n = 3; data not shown).

Identification of a  C tV m -regulated  ca tio n  channel
Patch-clamp experiments were performed to identify the channel 
carrying the cation current. No channels carrying noninactivating 
inward current were observed in cell-attached patches when ASW 
served as the extracellular solution. In contrast, cation channels 
were observed in 10-20% of patches excised into the inside/out 
configuration. As has been described previously (Wilson and 
Kaczmarek, 1993), after patch excision, cation channels were 
found in either a bursting or continuously active gating mode. The 
bursting mode (see Fig. 4B , top trace) is distinguished from the 
continuously active mode (see Fig. 4A , top trace) by the occur­
rence of long closed times lasting tens of seconds to minutes. An 
examination of closed-time distributions of channels in the burst­
ing mode reveals a distinct population of closed events of long 
duration that is not observed in closed-time distributions of con­
tinuously active channels. Otherwise, the event distributions for 
channels in the two gating modes are indistinguishable (Wilson 
and Kaczmarek, 1993).

Figure 3A  shows steady-state recordings of a continuously ac­
tive cation channel at holding potentials of -  40, -  60, -  80, and 
-100 mV. Although the P o of cation channels varied considerably 
from patch to patch, the fraction of time cation channels spent in 
the open state clearly decreased at increasingly hyperpolarized 
potentials. The average voltage-dependence of the Po and the 
average open channel current-voltage relation obtained for seven
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Figure 2. T rea tm en t w ith C tV m  results in the activation o f two voltage- 
d epen d en t inw ard currents. A , R epresen ta tive  cu rren t traces elicited in 
response to  3-sec-long voltage steps to  —30 m V  from  a holding potential 
o f —70 m V  befo re  (top trace) and  after (bottom trace) application o f C tV m  
(100 ug/m l). F o r display, linear leakage and capacitative com ponents have 
been  subtracted . B , A verage cu rren t-vo ltage  relations observed in bag cell 
neurons b efo re  (O) and after ( • )  application  o f C tV m  (100 ug/m l; n = 6). 
C, Pharm acological identification and isolation o f K IR and  cation curren t 
com ponents o f  the response to  CtVm . Left, represen ta tive  cu rren t-vo ltage  
relation  b efo re  (O) and after ( • )  application  o f C tV m  and 10 mM CsCl. 
Right, represen ta tive  cu rren t-vo ltage  relation  before (O) and after ( • )  
application o f C tV m  and 100 uM TTX . In  B  and  C, curren ts w ere 
m easured  during  the  steady-state p o rtion  o f the  response to  a step to  the 
indicated  voltage from  a holding po ten tia l o f — 60 mV.

Figure 3. V oltage dependence  and T T X  block o f cation channel activity 
in excised patches o f bag  cell n eu ron  m em brane. A , Sam ple steady-state 
recordings o f cation channel activity in an excised inside/out patch  held  at 
the  poten tials indicated  above each trace. D ow nw ard deflections co rre­
spond to  inw ard current. B , A verage open-channel cu rren t-vo ltage  re la­
tion  (bottom , • )  and voltage-dependence o f the  Po (top) from  seven 
inside/out patches contain ing  single cation channels. T he open circles w ere 
ob ta ined  from  the  re la tion  I  = i X P o applied  to  each d a ta  point, w here i 
rep resen ts the  open-channel current. A  B oltzm ann function  was fit to  the 
Po points using a Sim plex fitting rou tine  w ith the  m inim ax criterion  for 
e rro r  m inim ization (pCLA M P6); o th er curves w ere fit to  the points by eye. 
C , T T X  block o f  cation channel activity in an excised ou tside/ou t patch 
held  at — 60 mV. A t the  start o f the  experim ent, four cu rren t levels w ere 
observed, suggesting the  presence o f four cation channels in the  patch. 
T he activity rem aining at 80 uM T T X  seem ed to  be a ttribu tab le  p redom ­
inantly to  the presence o f  a sm aller conductance channel, w hich som e­
tim es was observed in inside/out patches.

patches containing only one channel are plotted in Figure 3B (top 
and bottom, respectively). The slope conductance of the cation 
channel in inside/out patches, as determined by a straight-line fit 
to the averaged points, was 29.4 pS, and the reversal potential of 
the single-channel current appeared more positive than that of the 
whole-cell current, a result which is discussed in greater detail in 
association with Figure 6 and in Discussion. The Po increased as

the membrane potential was depolarized from —120 mV, reach­
ing maximal levels near 0 mV. A Boltzmann function fit to the 
averaged points (solid curve, Fig. 3B , top) indicated a midpoint of 
activation at —56.0 mV and a slope of 24.6 mV per e-fold change 
in Po. To determine the expected contribution of the cation 
channel to the whole-cell current-voltage relation, the open cir­
cles in Figure 3B were obtained from the relation I  = i X P o
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Figure 4. E ffect o f  C tV m  on cation  channels in e ith e r  a continuously active (A) o r bursting  (B) gating m ode. C ation  channels w ere identified and 
characterized  by excising patches in to  in tracellu lar solution [containing (in mM): 500 K -aspartate , 70 KCl, 0.77 CaC l2, 1.2 M gC l2, 10 H E P E S , 11 glucose, 
0.77 E G T A , and 10 g lu tath ione, p H  7.3 (K O H )], and then  th e  channels w ere re in serted  (“cram m ed”) in to  bag cell neurons before application  o f C tV m  
(100 ug/m l). In  bo th  A  and  B, traces show rep resen ta tive  activity reco rded  at a holding po ten tial o f - 6 0  m V  in contro l conditions, a fter cram m ing, and 
after application  o f C tV m , as indicated. T he tim e dependence  o f the  changes in Po are  shown in th e  plots below. D a ta  poin ts rep resen t th e  Po m easured  
for successive 30 sec intervals. F o r th e  patch  shown in A , which appeared  to  con tain  two channels, the p lo tted  Po is th e  sum  o f the Po ob ta ined  at each 
level divided by two. B ursting  and continuously active channels w ere distinguished by th e  presence o f long-lived closures in the activity o f  bursting 
channels, as described previously (W ilson and K aczm arek, 1993). A  reasonab le fit o f  the closed-tim e distribu tion  o f bursters requ ires th e  use o f additional 
exponentials th a t describe the long-lived closures. T hese exponentials are  not requ ired  w hen fitting the  closed-tim e d istributions o f continuously active 
channels.

applied to each of the average data points; the dashed curve was 
fit to the derived points by eye. The voltage-dependent behavior 
of the cation channel corresponds reasonably to that of the 
whole-cell current (see Discussion).

Cation channels also were blocked by concentrations of TTX 
similar to those required to block the whole-cell current. For the 
outside/out patch shown in Figure 3C , four current levels were 
observed in control conditions, suggesting the presence of four 
cation channels in the patch. After application of TTX (30 u M), 
only two levels of current were observed, and channel activity 
appeared completely blocked when TTX was increased to a final 
concentration of 80 u-M. The remaining activity was predominantly 
attributable to the presence of a smaller conductance channel that 
was sometimes also observed in inside/out patches. TTX similarly 
blocked cation channel activity in the three other patches tested; 
reversibility of the TTX effect was not examined.

The above results suggest that the ~30 pS channel underlies the 
depolarization and whole-cell cation current observed in response 
to CtVm and that, because CtVm activates the whole-cell current, 
CtVm also should increase the cation channel P o. To test this 
possibility, cation channels were localized and their gating mode 
in control conditions characterized by excising patches into a bath 
containing intracellular solution. Patches then were reinserted

(“crammed”) (Kramer, 1990) into the cell of origin before appli­
cation of CtVm. Typical recordings from two patches held at -  60 
mV and containing cation channels in either a continuously active 
or a bursting mode are shown at the top of Figure 4, A  and B , 
respectively. The P o observed for the cation channels during 
successive 30 sec intervals is plotted immediately below. No 
change in activity was observed for either the continuously active 
or bursting channels as a consequence of cramming. Application 
of CtVm, however, produced a dramatic increase in Po for cation 
channels in either mode (n = 9 of 11 and 5 of 6 patches tested 
containing continuously active and bursting channels, respective­
ly). As shown for the patch of Figure 4A , which contained two 
continuously active channels with an average low starting Po of 
0.04, CtVm increased the average P o to 0.34, an increase more 
than eightfold. An even larger increase in Po was observed after 
application of CtVm to “crammed” patches containing bursting 
channels. CtVm increased the P o of the bursting channel of Figure 
4B from an average starting value of 0.01 to an average final value 
of 0.86. Because no change in the current amplitudes of cation 
channels was observed either as a function of cramming or as a 
function of CtVm application, the changes in P o cannot be ac­
counted for by a change in the potential of the crammed patch. In 
summary, the patch configurations examined included cell-
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Figure 5. Average current-voltage relations of the whole-cell cation 
current in ion-substituted seawater as m easured in a single-electrode 
voltage clamp. The N a+ of ASW was substituted with an equimolar 
amount of the indicated cations. The cation current was isolated from 
other bag cell neuron currents by subtracting the current-voltage relation 
obtained in steady-state conditions in the presence of CtVm and TTX 
from that obtained in the presence of CtVm alone. N  equals 7, 3, 1, and 
3 for N a+, K+, Tris (see text), and NM DG containing ASW, respectively.

attached patches with bath-applied CtVm, cell-attached patches 
with CtVm included in the pipette solution, and outside/out, 
inside/out, and crammed inside/out patches. The cation channel 
was the only channel encountered that carried inward current, was 
blocked by TTX, and displayed an increase in Po in response to
CtVm. o

The patch configuration in which a neuropeptide is observed to 
have an effect can indicate whether the peptide interacts directly 
or indirectly with the channel under study. In the above crammed 
inside/out patches, an increase in Po was observed even though 
bath-applied CtVm did not have direct access to the extracellular 
face of cation channels because of the presence of the patch 
pipettes. This result suggests that binding to the channel is not 
required and, therefore, that the effect of CtVm is mediated by an 
intracellular messenger(s). The fact that the activity of KIR chan­
nels, examined in cell-attached patches with 570 mM K + in the 
pipette, increased after bath application of CtVm (n = 3; data not 
shown) further supports the involvement of intracellular messen­
gers in the action of CtVm.

Ion se le c tiv ity  o f th e  C tV m -in d u c ed  
m a c r o s c o p ic  c u r re n t
To further compare the whole-cell cation current and cation 
channel, we examined their selectivity for various ions. In exper­
iments examining the whole-cell cation current (Fig. 5), the con­
tribution of other bag cell neuron currents was minimized by 
measuring the TTX-sensitive component of the CtVm response. 
This was accomplished by subtracting the steady-state current- 
voltage relation obtained in the presence of CtVm and TTX from 
that obtained in the presence of CtVm alone. Because the current 
corresponding to the classic voltage-sensitive sodium current in­
activates rapidly, it does not contribute to this difference current, 
which is measured at the end of 3 sec voltage commands. Given 
the gradual decay of the CtVm-induced current, this procedure 
allowed only a single test solution to be assessed for each cell.

Although the difference current appeared to provide the clearest 
measure of the cation current, the difference current still may be 
contaminated by a gradual rundown of other bag cell neuron 
currents active late in the response to each test pulse.

As shown in Figure 5, in normal ASW containing 460 mM N a+, 
the reversal potential of the average difference current was near 
1.5 mV. The proximity of the reversal potential to zero suggested 
that the cation current was nonselective relative to classic Na, Ca, 
and K channels. As has been noted for other nonspecific cation 
channels (for review, see Partridge and Swandulla, 1988), K + ions 
appeared to carry the current at least as well as N a+ ions. For 
these experiments, 10 mM Cs+ was included to minimize the 
contribution of the KIR current at high K + concentrations. Little 
change in the reversal potential of the average current-voltage 
relationship was observed when the N a+ in ASW was replaced by 
an equimolar amount of K + (n = 3). In contrast, when Tris 
replaced the N a+ of ASW (Tris-ASW), the TTX-sensitive cation 
current was detected in only 4 of the 26 cells tested and was 
markedly smaller when observed. The CtVm-induced depolariza­
tions in Tris-ASW also appeared briefer than those observed in 
normal ASW (lasting only 1-2 min; n = 4). Given the time needed 
to obtain the TTX difference current, the brevity of the CtVm 
response in Tris-ASW may account for our failure to observe the 
CtVm-induced cation current in most cells when Tris was the 
major cation. No inward cation current was observed when N a+ 
was replaced with an equimolar amount of NMDG (n = 3), 
suggesting either that NM DG was not measurably perm eant or 
that, as in Tris-ASW, the current was activated only briefly. The 
outward current seen at voltages positive to —40 mV is most likely 
attributable to a slow rundown or inactivation of another current 
that occurs during the time needed to obtain the difference 
current. The activation threshold for the outward current seems to 
correspond with that of a potassium current.

Ion s e le c tiv ity  o f th e  c a tio n  c h a n n e l
The relative permeability of the above ions also was assessed in 
cation channel recordings from outside/out patches of bag cell 
neuron membranes. In contrast to the whole-cell experiments, the 
ongoing channel activity of excised outside/out patches allowed 
multiple solution changes to be made for a single patch. To permit 
a comparison of whole-cell and single-channel measurements, 
external solutions consisted of ASW with an equimolar amount of 
the test ion replacing N a+. Sample recordings of channel activity 
at a holding potential of — 60 mV are shown in Figure 6A  for each 
test solution, and the corresponding average open-channel cur- 
rent-voltage relations are shown in Figure 6B . Neither the ampli­
tude of the open-channel current recorded at — 60 mV nor the 
single-channel conductance changed appreciably when the solu­
tion perfusing the outside of the patch was changed to ASW in 
which K + replaced N a+. In K +-ASW, the average single-channel 
conductance in outside/out patches (measured between —100 and
0 mV) was 30.5 ±  1.5 pS (n = 6) compared with the 29.1 ±  1.7 pS 
(n = 18) obtained in N a+-ASW. When the solution perfusing the 
patches was changed to Tris- or NMDG-ASW, which in whole-cell 
experiments resulted in either no response or a transient re­
sponse, single-channel conductances were decreased by approxi­
mately two-thirds. The mean slope conductance obtained for 
cation channels was reduced from 29.1 pS to 10.4 ±  1.9 pS (n = 
3) and 8.9 ±  2.1 pS (n = 3) in ASW containing Tris and NMDG 
as the dominant monovalent cation, respectively. As will be de­
scribed below, the currents remaining in the Tris- and NMDG- 
ASW solutions, which correspond to the extracellular solutions in
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Figure 6. Selectivity of bag cell neuron cation channels for monovalent 
cations. The N a+ of ASW was substituted with an equimolar amount of 
the indicated cations to allow comparison with measurements of the 
whole-cell cation current. Solution changes were accomplished using a 
gravity-driven multibarrel perfusion system, and outside/out patches were 
moved from the m outh of one barrel to the next. A , Cation channel activity 
recorded at a holding potential of -  60 mV in outside/out patches perfused 
with ASW containing N a+, K+, Tris, or NM DG as the dominant mono­
valent cation, as indicated. B, Average open-channel current-voltage 
relation for each test solution, as indicated. The number of observations 
contributing to each point going from -1 0 0  to 0 mV in 20 mV increments 
are: for Na-ASW, 7, 10, 16, 12, 8, and 3; for K-ASW, 3, 7, 5, 5, 4, and 2; 
for Tris-ASW, 1, 3, 3, 2, 2, and 1; for NMDG-ASW, 3, 3, 6, 3, 0, and 0. 
Single-channel conductances, as determined by straight-line fits to the 
points obtained over the -1 0 0  to 0 mV range for each channel (see insert 
for examples) and then averaged, were 29.1 ± 1.7 (n = 18), 30.5 ± 1.5 (n 
= 6), 10.4 ± 1.9 (n = 3), and 8.9 ± 2.1 (n = 3) for N a+, K+, Tris, and 
NM DG containing ASW, respectively. C , Examples of the open-channel 
current-voltage relations for individual channels showing straight-line fits 
and extrapolated reversal potentials.

the whole-cell experiments (Fig. 5), are likely to be carried in part 
by Ca2+ ions. Nevertheless, the above results suggest that the 
relative permeability for the monovalent cations tested follows the 
sequence K =  Na »  Tris >  NM DG and that Tris and NMDG

are either less perm eant than N a+ or not at all permeant. No 
change in the amplitude of unitary currents was observed when 
inside/out patches were perfused with an intracellular solution in 
which KCl replaced all K-aspartate (n = 3), indicating that anions 
are not measurably permeant.

The reversal potential, which is sensitive to the concentrations 
of all perm eant ions in the intracellular and extracellular solu­
tions, also can provide information on the ion selectivity of a 
channel (Goldman, 1943; Hodgkin and Katz, 1949; Lewis, 1979). 
Because of the prevalence of voltage-sensitive K channels, how­
ever, we were unable to distinguish clearly cation channels at 
positive potentials and therefore did not attem pt to determine 
their reversal potential directly. We were able, however, to esti­
mate reversal potentials by extrapolation of the inward currents 
measured at negative potentials. Because each channel was not 
tested at every voltage (see legend for Fig. 6B), average reversal 
potentials were determined by straight-line fits to the data for 
each channel and then averaged across channels. Examples of 
individual fits are shown in Figure 6C . The average reversal 
potential obtained in this way (8.6 ±  4.2 mV; n = 18) is more 
accurate than that obtained by extrapolation via the average data 
points shown in Figure 6B (~25 mV), because the latter method 
assigns each point equal weight regardless of the number of 
observations. Even so, given possible rectification in the open- 
channel current-voltage relation, these extrapolated reversal po­
tentials are only suggestive of the actual shifts that occur. In the 
experiments above, in which the N a+ of ASW was substituted by 
an equimolar amount of the other monovalent test ions, both K + 
(10.4 mM) and Ca2+ (11 mM) were present throughout. Given that 
the cation channel is nearly equally permeable to K + and N a+, a 
negative shift in the reversal potential toward the equilibrium 
potential for K + ions would be expected for test solutions in which 
a less perm eant ion was substituted for N a+. Instead, the average 
reversal potentials in Tris and NMDG, extrapolated from current 
measurements over the -1 0 0  to 0 mV range, seemed shifted to 
more depolarized values [from 8.6 ±  4.2 (n = 18) to 35.7 ±  12.2 
(n = 3) and 35.5 ±  7.5 mV (n = 3), respectively]. One explanation 
of this shift is that Ca2+ ions also might be perm eant and that the 
permeability of the channel to Ca2+ is substantially increased in 
the absence of N a+. In agreement, when the solution perfusing 
the patch was changed to ASW (in which 66 mM Ba2+ was 
substituted for the Ca2+ and Mg2+ normally present), the slope 
conductance measured over -1 0 0  to -2 0  mV increased from a 
control value of 30 to 86 pS for the channel shown in Figure 7. 
Similar results were observed in two other patches. W hen only 
Ca2+ was substituted by Ba2+ (11 mM), the average slope con­
ductance of cation channels increased from the average control 
value of 29.1 pS to 36 ±  3.2 pS (n = 3).

C a 2+ se n s itiv ity
In experiments attempting to examine the effects of Ca2+ substi­
tution on the whole-cell current, the response to CtVm often was 
eliminated (n = 8 of 11). Because Ca2+-dependence is a property 
associated with a number of nonspecific cation channels (for 
review, see Partridge and Swandulla, 1988), we sought to deter­
mine whether intracellular Ca2+ levels regulate the CtVm- 
induced depolarization. For these experiments, we used the 
whole-cell patch-clamp technique, which perm itted intracellular 
Ca2+ levels to be buffered by the EGTA included in the pipette 
solution. Membrane potentials were monitored for ~10 min to 
verify their stability in control conditions and to allow EG TA  to 
diffuse into bag cell neurons. Figure 8A  compares the average
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Figure 7. Selectivity of bag cell neuron cation channels for divalent 
cations. A , Representative steady-state recordings of cation channel activ­
ity in an outside/out patch perfused with control ASW and ASW in which 
the Ca2+ and Mg2+ were substituted by an equimolar amount of Ba2+. 
The holding potential was — 60 mV. Two current levels were observed (see 
bottom trace), indicating the presence of at least two channels in the patch. 
B , Open channel current-voltage relation for the first level of current 
observed in the patch shown in A .

magnitude of the CtVm-induced depolarizations observed when 
the pipette solution contained either 0.2, 20, or 40 mM EGTA. 
Although the CtVm-induced depolarizations were not eliminated 
at free [Ca2+]; concentrations that eliminate the Ca2+-activated K 
currents of bag cell neurons (20 mM EGTA in Fig. 8A ) (Strong 
and Kaczmarek, 1986), the magnitudes of the observed depolar­
izations were reduced by nearly half (n = 4), and further reduc­
tions in magnitude were observed on a doubling of the EGTA 
concentration from 20 to 40 mM (n = 4).

M ore direct evidence for the Ca2+ sensitivity of the cation 
channel was obtained in recordings from excised inside/out 
patches of bag cell neurons. Figure 8B  shows recordings of single 
cation channel activity when the solution perfusing the intracel­
lular face of the membrane contained either 10—8 or 10—6 m  free 
Ca2+. A t 10—8 m  free Ca2+ and a holding potential of —60 mV, 
the measured single-channel P o was 0.03. Increasing the free Ca2+ 
to 10—6 m  resulted in an increase in the activity of the channel, as 
reflected by the more than threefold increase in P o to 0.1. A l­
though starting Po values varied across cation channels, similar 
increases in channel activity after increases in [Ca2+]i were ob­
served in all 14 of the patches tested and were independent of the 
order in which the Ca2+ concentrations were presented. In the 
three cases in which the same Ca2+ concentration was presented 
more than once, the changes in Po were reversible. In no case was 
channel activity completely eliminated by lowering [Ca2+]i, even

Figure 8. Ca2+ sensitivity of the CtVm-induced depolarization and cation 
channel activity. A, Decreasing intracellular Ca2+ levels (by increasing 
intracellular EGTA) decreases the magnitude of depolarizations observed 
in response to application of CtVm (100 ug/ml) in whole-cell patch-clamp 
recordings of bag cell neurons. To permit the diffusion of EG TA  from the 
patch pipette into bag cell neurons, ~10 min were allowed between 
rupture of the membrane by the patch pipette and application of CtVm. 
The intracellular solution in the patch pipette contained 5 mM MgCl2 and 
either 0.2 mM EG TA  and 0 mM CaCl2; 20 mM EG TA  and 4.14 mM CaCl2 
(for a calculated free Ca2+ concentration of 3.5 X 10—8 m ) ; or 40 mM 
EG TA  and 4.14 mM CaCl2 (for a calculated free Ca2+ concentration of 1.5 
X 10—8 m ). The numbers of cells examined for the 0.2, 20, and 40 mM 
EG TA  conditions were 6, 4, and 4, respectively. B , Representative steady- 
state recordings of cation channel activity in an inside/out patch perfused 
with an intracellular solution containing either 10—8 or 10—6 M free Ca2+, 
as indicated. The holding potential was —60 mV. C, Shift in voltage- 
dependence of cation channel activation with changes in intracellular 
Ca2+. Points represent the P o obtained for two inside/out patches contain­
ing cation channels with a similar starting level of activity (i.e., at a holding 
potential of —60 mV and 10—6 Ca2+).
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to 10-9  m  Ca2+. If it is assumed that changes in [Ca2+]i did not 
affect the slope of the voltage-dependence curve, a preliminary 
examination of the change in the voltage-dependence of the single 
channel Po as a function of [Ca2+]i suggests a shift in the activa­
tion of the cation channel of 40 to 50 mV in the hyperpolarizing 
direction for a change in [Ca2+]i from 10-8  to 10-6  m  free Ca2+ 
(Fig. 8C). A  shift of —70 mV is observed for Ca2+-activated K 
channels for a similar shift in Ca2+ concentration (Moczydlowski 
and Latorre, 1983).

DISCUSSION
Slow inward currents contribute to the plasticity of neurons by 
regulating firing patterns and levels of spontaneous activity and 
are prevalent in both mammalian and molluscan neurons. The 
results of the present study provide evidence that a Ca2+-sensitive 
nonspecific cation channel carries the slow inward current ob­
served in bag cell neurons after treatm ent with CtVm and suggest 
that this current underlies CtVm-induced depolarization and re­
petitive firing. The cation channel was the only channel observed 
in any patch configuration with characteristics similar to those of 
the whole-cell current. Previous studies on bursting neurons have 
identified the nonspecific cation channels presumed to underlie 
bursting primarily on the basis of their inward elementary currents 
and the increases in channel activity seen in response to the 
increases in either intracellular Ca2+ or cAMP, which activate 
slow inward currents in whole-cell recordings (Green and Gillette, 
1983; Partridge and Swandulla, 1987; Sudlow et al., 1993). Both 
the whole-cell slow inward current and cation channel of Aplysia 
bag cell neurons are activated by CtVm, are active over a similar 
voltage range, are blocked by high concentrations of TTX, and are 
sensitive to intracellular Ca2+ levels. In addition, the cation chan­
nels of bag cell neurons are permeable to both monovalent and 
divalent cations as observed for ligand-gated nonspecific cation 
currents (Mayer and Westbrook, 1987), and the selectivity of both 
the whole-cell current and cation channel for monovalent cations 
follows the sequence K =  Na >> Tris >  NMDG. Further char­
acterization of the nonspecific cation channels of different neu­
rons and computer modeling will be required to determine 
whether differences in channel properties and modulation con­
tribute to the difference between an afterdischarge and bursting.

Despite the overall similarity of the whole-cell current and the 
cation channel of excised patches, some differences deserve note. 
First, the reversal potential extrapolated from cation channel 
currents was, at best, —10 mV positive to that observed for the 
TTX-sensitive whole-cell current. A  number of plausible explana­
tions of this difference exist, including a difference in the compo­
sition of the intracellular solution and the bag cell neuron cyto­
plasm, a slow rundown or inactivation of an outward current 
during the time needed to obtain the TTX-sensitive difference 
current, or a voltage-dependence in the block of the cation cur­
rent by TTX so that less current is blocked at increasingly depo­
larized potentials. Because a significant component of the bag cell 
neuron K current is resistant to traditional K channel blockers, we 
were unable to isolate the cation current at positive potentials to 
test the latter hypothesis.

Second, the conductance of cation channels in Tris- and 
NMDG-ASW was reduced by approximately two-thirds, whereas 
the CtVm-induced current often appeared to be eliminated by the 
same substitutions. A  likely explanation is that the CtVm response 
in whole-cell experiments is significantly attenuated in duration, 
making detection of the current difficult given the current sub­
traction protocol used. Recent work has suggested that the activity

of kinases and phosphatases can be affected by changes in ion flux 
(Lanius et al., 1993; Holmes et al., 1995); whether an ion- 
dependent change in the activity of second messengers affects the 
duration of the response to CtVm in our experiments is unknown, 
but it is an interesting possibility.

Third, despite the evidence that CtVm activates both the chan­
nel and the whole-cell current, cation channels were not observed 
in cell-attached patches even after application of CtVm. The 
inability to detect cation channels in cell-attached patches may be 
a consequence of the deformation of the surrounding membrane 
by the pipette. A  similar requirem ent for the integrity of channels 
and their surrounding membrane has been reported for the mod­
ulation of bag cell neuron Ca channels (Strong et al., 1987). Not 
only are cation channels highly clustered, but a tyrosine phos­
phatase and serine/threonine kinase appear closely associated 
(Wilson and Kaczmarek, 1992, 1993); the pressure of the pipette 
in cell-attached patches may deform the spatial relationship be­
tween enzymes and cation channels. Similarly, subplasma mem­
brane organelles and their ability to release Ca2+ also may be 
affected by membrane deformation. Once the patch is excised, the 
effects on the membrane immediately outside the pipette are no 
longer present, and this excision may allow the remaining chan­
nels, enzymes, and organelles to function normally.

A  fourth difference concerns the voltage-dependence of the 
whole-cell current and cation channel. A t potentials negative to 
-4 0  mV, channels exhibited a higher level of activity than ex­
pected from examination of the whole-cell current. Both phos­
phorylation by cAM P-dependent protein kinase (PKA) and intra­
cellular Ca2+ levels may account for this difference. PKA 
decreases the Po of continuously active cation channels by 40% at 
holding potentials of -6 0  mV, and preliminary evidence suggests 
that this effect is voltage-dependent: the reduction in Po becomes 
more extreme as the potential is shifted to more hyperpolarized 
values (Wilson and Kaczmarek, 1993; our unpublished observa­
tions). Because CtVm elicits afterdischarge-like activity and be­
cause intracellular cAMP levels are known to increase at the onset 
of the afterdischarge (Kaczmarek et al., 1978), our whole-cell 
measurements most likely reflect cation channel activity in the 
PKA-phosphorylated state. In addition, the cation channels are 
Ca2+-sensitive. In the present experiments, the voltage- 
dependence of the cation channel Po was assessed at free Ca2+ 
concentrations of 10-6 m . Because the intracellular Ca2+ concen­
tration of bag cell neurons is —1 X 10-7 to 2 X 10-7  m  near the 
plasma membrane (Fink et al., 1988), cation channels would be 
less active at hyperpolarized potentials.

Like slow inward currents of a number of other molluscan 
neurons (Connor and Hockberger, 1984; Swandulla and Lux, 
1985; Kirk and Scheller, 1986; Kehoe, 1990), the cation current of 
bag cell neurons does not contribute to the current-voltage rela­
tion of quiescent cells but requires stimulation to be observed. 
The use of CtVm in the present study allowed the identification 
and characterization of a channel and current that may contribute 
to the onset of the afterdischarge in vivo. The effects of CtVm 
appear distinct from those observed in other Aplysia neurons 
(Hasson et al., 1993) in that, in the present experiments, the 
purified King Kong peptide failed to reproduce the effects of the 
extract. The response to the King Kong peptide in the study of 
Hasson et al. (1993) also differed from that observed in the 
present study in its kinetics and its insensitivity to Ca2+ and TTX. 
The stimuli normally triggering the afterdischarge in vivo may 
include both neuropeptides released by the pleuroabdominal con­
nective nerve presynaptic to bag cell neurons and autoactive
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peptides released by bag cell neurons in response to their initial 
stimulation. Both atrial gland peptides and the a-, f3-, and y-bag 
cell peptides trigger afterdischarge-like activity when they are 
applied to acutely isolated ganglia (Heller et al., 1980; Brown and 
Mayeri, 1989). Although it is not clear at what point the mecha­
nisms of electrically stimulated and CtVm-induced discharges 
converge, the observed discharges are indistinguishable to the 
extent tested. Therefore, it is plausible that a component of CtVm 
binds to the receptor for the neuropeptide normally triggering the 
afterdischarge. A t the other extreme, the neuropeptides released 
in vivo may activate channels in addition to or in lieu of the cation 
channel we describe.

Because CtVm was able to increase cation channel activity in 
patch-cramming experiments without direct access to the extra­
cellular face of cation channels, channel activation by CtVm 
seems to occur indirectly via the activation of intracellular mes­
sengers. Likely candidates include intracellular cAMP and Ca2+, 
which increase at the onset of electrically stimulated afterdis­
charges (Kaczmarek et al., 1978; Fisher et al., 1994). Cation 
channel activity is upregulated by increases in intracellular Ca2+, 
by PKA acting through an endogenous tyrosine phosphatase (Wil­
son and Kaczmarek, 1993), and by hydrolyzable nucleotides (Wil­
son and Kaczmarek, 1992). In the patch-cramming experiments of 
the present study, application of CtVm caused cation channels to 
transit from a bursting to a continuous high-activity mode. In 
cell-free patches, this transition previously has been shown to be 
caused by activation of a PKA-regulated tyrosine phosphatase 
closely associated with the cation channel protein (Wilson and 
Kaczmarek, 1993). The transition from the bursting to high- 
activity mode can increase the fraction of time cation channels 
spend in the open state by as much as 85-fold and, thus, is of 
sufficient magnitude to account for the depolarization triggering 
the onset of the discharge. From the effect of CtVm on cation 
channels exhibiting a continuous but low level of activity, however, 
it seems likely that CtVm acts via more than one second messen­
ger. To date, tyrosine phosphatases are the only second messen­
gers that have been observed to cause the transition from the 
bursting to continuously active mode. Because activation of the 
endogenous tyrosine phosphatase does not result in an increase of 
the Po of channels in the continuously active mode, it seems 
probable that another second messenger is responsible for the 
CtVm-induced increase in the Po of channels exhibiting this latter 
gating mode. The observed transition from low to high activity in 
continuously active channels may be a result of increases in 
intracellular Ca2+, increases in the levels of hydrolyzable nucleo­
tides, or activation of an as yet unidentified additional intracellu­
lar messenger. W hether the multiple effects of CtVm are a con­
sequence of a single peptide or multiple peptides with distinct 
actions remains a subject for future investigation.

In addition to differences in their voltage-dependence and their 
regulation by Ca2+ and cAMP (Partridge and Swandulla, 1988), 
nonspecific cation currents seem to vary considerably in their time 
course of activation and inactivation, selectivity, and sensitivity to 
block by TTX. A t least some of these differences may be a 
consequence of the states of the neurons when examined (e.g., 
which intracellular messengers are present and activated), the 
presence of other currents activated by the same stimuli, and 
variations in methods (e.g., TTX concentrations). Nonetheless, 
nonspecific cation currents seem to be one of the most flexible 
classes of currents when characterized by the above criteria. In a 
m anner akin to ligand-gated channels, the primary classifying 
feature may be the predominant intracellular messenger-

regulating channel activity. As characterization of these channels
progresses, it will be interesting to determine which features serve
to distinguish among family members at the molecular level.
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