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Abstract 1. Normal activity in bilateral pairs of heart 
interneurons, from ganglia 3 or 4, in the medicinal leech 
(Hirudo medicinalis) is antiphasic due to their recipro- 
cally inhibitory connections. However, Ca++-free Co ++- 
containing salines lead to synchronous oscillations in 
these neurons. 
2. Internal TEA + allows expression of full plateaus dur- 
ing Co +§ induced oscillations in heart interneurons; these 
plateaus are not blocked by Cs +. Similar plateaus are also 
observed with internal TEA + alone, but under these con- 
ditions activity in heart interneurons from ganglia 3 or 4 
is antiphasic. 
3. Plateaus in heart interneurons induced by Co ++ and in- 
ternal TEA + involve a conductance increase. 
4. A voltage-dependent inward current, Ip, showing little 
inactivation, was isolated using single-electrode voltage- 
clamp in heart interneurons. This current is carried at 
least in part by Na+; the current is reduced when external 
Na + is reduced and is carried by Li ++ when substituted 
for Na +. 
5. Calcium channel blockers such as La 3+ and Co ++ 
block neither the TEA + induced plateaus nor I e, suggest- 
ing that Na + is not using Ca ++ channels. Moreover, I e is 
enhanced by Ca++-free Co++-containing salines. Thus, Ip 
is correlated with the TEA +- and Co++-induced plateau 
behavior. 
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Introduction 

The timing and coordination of contractions in the longi- 
tudinally running hearts of the leech, Hirudo medici- 
nalis, are accomplished by bilateral pairs of heart inter- 
neurons. Heart interneurons (HN cells) are connected 
through inhibitory synapses. Their activity is character- 
ized by rhythmic bursts of  action potentials, interrupted 
by periods of synaptic inhibition (Thompson and Stent 
1976a). The membrane hyperpolarization that follows in- 
hibition leads to burst termination and that causes dein- 
activation and activation of conductances that initiate 
subsequent depolarization and burst formation (Peterson 
1983; Arbas and Calabrese 1987a; Angstadt and Calab- 
rese 1989). A hyperpolarization activated inward current, 
Ih, contributes to escape from inhibition and burst forma- 
tion (Angstadt and Calabrese 1989). Low threshold cal- 
cium currents also contribute both to burst formation and 
maintenance and to graded synaptic inhibition (Angstadt 
and Calabrese 1991). 

Apparently in all leech neurons, oscillations of mem- 
brane potential can be induced when the neurons are 
bathed in Ca++-free saline containing Co ++ (Yang and 
Lent 1983; Angstadt and Friesen 1991). Angstadt and 
Friesen (1991) found that lowering external Na + concen- 
tration increased the period of  these oscillations in a va- 
riety of neurons and that elimination of the external Na + 
eliminated the oscillations. This finding led to the sug- 
gestion of a Na+-dependent mechanism for producing 
these oscillations in leech neurons. Here we describe 
experiments in which membrane oscillations were in- 
duced in heart interneurons in Ca++-free saline contain- 
ing Co ++ . The depolarized phase of these oscillations 
changed in character by becoming larger and more pro- 
longed when outward currents were partially blocked by 
internal TEA +. We describe a voltage and Na+-depen - 
dent current, Ip, which may contribute to the oscillatory 
behavior of heart interneurons bathed in Ca++-free sa- 
lines. 

In addition to contributing to oscillatory behavior in 
the Ca++-free Co++-containing salines, I e may provide an 
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intr insic  exc i ta to ry  dr ive  to hear t  in terneurons ,  indepen-  
dent  o f  exc i ta tory  synapt ic  inputs.  It,, be ing  a pers is tent  
current,  cou ld  serve to mainta in  the hear t  in terneurons  in 
a pe rpe tua l ly  exc i ted  state. There  is ev idence  for such a 
state in heart  in terneurons;  heart  in terneurons  fire toni-  
ca l ly  at the re la t ive ly  depo la r i zed  level  o f  - 4 0  m V  in the 
presence  o f  super fused  b icucul l ine ,  which  b locks  synap-  
tic inhibi t ion  (Schmid t  and Ca labrese  1992), or  when the 
cel ls  are ba thed  in Cs +, which  b locks  I h (Angs tad t  and 
Ca labrese  1989). At  - 4 0  m V  none o f  the vo l tage-ga ted  
currents  so far e x a m i n e d  in hear t  in terneurons  are capa-  
ble  o f  p rov id ing  the under ly ing  exci ta t ion;  e.g.,  I h is not  
ac t iva ted  and low- th resho ld  Ca  ++ currents  are inact ivated 
(Angs tad t  and  Ca lab rese  1989, 1991). Part  o f  this work  
has appea red  p rev ious ly  in an abst ract  (Opdyke  and Ca-  
labrese  1990). 

Methods 

Animals and preparation 

Leeches were obtained from Leeches U.S.A. and maintained in 
artificial pond water at 15~ Animals were anesthetized in ice 
cold saline prior to dissection and removal of individual segmental 
ganglia for study. Bilaterally paired heart interneurons in ganglia 
3, 4, 6, and 7 were examined. Individual ganglia were pinned ven- 
tral side up in Petri dishes lined with Sylgard resin (bath volume, 
0.5 ml). The connective tissue sheath overlying the nerve cell bo- 
dies was removed by cutting with very fine microscissors. 

Solutions, electrodes and electronics 

Ganglia were initially superfnsed (1.0 ml/min) with normal leech 
saline containing (all concentrations are expressed in mM unless 
otherwise indicated): NaC1, 115; KC1, 4; CaC12, 1.8; glucose, 10; 
HEPES buffer, 10; adjusted to pH 7.4. Equimolar amounts of 
N-methyl-D-glucamine replaced Na + in 0 Na + and 34.5 Na + sa- 
lines. In 0 Ca ++ salines Ca ++ was replaced by either 1.8 Co ++, 
2 La 3+, 1.8 Ni ++, 1.8 Mg ++, or 10 Co++; in the tattermost case the 
saline osmolarity was partly compensated for by reducing the Na § 
concentration to 94 rrul4. One l.tM Tetrodotoxin (TTX, Sigma), 
0.1 laM Saxitoxin (STX, kindly provided by Gary Strichartz, Har- 
vard University) and 1 I.tM QX-314 (Alomone Labs, Israel) were 
each dissolved in Ca+§ Co++-containing saline and the effects 
of each were separately tested on heart interneurons (Table 1). The 
application of these blockers and toxins neither blocked the for- 
mation of Plateaus nor the inward current Ip. Heart interneurons 
were identified by their soma position and characteristic bursting 
behavior All experiments were performed at room temperature 
(23~176 

Heart interneuron somata were penetrated with borosilicate mi- 
croelectrodes (1 mm o.d., 0.75 mm i.d.) filled with either 4 M K- 
acetate and 20 mM KC1 (resistances of 25-35 MO) or 1.8 M tetra- 
ethylammonium-acetate (TEA+), 2 M K-acetate and 10 rnM KC1 
(resistances of 35-50 MI2). The effects of TEA + seen in this paper 
were similar in all ways to those reported previously (Simon et al. 
1992). Capacitance in the microelectrodes was reduced in two 
ways: applying Sylgard (Dow Corning; Laurent 1991) or dime- 
thylpolysiloxane (Sigma) to the microelectrode tips and lowering 
the saline fluid level in the recording chamber to a level just above 
the cell somata. 

An Axoclamp-2A voltage clamp (Axon Instruments) was used 
in both discontinuous current-clamp (DCC) and discontinuous 
switching single-electrode voltage-clamp (dSEVC) modes. When 
using either dSEVC, or DCC, the voltage change in the microelec- 
trode due to current injection was continuously monitored with an 
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oscilloscope to verify complete electrode settling during each du- 
ty cycle. The relatively high resistance of the microelectrodes, 
which was required to prevent damage to the heart interneuron cell 
bodies (30 gm diameter), limited the sampling frequency and 
feedback gain of the system. Sample rates typically ranged be- 
tween 3.5 and 6 kHz. Voltage clamp gain was set between 8 and 
25 nA/m'v: Output bandwidth was set according to the sample rate 
being used, 0.3 kHz when the sample rate was below 5 kHz and 
1 kHz when the sample rate was above 5 kHz. 

Data were recorded on a VHS video cassette recorder modified 
for FM recording (Vetter, model 420C) for later playback on paper 
chart recorders (Gould). In addition, data were routinely digitized, 
stored and analyzed on a personal computer (IBM clone) using 
pClamp software (Axon Instruments). 

Voltage clamp protocol 

Voltage steps were generated by the voltage clamp and triggered 
by computer. Depolarizing voltage steps were usually followed by 
hyperpolarizing voltage steps of equal duration and magnitude. 
Hyperpolarizing voltage steps were used to obtain leakage cur- 
rents which could be subtracted from the voltage activated cur- 
rents generated from the depolarizing voltage steps. In rare in- 
stances where there was no hyperpolarizing step that matched a 
depolarizing voltage step in magnitude (when acquistion file was 
too small), a leakage current generated from a hyperpolarizing 
pulse of lesser magnitude was multiplied to the correct magnitude 
on the assumption of a linear leakage current, and then used in 
subtraction. A P/N leak subtraction subpulse routine supplied by 
the pClamp software was used for leak subtraction during the lat- 
ter stages of this work which made the analysis easier. 

The leak currents displayed no voltage dependence and the ki- 
netics were characteristic - rapid activation and no inactivation. 
Inward rectifier current was never observed to contaminate the 
leak currents nor was I h (which is blocked by 0 Na + salines). Cur- 
rents were usually filtered with pClamp software, which uses a 
simple RC filter with user-supplied time constants that did not ex- 
ceed 4 ms. 

Space clamp considerations 

The problem of space clamp has been addressed in previous pa- 
pers where single-electrode voltage-clamp was used on heart inter- 
neurons but we will discuss them again briefly (Angstadt and Ca- 
labrese 1989, 1991 and Simon et al. 1992). IPSP's can be reversed 
by current injection at the soma (Angstadt and Calabrese 1991), 
and electron microscopy reveals the contact sites between a pair of 
heart interneurons to be distally located from the soma, in the neu- 
ropil (Tolbert and Calabrese 1985). Therefore, we believe the heart 
interneurons to be electrically compact. Outward currents have 
been studied in isolation in these cells and the blocked, much 
smaller, outward currents observed in this paper are similar in 
their kinetics and amplitude to those reported earlier (Simon et al. 
1992). 

Results 

Hear t  in terneurons  (HN cel ls)  in gangl ia  three and four  
compr i se  the t iming osc i l la tor  for the hear tbeat  pat tern 
genera tor  (Calabrese  et al. 1989; Peterson 1983). These  
cel ls  no rma l ly  exhibi t  rhy thmic  ant iphas ic  burs t ing 
owing  to their  rec iproca l  inhib i tory  connec t ions  (Thomp-  
son and Stent  1976b,c; Tolber t  and Ca labrese  1985). 
The slow wave o f  osc i l la t ion  during normal  act ivi ty  in 
hear t  in terneurons moves  be tween  - 5 5  m V  at the bo t tom 
of  the hyperpo la r iz ing  t rough o f  the inhibi tory  phase  to 
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Fig. 1A-C Synchronous oscillations occur in heart interneurons 
in Ca++-free Co++-containing saline. The oscillations produce 
plateaus when outward currents are blocked. A An HN(4) cell pair 
in normal saline displaying the normal antiphasic bursting pattern. 
B An HN(4) cell pair bathed in Ca++-free Co++-containing sali- 
ne; oscillations occur synchronously. C An HN(R,4) cell was 
switched immediately into Ca++-free, Co++-containing saline after 
cell penetration and identification with a TEA + containing micro- 
electrode. The saline induced oscillations before sufficient TEA + 
had leaked from the microelectrode to block outward currents. 
Thirty seconds into the record, plateau potentials were observed, 
indicating that outward currents had been reduced. All records 
taken fi'om different HN cells 

-35  mV during the burst (Fig. 1A). A pair of heart inter- 
neurons from ganglion 4 (different than those shown in 
Fig. 1A) were superfused with Ca++-free Co++-contain - 
ing saline and the cells oscillated with a constant fre- 
quency (Fig. 1B). The oscillations in Ca++-free Co ++- 
containing saline occurred synchronously, in contrast to 
the normal antiphasic bursting behavior observed in 
Fig. 1A. Increased spike activity during 15 mV depola- 
rizations characterized these synchronous oscillations. 
The depolarizing phase of each synchronous oscillation 
is a smaller part of  each cycle than in the antiphasic os- 
cillations observed in normal saline. The synchrony of 
its oscillations in Ca++-free Co++-containing saline is 
similar to that described by Angstadt and Friesen (1991) 
for other leech neurons and may be partially due to 
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electrical connections (Tolbert and Calabrese 1985), al- 
though we did not test that possibility. 

Heart  interneurons produce rhythmic plateau potentials 
when outward currents and Ca ++ currents are blocked 

The depolarized phase of the heart interneuron oscilla- 
tion, while bathed in Ca++-free Co++-containing saline, 
became enhanced in amplitude and in duration, when 
the heart interneurons were treated with internal TEA +. 
Figure 1C shows a heart interneuron which was placed 
into Ca++-free Co++-containing saline while TEA + was 
allowed to diffuse from the recording microelectrode. 
The first two oscillations in Fig. 1C are similar to the os- 
cillations observed in Fig. 1B after bathing heart inter- 
neurons in Ca++-free Co++-containing saline. The effect 
of the TEA + was seen clearly in the third depolarizing 
phase of the oscillation. Where a subsequent hyperpolar- 
ization would normally take place, a depolarized "pla- 
teau" potential occurred with no action potentials. This 
depolarized plateau approached -15  mV before a subse- 
quent hyperpolarization. The depolarized phase of the 
oscillation seen without TEA + (early part of Fig. 1C and 
Fig. 1B) did not range above -45  mV. Presumably, 
enough TEA + had diffused from the tip of the microelec- 
trode to cause a change in the balance between the in- 
ward and outward currents, favoring the inward currents 
and causing plateaus. 

We explored this plateau formation in the presence of 
TEA + to determine what happens to a pair of  heart inter- 
neurons when TEA + is allowed to act by itself and then 
in conjunction with a Ca++-free Co++-containing saline. 
Figure 2 shows that internal TEA + by itself was suffi- 
cient for plateau formation; i.e., Co ++ is not required. 
Figure 2A l shows a reciprocally inhibitory heart inter- 
neuron pair in normal saline less than a minute following 
penetration of both heart interneurons with microelec- 
trodes that contained added TEA-Acetate.  No effect of  
TEA + was apparent and the heart interneurons were os- 
cillating in their characteristic antiphasic manner. Figure 
2A 2 shows the same pair of  heart interneurons three min- 
utes later. As the TEA + began to take effect and block 
outward currents, the right heart interneuron started to 
form plateaus (see asterisks, Fig. 2A2) similar to those 
shown in Fig. 1C, a burst of spikes followed by a spike- 
less depolarized plateau. The plateaus were associated 
with inhibition in the contralateral heart interneuron. 
This inhibition was not unusual as plateau mediated inhi- 
bition was observed both in normal saline (see Fig. 1) 
and in 0 Na + saline, which blocks action potentials (Ar- 
bas and Calabrese 1987b). In such cases, Angstadt and 
Calabrese (1991) showed that inhibition was associated 
with low threshold Ca ++ currents. 

If  low threshold Ca ++ currents were eliminated using 
Ca++-free Co++-containing salines, would the subsequent 
plateaus cause an inhibition in the contralateral cells 
or would there be synchronous plateaus as occurred in 
Fig. 1B? The heart interneurons oscillate in synchrony 
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A1 

HN(L,3) 

Normal Saline B 1 0Ca+ +, 10Co++ ,  4Cs+ 

HN(R,3) 

A2 

Normal Ac t iv i ty  
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TEA+ Induced Plateaus 
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Fig. 2A,B Internal TEA + causes antiphasic plateaus in heart inter- 
neurons. Synchronous plateaus occurred after bathing the heart 
interneurons in Ca++-free Co++-containing saline in addition to 
the outward current block by internal TEA +. A l Both cells of an 
HN(3) cell pair was recorded from using TEA + microelectrodes in 
normal saline. The recordings were made approximately one mi- 
nute after penetration of both cells. A 2 Approximately 3 rain after 
recording in A v The effect of TEA + is seen in the HN(R,3) cell 
where the asterisks indicate TEA + induced plateaus. Note: the 
contralateral cell has presumably not been poisoned to the same 
extent at this recording time so that the TEA + induced plateaus are 
not seen. B 1 Approximately 10 min after recording in A 1. Heart 
interneurons were superfused with 94 Na +, 0 Ca ++, 10 Co ++, 4 Cs + 
saline, plateaus occurred synchronously (Cs + was added to block 
Ih). Time scale is the same for panels A l, A2, and B v B 2 A 
compressed record of synchronous, spontaneous plateaus. Same 
saline as in B v All four panels are from the same pair of HN cells 

with no plateau mediated inhibi t ion when bathed in 
Ca++-free Co++-containing saline and internal  TEA  + pre- 
sent (Fig. 2B1, B2). At least one but occasional ly two or 
more  action potentials  occurred at the beg inn ing  of each 
plateau. The plateaus in this heart in terneuron lasted ap- 
proximately  16 s with an inter-plateau period of nearly 
40 s (Fig. 2B2). These results indicate that a membrane  
conductance  to ions other than Ca ++ can support plateau 
format ion in TEA+-poisoned heart interneurons.  Because 
the Cs + present  in the saline blocks I h (Angstadt  and Ca- 
labrese 1989), a different inward current  was likely to be 
responsible  for the depolar iz ing plateau. 

The ionic nature of the conductance  change respon- 
sible for plateau format ion was investigated next. Be- 
cause plateaus persisted in saline conta in ing  no Ca ++ , 
this cation could not cause the plateaus. To measure the 
conductance  change during the plateau current  pulses 

0Ca + +,  1 0 C o  + + 
In terna l  TEA + 

]HI I)IIlII~H IIIt~llllllllllll~(tlllllllllllllll~l~H JJfl (llllllHlllllllllllllllll~l~fllllllllllllllll~llll)Hiiiit H llllllllll)/lllllllllilll~lllllllljiillH i 

CM 
2s 

Fig. 3 A conductance increase occurs during plateaus observed in 
Ca++-free Co ++ -containing saline. An HN(4) cell's outward cur- 
rents were blocked with internal TEA + and the cell was superfused 
with saline containing 94 Na +, 0 Ca ++, 10 Co ++. Brief (100 ms 
duration) 1 nA current pulses were injected into the HN cell using 
DCC. Notice the decrease in the voltage deflections during the 
plateau, indicating a conductance increase. CM, current monitor 

were injected into an oscil lating heart in terneuron poi- 
soned by internal  TEA + and superfused with Ca++-free 
Co++-containing saline (Fig. 3). During the plateau the 
voltage responses decreased by approximately one-third, 
indicat ing both a 33% conductance increase and plateaus 
that result from the opening of channels  that permit  an 
inward current flow. This current could be carried by a 
mixture of cations or purely by Na +. 

To test whether plateaus were formed by Na + f lowing 
through open Ca ++ channels,  we substituted various Ca ++ 
channel  blockers (such as Ni ++, La 3+, and Co ++) for Ca ++ 
in the superfusing salines. Table 1 shows the different sa- 
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Fig. 4A,B A persistent inward A 1 
current, Ip is found in normal 
saline and Ca++-free Co++-con - 
taining saline. A An HN(4) cell 
was held at -70 mV and 
stepped to -50 mV, -30 mV 
and -10 mV in normal saline 
(A1) and in Na+-free saline 
(Aa). The subtraction of current 
traces in A 1 from those in A 2 
is shown in AI-A 2. The voltage 
during fast Na § spikes could 
not be controlled by SEVC. 
Therefore, quickly fluctuating 
voltages are seen in the voltage 
records with the exception of A 2 
A 2, when no Na + was present. 
B An HN(7) cell was held at 
-50 mV and stepped to -30 mV, 
-10 mV and 10 mV in Ca ++- 
free saline containing Co ++ (B1) 
and in Na + and Ca++-free saline 
containing Co ++ (B2). The sub- 
traction of current traces in B 1 
from those in B 2 is shown in 
B1-B 2. Outward currents were Vh =-70mV 
blocked with internal TEA + in 
both A and B 
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l ines used. In all the modif ied salines tested, plateaus 
were observed, which provided evidence that Na + proba- 
bly was not f lowing through Ca ++ channels  but rather 
through mixed cationic or Na + selective channels .  

K n o w n  blockers of fast and some persistent  Na + cur- 
rents, TTX,  STX and QX-314,  were added to the super- 
fusing saline to further test for the part icipation of Na + 
currents in producing plateaus (Table 1). None  of these 
blocked the oscil lat ions or the TEA + induced plateaus. 

A persistent  current  carried by Na + is found in HN cells 

In an effort to isolate the inward  current  that supports 
plateaus observed in these experiments ,  compet ing out- 
ward currents were blocked with internal  T E A  + and the 
cells were vol tage-clamped us ing SEVC. Calc ium cur- 
rents and remain ing  outward currents were e l iminated 
using a subtract ion protocol in which the currents elici- 
ted with normal  Na + and Ca ++ concentra t ions  present  in 

Table 1 Salines in 0 Ca ++, used to determine presence of both pla- 
teaus and Ip 

Blocking ion [Mg++]o n 

Ni++(1.8) 1.8 2 
La3+(2) 0 2 
None 1.8 6 
Co++(1.8) 0 >40 
Co++(10) 0 12 
TTX(0.001) 0 5 
QX-314(0.001) 0 3 
STX(0.0001) 0 2 

Parentheses and brackets indicate concentrations in mM 

the saline (Fig. 4A l) were subtracted from those currents 
elicited in Na+-free saline (Fig. 4A z, A1-A2). This sub- 
traction procedure revealed a persis tent  current  carried 
by Na +, which we will call I F. The current  records ob- 
tained in normal  saline were difficult to analyze  because 
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V o l t a g e  ( rnV)  

-60 -t4o ~2o ~ o __ 

~ / t  -0.2 
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Fig. 5A,B I-V curves for Ip in normal and Ca++-free Co++-con - 
raining saline. AIp currents in normal saline (as in Fig. 4A) were 
measured at the end of 800 ms voltage steps and plotted in an I-V 
curve. Holding potential was -70 mV. Means are plotted _+SEM 
(n=5). B Currents as in Fig. 4B were measured at the end of the 
voltage step and plotted in an I-V curve.  Ip measured in normal 
Na +, Ca++-free Co++-containing saline (triangles) and in 30% Na +, 
Ca++-free Co++-containing saline (circles) was plotted. Holding 
potential was -50 inV. Means are plotted _+SEM (n=10 for normal 
saline; n=6 for 30% Na + saline) 
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A 1 1 5Na + ,  0Ca  + + , 1 . 8 C o  + + 
V h = - 7 0 m Y  HN(3) 

-%, 

0.3 nA,, 

B 115L i  + , OCa + + , 1 . 8 C o  + + 10oms 

Vh = -70mV 

Fig. 6A,B Li + acts as a charge carrier for Ip. A An HN(3) cell was 
superfused with Ca++-free Co++-containing saline and voltage 
clamped from a holding potential of -70 mV to a step of -20 mV. 
A subtraction procedure such as in Fig. 4B was used. B Li + was 
substituted for Na + in the saline and a similar voltage step as in A 
was applied. Ip was still present although slightly diminished as 
compared with the trace in A 

the currents were small, and uncontrolled fast Na + spikes 
occurred in every record. 

Ip appeared to activate quickly in response to depola- 
rizing voltage steps. However, the true activation kinetics 
were obscured by the uncontrolled spikes at the begin- 
ning of each record. Ip did not inactivate by the end of a 
800 ms voltage step. An I-V curve was constructed from 
the mean currents measured at the ends of the voltage 
steps (Fig. 5A). Values taken from the ends of voltage 
steps which were obscured by spikes were measured as 
the perceived mean value of  the current during the last 
100 ms of  the voltage step. The I-V curve reveals Ip's de- 
pendence on voltage, with the mean current increasing 
between - 6 0  and - 2 0  mV and then decreasing between 
- 2 0  and 0 mV. Ip began to activate between -60  and - 5 0  
mV, a range which would make Ip available immediately 
following the inhibitory phase of the normal HN cell 
activity. 

When heart interneurons were voltage clamped in 
Ca++-free Co++-containing saline, confounding Ca ++ cur- 
rents were eliminated and spike activity suppressed. Cur- 
rents elicited in the presence of  Na + (Fig. 4B 1) were sub- 
tracted from those currents obtained in Na+-free saline 
(Fig. 4B2) to eliminate residual outward currents. As in 
Fig. 4A1-A 2, Ip was revealed after the subtraction proce- 
dure (Fig. 4BI-B2). An I-V curve was constructed fi'om 
the mean currents measured at the ends of  the voltage 
steps (Fig. 5B). Ip activated between -40  and -30  mV 

and attained a peak current amplitude at - 1 0  mV. The 
subtraction procedure used to reveal Ip in both normal 
and Ca++-tYee Co++-containing saline eliminated the con- 
tribution of K + flowing through either open cationic or 
K + selective channels, leaving only currents due to Na +. 
Therefore, no reversal of Ip was seen in Ca++-free Co ++- 
containing saline nor was one expected because the 
depolarizing voltage steps used only reached 30 mV 
(Fig. 5B) which is presumably lower than ENa (the ex- 
pected reversal potential); ENa is estimated to be near 
50 mV in leech cells (Nicholls and Kuffier 1964). The 
apparent reversal at 0 mV seen in Ca++-containing saline 
(Fig. 5A) may be attributed to a lack of voltage control at 
the neurites when Ca ++ currents are present. The I-V 
curve peak current amplitude is shifted 10 mV more de- 
polarized in Ca++-free saline than the I-V curve obtained 
in Ca++-containing saline (Fig. 5A and B). This shift can 
be accounted for by the change in kind of divalent ion 
(from Ca ++ to Co ++ ) affecting the surface charge on the 
membrane (Hille 1992). Additionally, Ip was larger in 
Ca++-free Co++-containing saline than in Ca++-containing 
saline (Fig. 5A and B). 

Modified salines were used in an attempt to test the 
hypothesis that Na + flows through Ca ++ channels to pro- 
duce Ip. Table 1 shows Ca++-free salines that were used 
with different Ca ++ channel blocking ions such as Ni ++ 
and La 3+. In all salines tested, Ip was present, suggesting 
that Na + was not flowing through Ca ++ channels but 
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Fig. 7 A 6 s voltage step from a holding potential of -70 mV to a 
step potential of-30 mV in 0 Ca ++, l0 Co ++ saline reveals the long 
lasting nature of Ip. A subtraction procedure as in Fig. 4B was 
used 
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cillations and TEA + generated plateaus, suggesting its 
role as a major causal factor. Single-electrode voltage- 
clamp was used to isolate Ip, both in normal saline and 
in Ca++-free Co++-containing saline. Activating near - 60  
mV in normal saline and reaching a peak inward current 
near - 2 0  mV, Ip demonstrated its voltage dependence. 
Co++-containing salines enhanced Ip. During long (6 s) 
voltage steps Ip inactivated by approximately 50%. No 
qualitative differences in currents were seen among heart 
interneurons from different ganglia. 

The approximately 50% inactivation seen here during 
6 s pulses may contribute to the slow repolarization ob- 
served during the plateau phase of a normal oscillation, 
which has a period of about 8-12 s (see Fig. 1A). As 
well, the Ip inactivation may contribute to the waning 
and eventual repolarization of plateaus observed in Ca ++- 
free Co++-containing saline (Figs. 1C and 2). 

through either a cationic channel or a class of Na + chan- 
nel different from the fast Na + channel. 

An I-V curve obtained in 30% Na +, Ca++-free, Co ++- 
containing saline, using the protocol described for Fig. 4B, 
demonstrated the dependence of Ip on Na + (Fig. 5B, 
open circles). The I-V relationship is similar to that 
obtained in normal Na+: Ip activates between -4 0  and 
-30  mV and peaks at - 10  mV. The major difference be- 
tween the two I-V curves is the reduction in current at all 
voltages in 30% Na + with a 60% reduction occurring at 
the peak voltage of - 10  mV. When Li § a known charge 
carrier for Na § channels, was used to replace Na + in the 
bathing saline, Ip was still observed, although slightly di- 
minished (Fig. 6). These findings support the hypothesis 
that Ip is carried mainly by Na +. 

Ip, as measured in Ca§ Co++-containing saline, 
persisted throughout a long (6 s) voltage pulse (Fig. 7). 
The inward current measured between 90 ms after the 
start of  the pulse and the end of the pulse showed a 46% 
decrement. 

Discussion 

Synchronous oscillations of  membrane potential cha- 
racterized by approximately 15 mV depolarizations ac- 
companied by enhanced spike activity were observed 
when a reciprocally inhibitory pair of heart interneurons 
were superfused with Ca++-free Co++-containing salines. 
These synchronous oscillations are in contrast to normal 
antiphasic oscillations exhibited by oscillator heart inter- 
neurons bathed in normal saline. The depolarizing phase 
of the oscillations in heart interneurons bathed in Ca ++- 
free Co++-containing saline developed into plateaus, 
characterized by an approximately 30 to 40 mV depolari- 
zation devoid of action potentials, after potassium chan- 
nels were partially blocked using internal TEA + . Plateaus 
were rhythmic and associated with a conductance in- 
crease. A current, Ip, was observed that activated over 
the voltage range of both the Ca++-free Co +§ induced o s -  

Ionic dependence of Ip 

Sodium appears to be at least a partial carrier of Ip. In 
Ca++-free saline containing Co ++, Ip was found to de- 
crease by 58% in 30% Na +, close to the current decrease 
of 51% predicted by the Nernst equation. A contribution 
by K + to Ip could not be assessed due to the subtraction 
procedure used to isolate Ip. If Ip were partly carried by 
K +, then when Ip channels are activated, K + would pre- 
sumably flow through the open channels even in the 
absence of Na +. If so, the K + contribution would be sub- 
tracted out along with the K + flowing through the strictly 
K + selective channels. For this reason no attempt was 
made to alter the external K + concentration and assess its 
relative contribution. 

Na + plateaus exist in other animals 

In Purkinje cells of the turtle (Hounsgaard and Midt- 
gaard 1988) and guinea-pig (Llinas and Sugimori 1980) 
cerebellum, Na+-dependent plateaus can be induced with 
injected current. The plateaus are prolonged by the addi- 
tion of Co ++ (turtle), or Cd ++, or Mg ++ (guinea-pig) to the 
saline. Unlike the plateaus reported here, these plateaus 
were not spontaneous but were activated with injected 
current. Additionally, the plateaus which these investiga- 
tors observed were abolished by TTX +, unlike those ob- 
served here. The similarities between the plateaus found 
in Purkinje cells in vertebrate preparations and the pla- 
teaus found in heart interneurons suggest a common 
Na+-dependent mechanism for their production. 

Na + plateaus have been found in other leech neurons 

Yang and Lent (1983) observed Na+-dependent plateaus 
in Retzius (R) cells of the leech Macrobdella decora 
when they bathed the R cells in Ca++-free/EGTA saline. 
The plateaus look very similar to those described here 
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(Figs. 1C and 2B1), but internal TEA + was not necessary 
for the R celt plateau expression. These investigators 
found that the calcium channel blockers Mn ++ and La 3§ 
blocked the plateaus. Yang and Lent concluded that Na § 
might be flowing through Ca ++ channels to produce the 
R cell plateaus. Our results indicate that Ca +§ channels 
are not involved in the formation of plateaus in heart in- 
terneurons, since potent Ca++-channel blockers, such as 
La 3§ when in the bathing saline, blocked neither the pla- 
teau nor Ip (see Table 1). Johansen and Kleinhaus (1987) 
found that in three hirudinid leech species two different 
Na § conductances may be responsible for an observed 
fast sodium spike and resulting plateau in Retzius cells. 
This observed spike followed by plateau occurred after 
the delivery of a depolarizing stimulus in a Ca+§ sa- 
line containing TEA +, Mn §247 and 4-aminopyridine. These 
researchers found that STX administered in micromolar 
concentrations was able to block the plateau but not the 
spike, and TTX was unable to effect either the plateau or 
spike. In heart interneurons, the lower concentrations 
of  STX and TTX used caused no observable change in 
either the spikes or the plateaus. It has been reported that 
TTX, even at concentrations as high as 200 gM, is inef- 
fective at blocking fast Na § spikes in medicinal leech 
neurons (Johansen and Kleinhaus 1987). 

Ip is similar to other persistent Na + currents 

A persistent Na + current has been reported in cultured 
embryonic ganglion cells of  the medicinal leech (Schirr- 
reacher and Deitmer 1991). A persistent inward current 
carried by Na + was uncovered in the Aplysia giant neu- 
rons R2 and LP1, after outward currents were blocked by 
Cs § loading (Colmers et al. 1982). This current was re- 
duced in amplitude when external Ca ++ was elevated. A 
persistent Na + current was found in CC cells of  the giant 
barnacle Balanus nubilis, which was similar to Ip in its 
kinetics and ionic nature (Davis and Stuart 1988). How- 
ever, the current found in CC cells was different from Ip, 
in that it was blocked by TTX. 

Oscillations in Ca++-free saline occur in other leech cells 

The oscillations which heart interneurons undergo in 
Ca++-free Co++-containing saline described in this paper 
have been described in great detail for many other leech 
neurons (Angstadt and Friesen 1991). Angstadt and Frie- 
sen (1991), put forth a model hypothesizing that a persis- 
tent Na § conductance was responsible for the oscilla- 
tions. The data presented in this paper on the persistent 
Na § current Ip, provides evidence in favor of  their hy- 
pothesis. These workers found a correlation between the 
ability of  a divalent ions when substituted for Ca +§ to 
block chemical transmission and the expression of oscil- 
latory activity. This correlation led them to suggest that it 
was the block of chemical transmission which was the 
principle factor in the cause of  the oscillations. Our 
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results offer an additional causal factor; when Co ++ , or 
other divalent ions, is substituted for Ca ++ Ip is enhanced, 
which may cause oscillations. For example, in Ca++-free 
Co++-containing saline, Ip is larger than the Ip recorded 
in normal saline. The observed increase in current may 
tilt the balance between inward and outward currents 
such that inward currents are temporarily favored which 
in turn could start the observed oscillations. Slow inacti- 
vation of Ip in conjunction with a proposed increase in 
electrogenic Na/K pump activity may account for the ter- 
mination of  plateaus during oscillations (Angstadt and 
Friesen 1991). Removal  of  inactivation for Ip and the de- 
crease in pump activity may prime the heart interneurons 
for another oscillation cycle. 

General conclusion 

The slow wave of  oscillation during normal activity in 
heart interneurons moves between - 5 5  mV at the bottom 
of the hyperpolarizing trough of  the inhibitory phase to 
- 3 5  mV during the burst (see Fig. l A). The I-V curve 
obtained for Ip in normal saline (Fig. 5) shows that I e 
would be available for activation over the voltage range 
in which heart interneurons normally oscillate, providing 
a source of  positive feedback to support both spike for- 
mation and burst generation. 
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