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Summary .  The nephridial nerve cells of  the leech, Hirudo 
medicinalis, 34 sensory cells, each associated with one 
nephridium, are sensitive to changes in extracellular C1- 
concentration, an important  factor in ion homeostasis. 
Using single-electrode current- and voltage clamp and 
ion substitution techniques, the specificity and mecha- 
nism of  C1- sensitivity of  the nephridial nerve cell was 
studied in isolated preparations. Increase of  the normally 
low external C1- concentration leads to immediate and 
sustained hyperpolarization, decrease of  the frequency 
of  bursts and decrease of  membrane conductance. The 
response is halogen specific: C1- can be replaced by 
Br - ,  but not  by organic mono- or divalent anions or 
inorganic divalent anions. 

At physiological C1- concentrations (36 m M  extra- 
cellular C1-), the nephridial nerve cell has a high resting 
conductance for C1- and the membrane potential is gov- 
erned by C1-. In high extracellular C1- concentrations 
(110-130 mM), membrane conductance is low, most lik- 
ely due to the gating off  of  C1- channels. Under  these 
conditions, membrane potential is dominated by the K + 
distribution and the nephridial nerve cell hyperpolarizes 
towards EK. 

Key words: C I -  current - C1- h o m e o s t a s i s  - Ion receptor 
Leech - Transduction mechanism 

Introduction 

A sensory neuron, the nephridial nerve cell (NNC), is 
associated with each of  the 34 nephridia in the leech, 
Hirudo medicinalis. This cell was proposed to function 
as an internal ion receptor sensitive to changes in extra- 

* To whom offprint requests should be sent 

Abbreviations: NNC nephridial nerve cell; V,, membrane potential; 
Ec,~) equilibrium potential for C1 (K); IV-curve current-voltage 
relationship 

cellular CI-  concentration (Wenning 1989) - an impor- 
tant factor in ion homeostasis. 

The cell body of  the N N C  is located peripherally 
on the dorsolateral surface of  the respective urinary 
bladder and is accessible for intracellular recordings. The 
axon extends into the segmental ganglion. The dendrites 
lie within the nephridium and end between the urine- 
forming cells and blood capillaries (Wenning 1983; Wen- 
ning and Cahill 1986). 

As shown by extracellular recordings, the N N C  is 
spontaneously active in the steady state (low external 
C1- concentration). When the extracellular C1- concen- 
tration increases, the N N C responds with a marked and 
sustained decrease in burst frequency and, as shown by 
intracellular recordings, with hyperpolarization (Wen- 
ning 1989). 

The C1- concentration in leech blood is normally 
low (36 mM; Boroffka 1968), important  anions are 
Krebs cycle intermediates (Zerbst-Boroffka 1970; Zebe 
et al. 1981 ; Hoeger et al. 1989). Following a blood meal, 
C1- concentration in the blood increases 2.5 fold, while 
cation concentrations remain almost unchanged (Zerbst- 
Boroffka 1973; Wenning et al. 1980). Thus, CI-  recep- 
tors seem useful for the leech with low blood C1- and 
a high CI- diet (Wenning 1989). 

Using current- and voltage clamp techniques in iso- 
lated preparations, the mechanisms underlying C1- sen- 
sitivity of  the N N C  were analyzed. Part of  the results 
appeared in abstract form (Calabrese and Wenning 
1989; Wenning and Calabrese 1990). 

Materia ls  and methods  

Leeches were obtained from commercial suppliers and kept in arti- 
ficial pond water at 15 ~ Experiments were carried out at room 
temperature (20-22 ~ 

Preparation procedure. To isolate a nephridial complex with its 
NNC, leeches were pinned in a stretched position in an ice-cold 
dish and covered with cold (4 ~ physiological saline (solutions 
see Table 1). A nephridium and its urinary bladder were exposed 
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Fig. 1. Preparation used for 
intracellular recording. One 
nephridium and part of the dorsal 
bladder wall were isolated from the 
leech. The bladder was pinned 
inside up. The nephridial nerve cell 
(NNC; not drawn to scale) was 
exposed by removing the overlying 
bladder epithelium 

by removing muscles, connective tissue and the respective portion 
of the lateral heart tube. The bladder wall was cut circumferential- 
ly. The area of  the dorsal bladder wall on which the NNC lies 
was pinned inside up. By peeling off part of the bladder wall, 
the NNC's  soma was exposed (Fig. 1). The mechanical support 
afforded by the surrounding connective tissue facilitated impale- 
ment. The nephridial complex was then removed from the animal, 
mounted in a Sylgard-lined dish (bath volume: 1 ml), and viewed 
with dark-field illumination. The preparation was constantly super- 
fused, which allowed us to change salines completely within 1- 
2 min. 

Solutions. The easy-to-make physiological saline commonly used 
contains C1- as the main anion (Nicholls and Kuffier 1964; Ta- 
ble 1) and reflects neither the measured C1- concentration nor os- 
molality of  leech blood. In artificial blood (Table 1), 70% of the 
C1 is replaced by divalent organic acids, mainly malic and succinic 
acid. The resulting low C1 concentration corresponds to measured 
physiological levels of C1 and osmolality of leech blood (Boroffka 
1968 ; Hoeger et al. 1989). 

Eleetrophysiologieal recordings. Discontinuous current clamp and 
single-electrode voltage clamp methods were as described by Ang- 
stadt and Calabrese (1989). An Axoclamp-2A (Axon Instruments, 
Inc., Burlingame, USA) was used for all recordings. Glass micro- 
electrodes were filled with 4 M potassium acetate (KAc) and had 
resistances of  30-50 MffL To lower their capacitance, they were 
dipped into dimethyl-polysiloxane (Sigma, St. Louis, USA) prior 
to use. For the same reason, the saline level was kept low. Input 
resistances were determined by injecting current pulses ( -0 .1  to 
- 0 . 2  nA; 300 ms) into the NNC in the discontinuous current 
clamp mode. For measurements under voltage clamp, the discon- 
tinuous single-electrode voltage clamp mode was used with a gain 
setting of >0.8 nA/mV. IV curves were obtained either through 
voltage step commands (duration 500 ms) or voltage ramps (dura- 
tion 2 s) using pClamp software (Axon Instruments, Inc., Burl- 
ingame, USA) in combination with a PC. 

Compensation for junction potential changes. The two functions of 
the indifferent electrode (current return and stable reference poten- 
tial) were assigned to separate electrodes. The system ground, a 
Ag/AgCI electrode, served as current return. In some cases, it was 
connected to the bath via an Agar bridge (3 M KC1). To compen- 

sate for changes in the junction potentials upon changes in bath 
C1- concentration, a second microelectrode (15-20 M~,  filled 4 M 
potassium acetate) served as reference in the bath. Measurements 
from the intracellular microelectrode were made relative to this 
reference (see Fig. 2; cf. Purves 1981). Its changes were monitored 
separately and were also used as an indicator for the time course 
of the change of saline. 

To test whether changes in junction potentials occurred at the 
Ag/AgC1 electrode or at the microelectrodes, offset potentials were 
compared in high and low external C1- concentrations using either 
KC1 (3 M) or KAc electrodes. The same offset potentials were 
recorded. No offset potential was recorded between a KC1 and 
a KAc microelectrode with one of them as system ground. Thus, 
changes in junction potentials upon changing bath C1- concentra- 
tion are attributed to the Ag/AgCI electrode and changes seen 
by the intracellular microelectrode are attributed to changes in 
the cell's membrane potential. 

Since the cellular mechanisms of C1- sensitivity of a sensory 
neuron were to be studied, KAc electrodes are preferable over 
KC1 electrodes which tend to load small neurons with C1- (see 
e.g. Nicholls and Wallace 1978). 

Data storage and analysis. For analysis of voltage ramps and dis- 
play purpose, data were filtered at 0.1 kHz. They were stored on 
a VHS video cassette recorder modified for FM recording (Vetter 
- Model 240) for later playback on a paper chart recorder (Gould 
Inc., Cleveland, Ohio, USA). Data from voltage clamp experiments 
were digitized, stored and analyzed on a personal computer using 
pClamp software (Axon Instruments, Inc., Burlingame, USA). 

If not stated otherwise, values are expressed as mean 4-S.E.M. 
(N). 

Results 

Effects of  changes of  external Cl- -  and K + concentrations 
on resting potential and spike frequency of  the N N C  

T h e  m e m b r a n e  p o t e n t i a l  (Vm) o f  the  N N C  in ar t i f ic ia l  
b l o o d  (37.6 m M  C I - ,  Tab le  1) was  - 3 6 . 9 + 2 . 5  m V  ( n =  
16). U p o n  c h a n g i n g  the  b a t h i n g  m e d i u m  to  p h y s i o l o g i c a l  
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NaCI KC1 CaC12 C1- b other substances 
[mMl 

Normal C1- media 

Artificial blood d 20 4 1.8 36.1 
(200 mosm/kg H20) 

Isethionate saline 20 4 1.8 36.1 
(255 mosm/kg H20) 

Sulfate saline 20 4 1.8 36.1 

Artificial blood 10 4 1.8 36.1 
with Co + + 

Co ++ (0 Ca ++ ) 10 4 - 32.5 
artificial blood r 

0 Na § artificial - 4 1.8 36.1 
blood 

0 Na +, Co + + - 4 1.8 36.1 
artificial blood 

0 Na § Co +§ (0 Ca § - 4 - 32.5 
artificial blood 

0 Na + - - - 8.5 
very low Cl-saline 

High C1- media 

Physiological saline e 115 4 1.8 131.1 
(240 mosm/kg H20) 

Physiological 105 4 1.8 131.1 
saline with Co + + 

Co + + (0 Ca ++) 108.6 4 - 131.1 
physiological saline r 

0 Na + physiological - 4 1.8 116.1 
saline 

0 Na +, Co + +- - 4 1.8 116.1 
physiological saline 

0 Na +, Co ++ (0 Ca ++ ) - 4 - 112.5 
physiological saline 

Bromide saline 20 4 1.8 36.1 

40 Na2 malate, 10 Na2 succinate 
(pH adjusted with NaOH or malic acid) 

95 Na-isethionate 
(pH adjusted with NaOH or malic acid) 

47.5 Na2SO4 
(pH adjusted with NaOH or malic acid) 

40 Na2malate, 10 Na2 succinate, 5 COC12 
(pH adjusted with NaOH or malic acid) 

40 Na2malate, 13.2 Na2 succinate, 5 COC12 
(pH adjusted with NaOH or malic acid) 

120 N-methyl-D-glucamine, 10 glucose 
20 HC1 (titrated to pH 7.4 with malic acid) 

120 N-methyl-D-glucamine, 10 glucose, 
10 HC1, 5 COC12 (titrated to pH 7.4 with malic acid) 

120 N-methyl-D-glucamine, 10 glucose, 
10 HC1, 5 CoClz (titrated to pH 7.4 with malic acid) 

1.8 CaSO4, 2 K2SO,,, 10 glucose, 120 
N-methyl-D-glucamine 
(titrated to pH 7.4 with malic acid) 

10 glucose 
(pH adjusted with NaOH or malic acid) 

10 glucose, 5 COC12 
(pH adjusted with NaOH or malic acid) 

10 glucose, 5 COC12 
(pH adjusted with NaOH or malic acid) 

10 glucose, 120 N-methyl-D-glucamine, 
100 HC1 (pH adjusted with malic acid) 

10 glucose, 120 N-methyl-D-glucamine, 
90 HCI, 5 CoClz (pH adjusted with malic acid) 

10 glucose, 120 N-methyl-D-glutamine, 
90 HCI, 5 COC12 (pH adjusted with malic acid) 

95 NaBr 
(pH adjusted with NaOH or malic acid) 

a TRIS introduces 8-9 mM C1- (20-22 ~ C1- concentrations were calculated with 8.5 mM 
b Calculated C1- concentration 
c For higher K + concentrations, Na + was replaced by K + 
d Hoeger et al. 1989 
e Nicholls and Kuffier 1964 

saline ( 1 3 2 . 6 m M  C1-),  the N N C  hyperpolar ized to 
- 5 9 . 6 _  1 mV (n = 27). The m e a n  change  was 2 3 . 2 _  
2 mV (n = 16). The N N C  fired spon taneous ly  in  artificial 
b lood  and  rarely in physiological  saline (Figs. 3, 4). 
Changes  of  Vm in response to changes of  external  C1- 
concen t r a t i on  reached a new steady state wi thin  minutes ,  
persisted t h r o u g h o u t  the appl ica t ion  t ime and  were fully 
reversible (Fig. 3). 

The  change  of  m e m b r a n e  potent ia l  and  level o f  activ- 
ity persisted over 35 min  (Fig. 3). Also,  specimens pre- 
pared  in artificial b lood  and  subsequent ly  left in it for 
1-4 h had  the same ra ther  depolar ized m e m b r a n e  poten-  
tial ( - 4 3 . 6 _ +  1.9 mV;  n =  19) and  low inpu t  resistance 
(see below). As shown previously (Wenning  1989), the 

level of  activity r emained  stable du r ing  90 mi n  of  extra- 
cellular recording,  indica t ing  that  the changes of  mem-  
b rane  potent ia l  a nd  activity observed u p o n  changes of  
external  C1- concen t ra t ion  are no t  due to passive redi- 
s t r ibu t ion  of  C1-.  

Ion substitution 

Subst i tu t ing  70% of  external  C1- concen t r a t i on  by other  
m o n o -  and  divalent  ions such as sulfate a nd  ise thionate  
had  the same effects as artificial b lood,  i.e. a m a r k e d  
depolar iza t ion  a nd  a high spike rate compared  to physi-  
ological saline (Fig. 4 a, b). The change f rom physiologi-  
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Fig. 2. Experimental design for single-electrode voltage clamp. Be- 
sides system ground, a second microelectrode served as reference 
electrode to compensate for the changes in junction potential with 
changes of the C1- concentration in the bath. Measurements from 
the intracellular microelectrode were made relative to this refer- 
ence. Its ouput was also used to monitor changes of the bathing 
solutions 

cal saline to isethionate saline (Fig. 4a, cycle 3), which 
has an even higher osmolality (Table 1), caused a weaker 
response than artificial blood (mean change 14.5+ 
2.2 mV;  N = 8 ) .  When artificial blood was replaced by 
bromide saline (Table 1), the N N C  hyperpolarized and 
the spike rate decreased. When bromide saline was re- 

placed by physiological saline, V m did not change 
(Fig. 4c). 

Change of Vm in different external C1- concentra- 
tions persisted in salines containing Co + + (with and 
without Ca + +). Spikes, however, eventually disappeared 
(Fig. 4d). Similarly, spikes disappeared in 0 Na  + + saline 
and the N N C  depolarized in response to decrease of  
the C1- concentration. Since the N N C  usually fires in 
bursts when active in low extracellular C1- concentra- 
tion, prevention of  spikes permitted determination of  
the N N C ' s  true resting potential. 

In cobalt-containing saline, Vm changed with a slope 
of  --58.8 mV (fitted by log-linear regression) in the 
range between 133 and 38 m M  C1- (Fig. 5). In 0 Na  + 
saline, the slope was - 2 9 . 5  mV. Below normal  CI -  con- 
centrations (3 preparations),  the N N C  did not further 
depolarize (Fig. 5). 

To determine the contribution of  the K + to Vm of  
the NNC,  Vm was determined at 3 different K + concen- 
trations in cobalt-containing saline at high and low ex- 
ternal C1- concentration (5 preparations). Contribution 
of  K + to Vm was higher in 132 .6mM C1- than in 
37.6 m M  C1- (Fig. 6a, b), indicating that  although both 
K + and C1- determine Vm, the relative contribution of  
K + decreases with decreasing C1- concentration. 

Effects of  different external CI- concentrations 
on membrane resistance and conductance 

In low external C1- concentration, the input resistance 
of  the N N C  is some 30 to 50% lower than in high C1- 
concentration (Fig. 4c, d). As seen under voltage clamp, 
a change f rom high to low C1- concentration turned 
on an inward current which corresponded to depolariza- 
tion of  the N N C  in current clamp conditions. Returning 
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F i g .  3. Changes of extracellular C1 concentration caused persistent C1- concentrations. Note that action potentials are arranged in 
changes in the NNC's membrane potential and firing rate. Long- bursts which make it difficult to determine the NNC's resting po- 
term intracellular recording (37 min) from one NNC shows the tential. Top trace: junction potential recording 
sustained response to low (37.6 mM v) and high (132.6 mM v) 



A. Wenning and R.L. Calabrese: C1- reception in the leech 

,,37.6 mM Cl-, 
�9 ~ �9 ~ ~!~95 mM isethionate~ 

+10 mV 
-10 

57 

~ -30 

~ S  -50 mV 

-70 
I I 

1 min a 

) 

lmin 

,,•37.6 mM Cl-, 
47.5 mM SO 4- +10 mV 

-10 

1 ~ 
-20 

-40 mV 

-60 

b 

37.6 mM C1-,95 mM Br- V 
+10 mV 
-10 

! 

lmin 
-0.2nA pulses 

, i , J , , , , , , , , r ~  , , , , , r f 

-20 

-30 

-40 mV 
-50 

-60 

-70 

C 

�9 V q+10 
~ ~ 'J-10 mV 

, . ,co. .  q::: 

I i -0.1nA -0.1nA t,I 
Imin 

Fig. 4a-d. Ion substitution experiments showed that the NNC is 
halogen-specific: organic anions present in artificial blood could 
be replaced by various other mono- and divalent ions (a, b) and 
Br- could replace C1- (e). Top traces: junction potential record- 
ings. a Repeated changes of extracellular C1- concentration cause 
repeated changes of the NNC membrane potential and spike rate. 
Recording began in physiological saline (132.6 mM CI v) which 
was exchanged for artificial blood (37.6 mM C1- v) in cycles 1, 
2 and 4, and for isethionate saline (Table 1) in cycle 3. Note the 
slight difference of the membrane in isethionate saline compared 
to artificial blood, b When organic anions were replaced by sulfate, 
the NNC also depolarized and fired more action potentials. Re- 
cording began and ended in physiological saline, c The NNC is 
specific for halogens and Br- can replace C1-. Recording began 
in artificial blood (37.6 mM C1- v), followed by bromide saline 
and finally by physiological saline (132.6 mM C1- xz). d Co + + 
(5 mM) blocks spiking, when added to artificial blood (37.6 mM 
v) and physiological saline (132.6 mM xz), which permits determi- 
nation of the NNC membrane potential. Note the different input 
resistance (*) in low and high external C1- concentration 

to high C1- concent ra t ion  resulted in turning off  this 
inward current  (Fig. 7), co r responding  to hyperpolar iza-  
tion. This conduc tance  increase was observed at hold ing  
potentials  between - 6 0  and  - 4 0  mV and  persisted in 
0 N a  § (Fig. 8) and  in 0 N a  § Co § (0 Ca § saline. 

The change o f  m e m b r a n e  conduc tance  observed with 
altered external C1- concent ra t ion  (Fig. 9b)  indicates 
tha t  a high resting conduc tance  for  C1- alone does no t  
accoun t  for  the characterist ic C I -  sensitivity o f  the 
N N C .  Apparent ly ,  the effects o f  changes  o f  C1- concen-  
t ra t ion on the N N C  involve a current  which is gated 
off  by  external C I - .  

To determine the ion(s) carrying this C l - - g a t e d  cur- 
rent, we est imated reversal potentials  in salines o f  differ- 
ent ionic composi t ion .  To suppress cat ionic inward cur- 
rents, vol tage c lamp experiments  were carried ou t  in sa- 
lines conta in ing  0 N a  § or  0 N a  § Co  § + (0 Ca  § +). [In 
8 preparat ions ,  we a t temped to use t e t r ae thy lammonium 
(TEA) in the intracellular electrode (1.5 M TEA/1 .5  M 
KAc)  - in combina t ion  with 0 N a  § Co  § § (0 Ca  § 
saline - to block ou tward  currents.  The N N C  cells ap- 
parent ly  did no t  survive this p rocedure ;  they lost their 
resting potent ial  and failed to respond  to injected cur- 
rents or  changes in external C1-.]  IV curves were deter- 
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mined f rom averaged data (3 trials per point) for 4 differ- 
ent C1- concentrations. In the example shown, IV curves 
at 3 different C1- concentrations were obtained f rom 
one N N C  (Fig. 8 a). In 118 m M  CI - ,  the C1--gated cur- 
rent was considered to be fully off  and the remaining 
current reflected the leak. When this leak current is sub- 
tracted f rom the IV curves obtained in 40, 60 and 80 m M  
C I - ,  it represents the C1--gated currents (Fig. 8b). By 
using consecutive IV curves (test concentration followed 
by 118 m M  C1-), artifacts due to changes in the leak 
current were minimized. IV curves were then extrapolat- 
ed linearly for their reversal potential. The C1--inacti- 
vated difference current is not voltage-sensitive between 

- 80 and - 30 mV. 
In 0 Na  § and 0 Na  § Co § (0 Ca § +) saline, the re- 

versal potential  shifted to more  positive values with de- 
creasing C1- concentration,  but these shifts did not oc- 
cur over the entire range of  C1- concentrations tested 
for either type of  saline. The shift occurred between 80 
and 60 m M  C1- for 0 Na  § saline and between 60 and 
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Fig. 6a. Membrane potential of the NNC plotted vs. external K + 
concentration (n =4). Slopes were fitted by log-linear regression 
(dashed lines). In each preparation, experiments were done in low 
and high C1- concentration at 3 different K + concentrations 
(0 Ca + +, 5 mM Co + + saline). The triangle indicates physiological 
K + concentration, b Voltage traces of one NNC in low (upper 
3 traces) and high (lower 3 traces) external C1- concentration at 
3 different K + concentrations (2, 4, 20 mM) 
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Fig. 7. Voltage clamp experiment to show the change in membrane 
conductance upon change of external CI-  concentration. The NNC 
was held below spike threshold. Recording began in physiological 

nA 

saline (132.6 mM C1- ~7). Change to artificial blood (37.6 mM C1- 
T) caused an inward current and, as seen by applying voltage steps 
( -  8 mV, 500 ms), an increase of membrane conductance 



A. Wenning and R.L. Calabrese: C1- reception in the leech 59 

_80.~ -,,,-- 

,1, , 
a o 1 2s 

Fig. 8a. Current-voltage relationships of three different C1- con- 
centrations (118, 80, 60 mM CI-; 0 Na § saline) obtained from 
one NNC by applying voltage ramps (command voltage on top). 
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b The CI- specific currents for 80 and 60 mM external C1- concen- 
tration were obtained by leak-subtraction (leak: 118 mM C1-) and 
extrapolated to their reversal potentials 

40 m M  C1- in 0 Na +, Co + § (0 Ca § +) saline (Fig. 9a). 
The shift toward more negative reversal potentials - due 
to the presence of  Co-- + - i s  expected to be rather small 
(about 5 mV, as determined in the node of  Ranvier;  
Hille 1984). 

The average leak conductance (118 m M  C1-) was 
similar in 0 Na § and 0 Na § Co § § (0 Ca-- +) saline. The 
conductance increase with decreasing external C1- con- 
centration was similar in 0 Na § saline and in 0 Na § 
Co +§ 0 Ca § saline (106 nS in 0 N a  + versus 114 in 
0 Na § Co § +, 0 Ca +§ saline; Fig. 9b). 

Discussion 

Receptors sensitive to ionic changes of  the body fluids 
have been postulated for maintaining salt and water ho- 
meostasis, but  have been identified so far only through 
extracellular recordings (e.g. Kanosue et al. 1990) and 
not at the cellular level. The 34 nephridial nerve cells 
(NNCs), characterized as C1- receptors (Wenning 1989), 
are accessible to intracellular recordings. The present 
study explores the cellular mechanism of  their CI-  sensi- 
tivity using voltage clamp techniques. 

The N N C  responds to an increase of  external C1- 
concentration with immediate hyperpolarization and a 
decrease of  spike frequency. The magnitude of  changes 
of  Vm of  the N N C  with external C1- concentration cor- 
responds well with earlier findings (Wenning 1989), 
where the NNCs had been reimpaled in the different 
salines. In the present study, repeated impalements were 
avoided by the use of  a second microelectrode as refer- 
ence (Fig. 2). The N N C  reacts specifically to halogens: 
CI-  can be substituted by Br -  (Fig. 4c), but  not by 
organic mono- or divalent anions (isethionate, malate, 
succinate; Fig. 3) or inorganic divalent ions (e.g. 

SO4- - ; Fig. 4b). Furthermore,  the response to changes 
of  external C1- is associated with a persistent decrease 
in membrane conductance (Figs. 7, 8, 9b). 

In the following, four possible mechanisms of  C1- 
sensitivity are discussed: (1) a passive distribution of  
C1- ; (2) a high resting conductance for C1- ; (3) a C1-- 
gated current;  (4) a NaC1 uptake mechanism. 

(1) In an earlier report  (Wenning 1989), a passive 
distribution of  C1- in the N N C was ruled out due to 
the persistent changes in spike rate. A high resting con- 
ductance for C1- with a non-passive distribution of  C1- 
was discussed as a possible mechanism of  C1- sensitivity. 
Passive redistribution of  C1- is expected to be completed 
within minutes. Responses to change of  CI- ,  however, 
are not transient. In extracellular recordings, changes 
in spike rate due to changes of  C1- concentration lasted 
for 90 min, and in the intracellular recordings presented 
here (Fig. 3) changes in membrane potential and spike 
activity persisted for at least 35 min. Additionally, intra- 
cellular recordings from preparations which were soaked 
in either high or low C1- saline for 1 4  h showed that 
both membrane potential and membrane conductance 
were stable for a given C1- concentration. 

(2) The strong dependence of  Vm - and hence spike 
rate - of  the NNC over a wide range of  C1- concentra- 
tions (Fig. 5) suggests a constant, high resting conduc- 
tance for C1- as a possible mechanism for C1- sensitivi- 
ty. This, however, cannot  be the case, since our voltage 
clamp experiments show that membrane conductance 
is inversely proportional  to external C1- concentration 
(Figs. 7, 9b). In normal low C1- concentration, resting 
conductance is about 3 times greater than in high C1- 
concentration in 0 N a -  and 0 Na § Co § § (0 Ca + +) sa- 
line (Fig. 9b). The underlying current is gated off  upon 
increase of  external C1- concentration (Fig. 7), resulting 
in persistent hyperpolarization. Vm changes with a Nern- 
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Fig. 9a. Averaged reversal potentials of the leak-subtracted C1-- 
gated currents at 3 different C1- concentrations in 0 Na + and 
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the physiological C1- concentration, b Averaged conductances of 
the NNC at 4 different C1- concentrations in 0 Na § and 0 Na +, 
Co ++ (0 Ca ++) saline (symbols as in Fig. 9a). Note the similar 
conductance decrease with increasing C1- concentrations in both 
salines 

its relative independence of  K + concentration, while at 
high C1- concentration, K + contributes significantly to 
Vm (Fig. 6). These observations are consistent with a 
persistent C1- conductance mechanism which is gated 
off by external C1-. 

(3) Our ion substitution experiments and the magni- 
tude of  the reversal potentials are also consistent with 
a persistent C1- conductance mechanism which is gated 
off by external C1-. The observation that depolarization 
with decreasing C1- concentration is associated with a 
conductance increase eliminates a K + conductance 
mechanism. The persistence of  the C1- response in 
0 Na + and 0 Na +, Co + + (0 Ca + +) saline makes a non- 
specific cation conductance mechanism unlikely. The de- 
pendence of  the reversal potential of  the C1--inactivated 
current on C1- concentration, albeit discontinuous in 
our experiments, is again consistent with a C1--gated 
C1- conductance mechanism. Patch clamp recordings 
will help to determine the ion specificity of  the putative 
C1- channel and provide more insight into the molecular 
mechanism of Ct--mediated gating. Furthermore, it will 
be easier to search for a specific blocker of  the C1- 
conductance. 

(4) A NaC1 uptake mechanism, together with a high 
resting conductance for CI- ,  was recently proposed as 
the first step in signal transduction for the feedback con- 
trol of  the macula densa cells of  the juxtaglomerular 
apparatus in the mammalian kidney (Schlatter et al. 
1989). In the NNC,  this mechanism is not supported 
by our experiments since the C1--gated response persists 
in 0 Na + saline and membrane conductance changes de- 
pending on external C1- concentration. 

Our results suggest that the mechanism of C1- sensi- 
tivity of the chemoreceptive NNCs is the gating off of 
a C1- current upon the increase of  extracellular C1- 
concentration. As a consequence, K + conductance be- 
comes more prominent, the N N C  hyperpolarizes toward 
E~ and spike rate decreases. 
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