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A B STRA CT Mechanisms underlying action potential generation in the newt olfactory receptor cell were investi- 
gated by using the whole-cell version of the patch-clamp technique. Isolated olfactory cells had a resting mem- 
brane potential of - 7 0  +- 9 mV. Injection of a depolarizing current step triggered action potentials under current 
clamp condition. The amplitude of the action potential was reduced by lowering external Na + concentration. Af- 
ter a complete removal of Na +, however, cells still showed action potentials which was abolished either by Ca 2+ re- 
moval or by an application of Ca z+ channel blocker (Co 2+ o r  Ni2+) ,  indicating an involvement of Ca 2+ current in 
spike generation of newt olfactory receptor cells. Under the voltage clamp condition, depolarization of the cell to 
- 4 0  mV from the holding voltage of -100  mV induced a fast transient inward current, which consisted of Na + 
(INa) and T-type C a  2+ (ICa.T) currents. The amplitude of I(~.T was about one fourth of that of IN~. Depolarization to 
more positive voltages also induced L-type Ca 2+ current (Ica.L)- ICa,L Was as small as a few pA in normal Ringer solu- 
tion. The activating voltage of Ic~.x was approximately 10 mV more negative than that of INa. Under current clamp, 
action potentials generated by a least effective depolarization was almost completely blocked by 0.1 mM Nf 2+ (a 
specific T-type C a  z+ channel blocker) even in the presence of Na +. These results suggest that Ic~,r contributes to 
action potential in the newt olfactory receptor cell and lowers the threshold of spike generation. 
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I N T R O D U C T I O N  

Odoran t  b inding to the receptor  protein at the ciliary 
surface of the olfactory receptor  cell leads to the subse- 
quent  enzymatic cascades (for review, see Bakalyar and 
Read, 1991; Breer and  Boekhoff,  1992; Reed, 1992; 
Ronnet t  and Snyder, 1992) that finally leads to the 
opening  of  three types of  ionic channels; cAMP-gated 
cationic channels,  CaZ+-gated C1 channels (for review, 
see Gold and  Nakamura ,  1987; Firestein, 1992; Kura- 
hashi and  Yau, 1994), and IP3-gated Ca 2+ channels (for 
review, see Reed, 1992; Restrepo et al., 1996; Ronnet t  
and Snyder, 1992). This initial excitation causes a slow 
and graded voltage change; its ampli tude is d e p e n d e n t  
on stimulus intensities (Trotier  and MacLeod, 1983; 
Kurahashi,  1989a; Firestein et al., 1993). Graded recep- 
tor potential  is then encoded  into spike trains that 
transmit the olfactory information to the brain. At this 
step, the informat ion relating to the stimulus intensity 
is encoded  into the spike density. It has long been be- 
lieved that the action potential  of  olfactory cells is gen- 
erated by the influx of  Na+; unde r  voltage clamp, the 
transient inward current  has been  shown to be medi- 
ated by Na + channel  (catfish: Miyamoto et al., 1992; 
coho salmon: Nevitt and Moody, 1992; xenopus: Schild, 
1989; tiger salamander:  Firestein and Werblin, 1987; 
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Dubin and Dionne,  1994; rat: Trombley  and West- 
brook,  1991). 

However, an earlier study by Trotier (1986) has pointed 
out that  the sa lamander  olfactory cell expresses a tran- 
sient inward current  in a Na+-free, tetrodotoxin-contain- 
ing solution. Fur thermore ,  in prel iminary exper iments  
by one of  the present  authors, Kurahashi (1989a) re- 
corded action potentials using newt olfactory cells bathed 
in Na+-free medium.  These observations raised a possi- 
bility that action potential is generated not  only by Na + 
current,  but  also by o ther  transient inward current  in 
the amphibian  olfactory receptor  cells. In the present  
study, we reexamined the mechanism of spike generation 
in newt olfactory receptor  cells by analyzing m e m b r a n e  
currents under  the whole-cell clamp condition in further 
detail. We found that the transient inward current  acti- 
vated by m e m b r a n e  depolarization is a mixture of  Na + 
a n d  C a  2+ currents through two independent  ionic chan- 
nels. The transient Ca 2+ component  was shown to be car- 
ried through a T-type Ca 2+ channel. Activation range for 
the T-type C a  2+ current  was approximately 10 mV more  
negative than that of  Na + current.  This observation in- 

Ca current determines the threshold dicates that T-type 2+ 
of  spike generation in the newt olfactory receptor  cells. 1 

1After the submission of  our  original manuscr ipt ,  L iman and  Corey 
(1996) repor ted that  a T-type Ca 2+ channel  is expressed in the 
chemosenso~y neurons  from the mouse  vomeronasal  organ.  This ob- 
servation raises a possibility that  T-type Ca 2+ channels  might  be ex- 
pressed not  only in newt olfactory receptor  cells bu t  also in cells of  
the o ther  species. 
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I n d e e d ,  a t  t h r e s h o l d ,  a c t i o n  p o t e n t i a l s  w e r e  b l o c k e d  b y  

N i  2+, a s e l e c t i v e  b l o c k e r  f o r  T - t y p e  C a  2+ c h a n n e l ,  e v e n  

i n  t h e  p r e s e n c e  o f  N a  +. 

M A T E R I A L S  A N D  M E T H O D S  

Preparation 

Solitary r ecep to r  cells were enzymat ical ly  d issocia ted  f rom the  ol- 
factory e p i t h e l i u m  o f  the  newt,  Cynops pyrrhogaster. Dissocia t ion 
pro toco ls  were s imilar  to those  r e p o r t e d  previously (Kurahash i ,  
1989b). In  shor t ,  t he  an ima l  was anes t he t i z ed  by coo l ing  on  ice, 
decap i ta ted ,  a n d  p i thed .  T h e  m u c o s a e  exc ised  f r o m  the  olfactory 
cavity were i n c u b a t e d  for 5 ra in  at  30°C in a so lu t ion  (Table  I so- 
lu t ion  15) c o n t a i n i n g  0.1% col lagenase  (Sigma C hemica l  Co., St. 
Louis ,  MO)  with no  a d d e d  Ca z+ a n d  Mg ')+. T h e  t issue was t h e n  
r in sed  twice with a con t ro l  so lu t ion  (so lu t ion  1) a n d  t r i turated.  
Isolated cells were p la ted  on  the  concanava l in  A - c o a t e d  glass 
cover-slip. Cells were m a i n t a i n e d  at 4°C (up  to 10 h) be fore  use.  
In  the  p r e s e n t  e x p e r i m e n t ,  we se lec ted  r ecep t o r  cells wh ich  lost 
the i r  cilia to s tudy  the  excitabili ty o f  the  somat ic  m e m b r a n e .  

Recording Procedures 

M e m b r a n e  cu r r en t s  were r e c o r d e d  by a pa t ch  c l a m p  t e c h n i q u e  
in the  who le -ce l l - c l amp  con f i gu ra t i on  (Hamil l  et  al., 1981). 
Pyrex t u b i n g  (1.2 m m  o.d.) was pu l l ed  in two steps o n  a p ipe t te  
pu l l e r  (PP-83; Nar ish ige  Scientific I n s t r u m e n t s ,  Tokyo,  J a p a n ) .  
To  m i n i m i z e  stray capac i tance ,  the  ex t e rna l  wall o f  the  p ipe t te  
was coa ted  with an  in su la t ing  resin (Apiezon wax; Ap iezon  Prod-  
ucts  Ltd.,  L o n d o n ,  UK) u p  to ~ 1 0 0  I*m away f r o m  the  tip. A re- 
s idual  capac i t ance  was c o m p e n s a t e d  electrically. T h e  r e c o r d i n g  
p ipe t te  was filled with K + so lu t ion  (in mM):  119 KCI, 1 CaC12, 5 
EGTA, 10 HEPES (pH ad jus t ed  to 7.4 with K O H )  or  Cs + solu- 
tion: 119 CsCI, 1 CaC12, 5 EGTA, 10 HEPES (pH ad jus t ed  to 7.4 
with CsOH) .  Res is tance  o f  the  p ipe t te  was a b o u t  20 M ~ .  

For  r eco rd ing ,  the  cu l tu re  d ish  was m o u n t e d  on  the  s tage  o f  an  
inver ted  mic ro scope  with p h a s e  con t ra s t  opt ics  (D iapho t  TMD-2; 
Nikon,  Tokyo J a p a n ) .  A stainless-steel  r ing  was p u t  in to  the  d i sh  
to r e d u c e  the  d e a d  space  o f  the  r e c o r d i n g  c h a m b e r  to ~ 0 . 1 5  ml. 

Cells were c o n t i n u o u s l y  s u p e r f u s e d  (at a rate o f  0.9 m l / m i n )  with 
o n e  o f  the  so lu t ions  l isted in Tab le  I. T h e  ind i f f e ren t  e l ec t rode  
was an  Ag-AgC1 wire c o n n e c t e d  to the  cu l tu re  d ish  via an  agarose  
br idge .  C u r r e n t  a n d  vol tage s ignals  f r om the  ampl i f i e r  were m o n -  
i tored  o n  an  osci l loscope (Tekt ron ix ,  Beaver ton ,  OR) a n d  a ther-  
mal  array r e c o r d e r  (WR7900; Graph tec ,  Fujisawa, J a p a n ) .  Data  
were low-pass f i l tered (4-pole Bessel type) with a cut-off  fre- 
q u e n c y  o f  5 kHz a n d  t h e n  digi t ized at 10 kHz. All e x p e r i m e n t s  
were pe i - formed at r o o m  t e m p e r a t u r e  (23-25°C).  

Application of Drugs 

Several p h a r m a c o l o g i c a l  agen t s  were u s e d  for m e m b r a n e  c u r r e n t  
analyses: t e t r a e t h y l a m m o n i u m  ch lor ide  (TEA) a n d  CsC1 for 
b lock ing  K + cu r ren t ,  4 -ace tamido-4 ' - i so th iocyanatos t i lbene-2 ,2 ' -  
d isul fonic  acid (SITS) for  b lock ing  CI- cu r ren t ,  COC12, NiCI~, 
a n d  CdC12 for b lock ing  Ca 2+ cu r ren t .  D ihydropyr id ines  (nife- 
d ip ine  a n d  Bay K 8644) a n d  t0-conotoxin GVIA were also u sed  to 
ident i fy  the  type o f  the  Ca 2+ cu r ren t .  Divalent  ca t ions  a n d  o t h e r  
p h a r m a c o l o g i c a l  agen t s  were dissolved in the  super fusa te .  T h e s e  
agen t s  were ba th  app l i ed  to the  cell f r om the  p e f f u s i o n  system. 
CoCI~, NiC12, a n d  CdC12 were p u r c h a s e d  f rom Nacalai  T e s q u e  
Inc. (Kyoto, J a p a n ) ,  TEA f rom Wako  Pure  Chemica l  Indus t r i e s  
Ltd. (Osaka,  J a p a n ) ,  a n d  SITS, n i fed ip ine ,  Bay K 8644, a n d  
to-conotoxin GVIA f r o m  S igma  Chemica l  Co. 

Correction of the Resting Potential 

Olfactory  r ecep to r  cells show a very h i g h  i n p u t  res is tance  ( > 2  
GI]; see  also Trot ier ,  1986), so a small  leakage c u r r e n t  causes  an  
e r ro r  in the  r e c o r d e d  m e m b r a n e  potent ia l .  In  the  p r e s e n t  study, 
the re fore ,  the  res t ing  po ten t ia l  was co r r ec t ed  for by u s in g  the  fol- 
lowing equa t ions :  

l /R in  p .-=- 1 /Rmem+ 1/R~e,I, 

( v.~- V, o a , ) / ~ , , ~  + Vap/~oa, = 0 ,  

where  Psnp is the  i n p u t  res is tance ,  R;,le,, 1 the  m e m b r a n e  res is tance,  
a n d  P~,.,i t he  seal resis tance.  Vap a n d  Vreal a r e  t he  a p p a r e n t  a n d  the  
real res t ing  potent ia l ,  respectively. Here ,  we a s s u m e d  tha t  the  

T A B L E  I 

Superfusates 

NaC1 KC1 CaC12 MgC12 CholineC1 BaC12 TEA-C1 CdC12 NiCI~ CoClz HEPES Glucose 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

control 

65 Na + 10 Ca 2+ 

0 Na + 10 Ca 2+ 

65 Na + 0 Ca 2+ 

0 Na + 0 Ca 2+ 

0 Na + 10 Ba z+ 

0 Na + 10 Ba 2+, 0.1 Ni 2+ 

65 Na + 10 Ca 2+, 0.1 Cd 2+ 

0 Na + 10 Ca "-'+, 0.1 Cd 2+ 

65 Na + 10 Ca 2+, 1 Co 2+ 

65 Na ÷ 0 Ca 2+, 1 Co ~+ 

0 Na + 110 Choline + 

0 Na + 110 Choline +, 0.1 Ni 2+ 

0.1 Ni ~+ 
0 Ca 2+, 0Mg 2+ 

110 3.7 3 1 . . . . . .  2 15 

65 3.7 10 l - -  - -  35 - -  - -  - -  2 15 

- -  3.7 10 l 65 - -  3 5  - -  - -  - -  2 15 

65 3.7 - -  1 15 - -  35 - -  - -  - -  2 15 

- -  3 . 7  - -  1 8 0  - -  3 5  - -  - -  - -  2 15 

- -  3 . 7  - -  1 6 5  1 0  3 5  - -  - -  - -  2 1 5  

- -  3 . 7  - -  1 6 5  1 0  3 5  - -  0 . 1  - -  2 15 

65 3.7 10 1 - -  - -  35 0.1 - -  - -  2 15 

- -  3 . 7  1 0  1 6 5  - -  3 5  0 . 1  - -  - -  2 15 

65 3.7 10 1 - -  - -  35 - -  - -  1 2 15 

65 3.7 - -  1 15 - -  35 - -  - -  1 2 15 

- -  3 . 7  3 1 110 . . . . .  2 15 

- -  3 . 7  3 1 1 1 0  - -  - -  - -  0 . 1  - -  2 15 

110 3.7 3 1 . . . .  0.1 - -  2 15 

110 3.7 . . . . . . . .  2 15 

pH was adjusted to 7.4 with KOH. All solutions contained phenol red (0.01 mg/ml) .  Nifedipine, Bay K 8644, c0-conotoxin GVIA, and SITS were tested by 
adding them to solution 6. 
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seal resistance at on-cell mode was equal to the resistance of the 
seal under whole-cell conditions. Vreai and l~nem were  estimated 
from /~,lp, R~eal, and VT~p recorded in the experiment. For exam- 
ple, when/~np = 2 GgI, Rseal  : 10 Gft, and V,p = -60  mV, V~,l 
and/~ ..... are calculated as: 

Vr,.,i = - 75 mV, R ....... = 2.5 G ~ .  

The resting potentials to be described below are the corrected 
values. 

R E S U L T S  

Action Potentials Recorded under Various Ionic Conditions 

T h e  i so la ted  newt  o l fac tory  r e c e p t o r  cells h a d  a res t ing  
m e m b r a n e  p o t e n t i a l  o f  - 7 0  +- 9 mV ( m e a n  -+ SD, n = 
18). T r a n s i e n t  a n d  r e g e n e r a t i v e  ac t ion  po ten t i a l s  were  
i n i t i a t ed  w h e n  cells were  s t i m u l a t e d  by a d e p o l a r i z i n g  
cur ren t .  Since Na  + was be l ieved  to be  a d o m i n a n t  cha rge  
ca r r i e r  for  sp ike  g e n e r a t i o n  in the  o l fac tory  cells (cat- 
fish: M i y a m o t o  et  al., 1992; x e n o p u s :  Schi ld,  1989; t iger  
s a l a m a n d e r :  F i res te in  a n d  W e r b l i n ,  1987; D u b i n  a n d  
D i o n n e ,  1994; rat:  T r o m b l e y  a n d  W e s t b r o o k ,  1991), we 
first  e x a m i n e d  the  c o n t r i b u t i o n  o f  e x t e r n a l  N a  + to 
spike  in i t ia t ion .  In  the  e x p e r i m e n t  o f  Fig. 1, 10-pA cur-  
r e n t  i n j ec t ion  i n d u c e d  t h r e e  repe t i t ive  ac t ion  p o t e n -  
tials u n d e r  the  n o r m a l  c o n d i t i o n .  W h e n  c h o l i n e  + was 
subs t i tu t ed  for  N a  +, the  r i s ing  phase  o f  the  ac t ion  po-  
ten t ia l  b e c a m e  s lower a n d  the  a m p l i t u d e  o f  the  ac t ion  
po ten t i a l  b e c a m e  smaller .  However ,  the  cell still showed 
a t r ans i en t  ac t ion  p o t e n t i a l  t ha t  l o o k e d  s imi lar  to tha t  
g e n e r a t e d  in c o n t r o l  so lu t ion .  S imi la r  resul ts  were  ob- 
se rved  in 11 cells o u t  o f  12 e x a m i n e d .  

F u r t h e r m o r e ,  as shown with a th ick  l ine  in Fig. 1, ad- 
d i t i on  o f  100 ixM Ni 2+ s u p p r e s s e d  the  r e m a i n i n g  ac t ion  
po ten t i a l  in Na+-free so lu t ion  comple te ly .  Ni 2+ is known 
to be  a select ive b l o c k e r  for  the  T-type Ca z+ c h a n n e l s  in 
var ious  exc i t ab le  m e m b r a n e s  (Tsien et  al., 1988; also 
see be low) ,  a n d  t h e r e f o r e  i t  is h igh ly  l ikely tha t  T-type 
C a  2+ c u r r e n t  is involved  in spike  g e n e r a t i o n  o f  the  newt  
o l fac tory  r e c e p t o r  cells. Because  T-type C a  2+ c u r r e n t  is 
k n o w n  to show a t r ans i en t  t ime  course ,  i t  is su i tab le  for  
g e n e r a t i n g  t r ans i en t  ac t ion  po ten t ia l s .  T h e r e f o r e ,  we 
r e e x a m i n e d  vo l t age-ga ted  c u r r e n t s  o f  newt  o l fac tory  re- 
c e p t o r  cells in de ta i l  u n d e r  the  vol tage  c lamp.  

Transient Inward Current and Sustained Outward Current 

U n d e r  the  vol tage  c l a m p  c o n d i t i o n ,  d e p o l a r i z i n g  s tep  
pulses  i n d u c e d  t ime-  a n d  v o l t a g e - d e p e n d e n t  cu r r en t s  
(Fig. 2). M e m b r a n e  d e p o l a r i z a t i o n  to vol tages  b e t w e e n  
- 9 0  a n d  + 2 0  mV f rom a h o l d i n g  vol tage  (Vh) o f - - 1 0 0  
mV i n d u c e d  a r ap id ly  ( < 1 5  ms) d e c a y i n g  ini t ia l  i nward  
c u r r e n t  a n d  a late  o u t w a r d  cu r ren t .  T h e  t r ans i en t  in- 
ward  c u r r e n t  showed  a p e a k  value  at  a b o u t  - 2 0  mV 
(Fig. 2 B). 

I t  has b e e n  shown tha t  the  ou twa rd  c u r r e n t  consists  
o f  two o r  t h r e e  types o f  K + c u r r e n t s  (IK(ca) a n d  IK(v), 
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FIGURE 1. Action potentials evoked by injection of 10 pA depo- 
larizing current for 250 ms recorded under current clamp condi- 
tion. Continuous line: recording in control (Table I, solution 1) so- 
lution. Dotted line: recording in Na+-free solution (solution 12). 
Thick line: recording in Na+-free solution containing 0.1 mM Ni 2+ 
(solution 13). Recording pipette was filled with K + solution. 

a n d  poss ibly  IK(A) ) in the  newt  (Kurahashi ,  1989a) a n d  
in o t h e r  a n i m a l  spec ies  (catfish: M i y a m o t o  et  al., 1992; 
t iger  s a l a m a n d e r :  F i res te in  a n d  Werb l in ,  1987; m u d -  
puppy:  D u b i n  a n d  Dionne ,  1994; rat: T r o m b l e y  a n d  
Wes tb rook ,  1991; mouse :  Maue  a n d  D i o n n e ,  1987). 
T h e s e  K + c u r r e n t s  a re  k n o w n  to be  b l o c k e d  by a d d i n g  
TEA to the  ba th  o r  by l o a d i n g  cells with Cs + (see be- 
low).  In  the  fo l lowing  e x p e r i m e n t s ,  K + cu r r en t s  were  
m i n i m i z e d  by these  t r ea tmen t s .  

Inward Currents Consist of  Three Components 

Fig. 3 A shows a m i x t u r e  o f  inward  cu r r en t s  obse rved  in 
a cell  l o a d e d  with Cs + a n d  e x p o s e d  to 35 m M  TEA. De- 
po l a r i z i ng  s teps i n d u c e d  a fast t r ans i en t  i nward  c u r r e n t  
fo l lowed  by a smal l  sus t a ined  inward  cur ren t .  T h e  p e a k  
a m p l i t u d e  o f  the  t r ans i en t  c o m p o n e n t  was ~ 3 0 0  pA. 
W h e n  N a  + was r e p l a c e d  by c ho l i ne  +, the  a m p l i t u d e  o f  
the  inward  c u r r e n t  was r e d u c e d  to ~ 1 0 0  pA. T h e  am- 
p l i t ude  o f  this c u r r e n t  c o m p o n e n t  was also d e p e n d e n t  
o n  C a  2+ c o n c e n t r a t i o n ;  in 3 m M  Ca 2+ the  p e a k  ampl i -  
t ude  was ~ 6 0  pA. T h e  N a  + c o m p o n e n t  c o u l d  be  iso- 
l a t ed  by s u b t r a c t i n g  the  c u r r e n t  u n d e r  the  Na+-free  
c o n d i t i o n  f rom tha t  u n d e r  the  c o n t r o l  c o n d i t i o n ,  a n d  
was p l o t t e d  by a d o t t e d  l ine.  T h e  Na  + c u r r e n t  (INa) 

r e a c h e d  a p e a k  ~ 3  ms af te r  the  onse t  o f  the  s t imulus  
a n d  inac t iva ted  in ~ 4  ms. 

T h e  inward  c u r r e n t  r e c o r d e d  in Na+-free  c o n d i t i o n  
was a lmos t  c o m p l e t e l y  e l i m i n a t e d  by f u r t h e r  r e m o v i n g  
C a  2+ f rom the  b a t h i n g  so lu t ion .  This  resul t  suggests  
t ha t  the  c u r r e n t  evoked  in Na+-free so lu t ion  was car- 
r i ed  solely by Ca 2+. T h e  Ca 2+ c u r r e n t s  (Ica) cons i s t ed  o f  
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two c o m p o n e n t s  o f  d i f fe ren t  kinetics; t rans ien t  and  long-  
lasting. T h e  t ime  course  o f  the  t r ans i en t  c u r r e n t  was 
s lower t han  tha t  o f  INa i n d i c a t i n g  tha t  the  t r ans i en t  Ica is 
n o t  a res idua l  c u r r e n t  t h r o u g h  Na  + c h a n n e l  (see be- 

low).  T h e  t r ans i en t  Ica was obse rved  f rom 42 cells o u t  
o f  63 e x a m i n e d .  

T h e  p e a k  a m p l i t u d e  o f  the  inward  c u r r e n t  was plot-  
t ed  aga ins t  the  m e m b r a n e  po t en t i a l  in Fig. 3 B. T h e  I-V 
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curve of  Ica was w-shaped showing two remarkable  
peaks at a round  - 4 0  and - 1 0  mV, suggesting that 
Ca 2+ is carried through two different ionic channels. 

Identification of Two Types of Ca 2+ Currents 

To identify the type of Ca ̀ '+ channels, we studied the 
pharmacological  propert ies  of  the transient and long- 
lasting Ca 2+ currents. Among  several types of  Ca 2+ 
channels,  N-type and L-type Ca 2+ channels are known 
to be more  permeable  to Ba 2+ than to  Ca  2+, while T-type 
shows almost equal permeabil i ty to Ba 2+ and Ca 2+ 
(Tsien et al., 1988). Therefore ,  we first examined Ca 2+ 
current  by CaZ+/Ba z+ replacement .  

Fig. 4 A shows m e m b r a n e  currents evoked by voltage 
pulses in solutions containing 10 mM Ca 2+ or 10 mM 
Ba 2+. The  long-lasting c o m p o n e n t  was markedly in- 
creased by replacing extracellular Ca 2+ to  equimolar  
Ba 2+ (10 cells tested). I-V curves f rom a set of  experi- 
ments  show that the current  was enhanced  at a voltage 
range f rom - 3 0  to +60 mV. Current  ampl i tude re- 
mained  the same at the voltage range below - 3 0  mV 
(Fig. 4 B). Fur thermore ,  the long-lasting c o m p o n e n t  

was suppressed by 100 p~M Cd 2+ (Fig. 4 C, 4 cells). 
These results are consistent with the previous observa- 
tion that Ba 2+ is more  permeable  through the high- 
voltage activated (HVA) Ca 2+ channel  and  HVA cur- 
rent  is sensitive to C d  2+ (Tsien et al., 1988). 

Among  HVA Ca 2+ channels it is known that the L-type 
is sensitive to dihydropyridine compounds  while the 
N-type is resistant (Tsien et al., 1988). As shown in Fig. 
4 D, the HVA c o m p o n e n t  of  the olfactory cell was sensi- 
tive to dihydropyridine compounds;  nifedipine (1-10 
vtM) reduced  HVA current  selectively (6 cells tested). 
The  HVA current  was enhanced  when the cell was ex- 
posed to 0.3 p~M Bay K 8644 (not shown, 4 cells). From 
these results the HVA current  of  newt olfactory recep- 
tor cells was identified as L-type Ca 2+ current  (Ica,L). 

In contrast, 100 wM Ni 2+ suppressed the low-voltage 
activated (LVA) current  c o m p o n e n t  (Fig. 4 E, 6 cells 
tested). However, 5 IxM ~0-conotoxin GVIA did not  
change the cur rent  waveform or I-V relation (Fig. 4 F, 4 
cells tested). Thus, the LVA Ca 2+ current  in newt olfactory 
receptor cells was identified as T-type Ca 2+ current (Ic,.T). 

In the olfactory receptor  cell the influx of  Ca  2+ tr ig-  

g e r s  an activation of  C1- current  (Icl(ca)) in the ciliary 
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m e m b r a n e  (Kleene and  Gesteland,  1991; Kleene,  1993; 
Kurahashi  and  Yau, 1993; Lowe a nd  Gold,  1993). Be- 
fore fu r the r  analyzing the proper t ies  o f  Ic~ it is impor-  
tant  to examine  whe the r  o r  no t  the cu r r en t  descr ibed  
above is c o n t a m i n a t e d  by Ic~(ca). Record ing  the m e m -  
brane  currents  in a s o l u t ~ n  conta in ing  2 mM SITS elim- 
inated ou r  doubt ;  the waveform and  I-V relat ion o f  the 
cu r r en t  ob ta ined  in the solut ion con ta in ing  SITS were 
identical  to those ob ta ined  in the cont ro l  solut ion (not  
shown).  Absence  o f  Icl<c~) in ou r  p repara t ion  is ac- 
counted  for by the fact that the cells we used had no  cilia. 

Voltage Dependence of lc,,,.r and Ic(,,L 

An addi t ional  d i f ference  between IC~.T and  IC~.L is their  
voltage d e p e n d e n c e .  In  the e x p e r i m e n t  o f  Fig. 5, we ac- 
tivated the two types o f  currents  f rom several ho ld ing  
voltages (Vh; - 1 0 0 ,  - 8 0 ,  and  - 6 0  mV).  W h e n  Vh was 
--100 mV, depola r iz ing  voltage steps elicited bo th  IC~,.T 
and  Ic~,L (Fig. 5 A). W h e n  Vb was shif ted to - 8 0  mV, 
the ampl i tude  o f  IC~,T was drastically reduced ,  while the 
ampl i tude  o f  ICa,L was no t  c h a n g e d  significantly (Fig. 5 
B). T h e  ampl i tude  o f  IC~,T was t u r t he r  r e duc e d  when Vh 
was shifted to a m o r e  positive value ( - 6 0  mV, Fig. 5 C). 

Kinetic Properties of Two Types of Transient Currents: 
Ic,o" and ~v~, 

T o  relate the t ransient  inward currents  to the act ion 
potential ,  kinetic proper t ies  o f  ICa,T and  IN~ were ana- 

lyzed in detail. Fig. 6 A shows Ica,T evoked by a voltage 
step in Na+-free, 10 mM Ca 2÷~ solution.  Ic~.L was b locked  
by an appl icat ion o f  0.1 mM Cd 2+. The  decay phase  o f  
the m e m b r a n e  cu r r en t  could  be fitted by a single expo- 
nent ial  func t ion  with a time cons tan t  (T) o f  8.3 ms. Iy~ 
was also fitted by" a n o t h e r  single exponent ia l  func t ion  
(v = 1.4 ms, Fig. 6 B). 

Fig. 6C shows the voltage d e p e n d e n c e  o f  the decay 
t ime cons tan t  o f  Ica,T and  IN,. The  t ime cons tan t  o f  ICa,T 
was m i n i m u m  (9.1 -- 0.9 ms, n = 7) at - 4 0  mV, and  in- 
creased as the m e m b r a n e  voltage was e i ther  hyperpo-  
larized ('r = 16.5 _+ 2.4 ms, n = 7, at - 7 0  mV) or  depo-  
larized (~- = 20.9 - 2.8 ms, n = 7, at +20  mV). O n  the 
o t h e r  hand ,  the t ime cons tan t  o f  IN, was c h a n g e d  only 
slightly ('r = 1.6 + 0.3 ms, at - 5 0  mV; 0.9 -+ 0.2 ms at 
+20  mV, n = 6). Thus,  the kinetic behavior  o f  IC~,T was 
totally di f ferent  f rom that  o f  IN~. 

Activation and Inactivation Curves 

Fig. 7 A sh'ows the activation curves o f  IC~,T, INa, and  
ICa, L. The  cell was depolar ized  f rom Vh of  - 1 0 0  mV, 
and  the c o n d u c t a n c e  was normal i zed  to its m a x i m u m  
value. T h e  relat ion be tween gC,.T (filled triangles, mea- 
sured in 10 mM Ca 2+) and  m e m b r a n e  voltage was fitted 
by a single Bo l t zmann  funct ion.  The  half-activation 
voltage o f  gc~,T was --44 inV. Activation curve o f  IN~ 
(filled circles) was also fitted by a single B o h z m a n n  func- 
t ion with a half-activation voltage o f  - 3 4  inV. This 
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value  is 10 mV m o r e  posi t ive t han  tha t  o f  gca,T. T h e  
hal f -ac t ivat ion vo l tage  o f  gca,e (open circles) was - 1 0  inV. 

Inac t iva t ion  was also vo l tage  d e p e n d e n t  (Fig. 7 B). 
gca,T was inac t iva ted  by a c o n d i t i o n i n g  po l a r i z a t i on  (du- 
r a t ion  = 1 s) o f  m o r e  posi t ive  than  - 9 0  mV a n d  be-  
c a m e  a lmos t  ze ro  by a c o n d i t i o n i n g  po l a r i z a t i on  o f  
m o r e  posi t ive t han  - 3 0  inV. Hal f - inac t iva t ion  vol tage  
was - 6 5  mV. gNa s t a r t ed  to be  inac t iva ted  by a cond i -  
t i o n i n g  po l a r i z a t i on  o f  m o r e  posi t ive than  - 7 0  inV. 
T h e  ha l f - inac t iva t ion  vol tage  was - 5 3  mV, 13 mV m o r e  
posi t ive t han  tha t  o f  IC~,T- gC~,L d i d  n o t  show inac t iva t ion  
wi th in  1 s, a n d  t h e r e f o r e  its inac t iva t ion  curve was n o t  
m e a s u r e d  in  the  p r e s e n t  e x p e r i m e n t .  

Ca 2+ Permeation through Na + Channel 

In  some  p r e p a r a t i o n s  it has  b e e n  shown tha t  Ca 2+ per-  
m e a t e s  t h r o u g h  the  Na  + c h a n n e l  (Pca /Py  a = 0.01, 
squ id  g ian t  axon ,  Bake r  e t  al., 1971; Pca/PNa, tOO smal l  
to m e a s u r e ,  m y e l i n a t e d  nerve  f iber ,  Hi l le ,  1972; tuni-  
cate  egg,  O k a m o t o  et  al., 1976). We  also e x a m i n e d  the  
poss ibi l i ty  o f  Ca 2+ p e r m e a t i o n  t h r o u g h  Na  + c h a n n e l s  
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in the  newt  o l fac tory  r e c e p t o r  cell. C u r r e n t s  t h r o u g h  
Na  + c h a n n e l s  were  i so la ted  by the  p r e s e n c e  o f  1 m M  
Co 2+ a n d  35 m M  TEA. T h e  r e s p o n s e  a m p l i t u d e  o f  the  
inward  c u r r e n t  r e c o r d e d  in 65 m M  N a + / 1 0  m M  C a  2+ 
so lu t ion  was n o t  c h a n g e d  s ignif icant ly  by r e mo va l  o f  ex- 
t e rna l  Ca 2+ (no t  shown) ,  sugges t ing  tha t  the  p e r m e -  
abi l i ty  o f  Ca 2+ t h r o u g h  Na  + c h a n n e l s  in the  newt  olfac- 
tory r e c e p t o r  cells is e x t r e m e l y  low. 

Contribution of lca, T to the Action Potential 

As shown in Fig. 7, the  dyna mic  r a n g e  o f  the  act ivat ion 
curve o f  ICa,T was ~'~10 mV m o r e  negat ive  t han  tha t  o f  
INa. This  obse rva t ion  raises a poss ibi l i ty  tha t  ICa,T c o n -  
t r ibu tes  to lower  the  t h r e s h o l d  o f  ac t ion  p o t e n t i a l  gen-  
e ra t ion .  

To  verify this possibil i ty,  we r e c o r d e d  ac t ion  p o t e n -  
tials i n d u c e d  by a c u r r e n t  i n j ec t ion  n e a r  t h re sho ld .  An  
e x a m p l e  is shown in Fig. 8. W h e n  the  cell  was d e p o l a r -  
ized  by in j ec t ion  o f  4 p A  c u r r e n t  in the  c o n t ro l  me-  
d ium,  a s ingle  ac t ion  p o t e n t i a l  was g e n e r a t e d  (Fig. 8 
A). A d d i t i o n  o f  0.1 m M  Ni 2+ to the  so lu t ion  b l o c k e d  
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FIGURE 7. Activation and inac- 
tivation curves of ICa.T, I(:a, D and 
INa of a newt olfactory cell. Ic~,v 
was recorded in Na+-free, 10 mM 
Ca 2+, 0.1 mM Cd 2+ solution (so- 
lution 9), Ic..e in Na+-free, 10 
mM Ba 2+, 0.1 mM Ni 2+ solution 
(solution 7), and IN. in 65 mM 
Na +, Ca2+-free solution (solu- 
tion 4) by using pipettes filled 
with Cs + solution. Vh was --100 
mV in all recordings. (A) Activa- 
tion curve of IC~,T (&), It.a, (0 ) ,  
and IN. (Q). Relative conduc- 
tance at a specific membrane  
voltage was estimated as a ratio of 

the recorded current  amplitude to that expected from the maximum conductance (the linear part  of individual I-V curves near the rever- 
sal potential), Symbols represent  mean of 7 (for Ic.,v and IN.) or 6 (for Ic~,L) cells, and vertical bars represent  SD. Lines represent  a single 
Boltzmann function obtained by the least-squares nonl inear  fit to the data. (B) Inactivation curves of I(~,v and  INa. Relative conductance 
was estimated as a ratio of the current  amplitude induced by depolarization to - 4 0  mV after a 1-s condit ioning pulse of various voltages 
( -  100 to +40 mV) to that induced by the same depolarization without condit ioning pulses. The relative conductance is plotted against the 
condit ioning voltage. Each symbol represents mean of 7 cells, and vertical bars represent  SD. Lines represent  a single Boltzmann function 
obtained by the least-squares nonl inear  fit to the data. 

the action potential  (Fig. 8 A). If  more  current  was in- 
jected under  this condition, action potential reappeared 
(Fig. 8 B). However, the rising phase of  the action po- 
tential was slower than that of  the action potential  
evoked under  the control condition. Similar results were 
obtained f rom four more  cells. These results indicate 
that ICa,T is more  impor tant  for spike generat ion than 
INa near  threshold in the newt olfactory receptor  cells. 

In o ther  words, the action potential  was more  readily 
evoked by the presence of  the T-type Ca 2+ channel.  

D I S C U S S I O N  

In the present  study we identified that a transient Ca 2+ 
current  of  the newt olfactory receptor  cells is T-type, 
and showed that both  INa and Ica,T are involved in spike 
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generation.  Activation range for the ICa,T was r-d0 mV 
more  negative than that  of  INa, indicating that  ICa.T was 
activated near  threshold of spike generat ion.  Indeed,  at 
threshold, action potentials were blocked by addidon 
of  Ni 2+, a selective blocker  for T-type Ca 2+ channel,  
even in the presence of  Na +. 

In the past, it has been  believed that the transient in- 
ward current  of  the olfactory receptor  cells contribut- 
ing to action potential  generat ion is solely carried by 
Na + (catfish: Miyamoto et al., 1992; coho salmon: Nev- 
itt and Moody, 1992; xenopus:  Schild, 1989; tiger sala- 
mander :  Firestein and Werblin, 1987; Dubin and Di- 
onne,  1994; rat: Rajendra et al., 1992; Trombley  and 
Westbrook, 1991). Only Troffer  (1986) repor ted  a work 
on sa lamander  olfactory cells suggesting that the tran- 
sient inward current  was also carried by Ca 2+. Perhaps, 
the transient current  Trot ier  repor ted  is identical to 
Ic~,T of the present  study, but  at that time classification 
and characterization of  Ca 2+ channels  had not  been  es- 
tablished. The  reason why IC~.T is not  identified in olfac- 
tory cells of  o ther  animal species is still obscure, but  
there are several possibilities. (a) The presence of  T-type 
Ca z+ currents may depend  on the deve lopment  or  re- 
generat ion of  olfactory cells. It is known that the olfac- 
tory epithelia undergo  regenera t ion continuously. The  
different observations concerning T-type Ca z+ chan- 
nels may be due to different populat ions of  cells unde r  
the exper imenta l  conditions. It is also repor ted  that in 
cultured olfactory receptor  cells Ca2+-activated K + 
channel  is absent  (Trombley and Westbrook, 1991), 
while it has shown ubiquitous in adult olfactory cells 
(Kurahashi, 1989a; Maue and Dionne,  1987; Miyamoto 
et al., 1992; Schild, 1989). Expression of  Ca2+-activated 
K + channel  has been  shown to be developmental ly re- 
lated in cul tured spinal neurons  of  Xenopus (Blair and 
Dionne,  1985). (b) Another  possibility is just  a simple 
species difference. It is interesting to note that, very re- 
cently, Liman and Corey (1996, see footnote  1) have re- 
por ted  that a T-type Ca 2+ channel  is expressed in the 
chemosensory  neurons  f rom the mouse vomeronasal  
organ. Since there are so many similarities between 
principal and accessory olfactory cells in terms of  the 
expression of ionic channels, this observation raises a 
possibility that T-type Ca 2+ channels might  be ex- 
pressed not  only in newt olfactory receptor  cells but  
also in cells of  the o ther  species. Further  study would 
be required to reexamine  the presence of  T-type Ca 2+ 
currents in olfactory receptor  cells f rom other  species. 

and insensitivity ei ther  to dihydropyridine compounds  
or to 0~-conotoxin GVIA. Also, the ICa,L we identified in 
the newt olfactory cells had propert ies  c o m m o n  to ICa,L 
of  various cells: activation voltages, higher  permeabil i ty 
to Ba 2+ than to Ca 2+, inhibition by Cd 2+, e n h a n c e m e n t  
by Bay K 8644, and inhibition by nifedipine. 

Availability of Na + and T-type Ca 2+ Channels at the 
Resting Potential 

Since activation and inactivation of  INa and ICa,T are 
strongly voltage dependent ,  it is impor tan t  to know 
how much  Na + and T-type Ca 2+ channels are available 
at the resting potential  to unders tand  their contribu- 
tion to action potential generation in vivo. In the present  
study, the resting potential  was estimated to be - 7 0  
mV. Since the inactivation curves for lNa and Ica,Y were 
fitted by single Boltzmann functions, fraction of  Na + 
and T-type Ca 2+ channels to be activated by depolariza- 
tion f rom the resting potential  ( - 7 0  mV) can be esti- 
mated  f rom the following function: 

1 / { 1  + e x p [  (V-- Vt~alf)/Kh] } ,  

where Vrepresents  the m e m b r a n e  potential,  ghalf rep- 
resents the half-inactivation voltage, a n d / ~  represents  
a coefficient. For Ic~,v, Vhalf was --65 mV and/q l  was 7.8 
mV. Thus, at the resting potential,  64% of  T-type Ca 2+ 
channels can be activated by depolarization. Similarly, 
for INa, Vhalf was --53 nlV and K h was 6.5 mV. Therefore ,  
93% of  Na + channels can be activated by depolariza- 
tion at the resting potential.  

As repor ted  by Frankenhaeuser  and Hodgkin  (1957), 
the activation voltage of  voltage-gated channels is 
shifted by a change in [Ca9+]o that affects the surface 
charge of  the plasma membrane .  By high [Ca2+]o the 
activation voltage will be shifted to more  positive volt- 
ages, and by low [Ca2+]o it will be shifted to more  nega- 
tive voltages. Since most  of  the present  recordings were 
made  in 10 mM Ca 9+ or in 10 mM Ba 2+, the activation 
voltages of  ICa,T and Ic~,,l~ in the physiological [Ca2+]o 
are expected to be more  negative than the values we 
obtained; the half-activation voltage was - 4 4  mV for 
Ica,r and - 1 0  mV for ICa,L (Fig. 7 A). 

It is also impor tan t  to evaluate the ampli tude of Ic~,w 
in normal  Ca 2+ concentrat ions.  In 3 mM Ca 2+ the peak 
ampl i tude of  Ica,W was about  one-fourth of  INa. There-  
fore, ICa.T could carry a significant fraction of  inward 
current.  

Subtype of Ca 2+ Channels 

The  Ic~.T we identified in the newt olfactory cells had 
propert ies  c o m m o n  to Ic~.T of  o ther  sensory neurons  
(Carbone and Lux, 1984; Nowycky et al., 1985; Fox et 
al., 1987; Kaneko et al., 1989): activation range, equal 
permeabil i ty to Ca 2+ and Ba 9+, suppression by Ni z+, 

Comparison with Iua of Other Species 

The half-inactivation voltage, Vbalf, of  INa obtained in 
our  studies ( - 5 3  mV) is comparable  to those obtained 
for INa in catfish olfactory receptor  cells ( - 6 2  mV, 
Miyamoto et al., 1992), in coho salmon cells ( - 6 4  mV, 
Nevitt and Moody, 1992), in larvel tiger sa lamander  
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cells ( - 5 0  mY, F i res te in  a n d  Werb l in ,  1987), a n d  in 
c u l t u r e d  ra t  cells ( - 6 3  mV, T r o m b l e y  a n d  Wes tb rook ,  
1991), b u t  is s ignif icant ly  m o r e  posi t ive than  those  ob-  
t a i n e d  f r o m  ol fac tory  r e c e p t o r  cells in grass frogs ( - 8 2  
mV, Pun  a n d  Ges te l and ,  1991) a n d  in a d u l t  rats ( - 1 0 8  
mV, R a j e n d r a  et  al., 1992). 

Pun  a n d  G e s t e l a n d  (1991) have c o n c l u d e d  tha t  INa 
l o c a t e d  at  the  cell  body  o f  the  f rog  o l fac tory  cell  is com-  
p le te ly  inac t iva ted  at  the  res t ing  po ten t i a l ,  ba sed  on  the  
r e l a t i on  b e t w e e n  the  m e a s u r e d  res t ing  po t en t i a l  ( - 5 2  

mY) a n d  the  inac t iva t ion  ra te  o f  INa (Vhalf = - 8 2  mY).  
However ,  the  res t ing  po t en t i a l  c o u l d  be  even m o r e  
negat ive  in f rog  o l fac tory  cells, s ince  the  seal res i s tance  
u n d e r  whole-ce l l  m o d e  affects the  a p p a r e n t  res t ing  po-  
tent ia l ,  as d e s c r i b e d  in MATERIALS AND METHODS o f  the  
p r e s e n t  study. T h e y  have shown tha t  the  m e a n  i n p u t  re- 
s is tance o f  f rog  o l fac tory  cells is 1-2 Gfl .  I f  the  seal  re- 
s is tance was 10 Gf l ,  the  real  res t ing  p o t e n t i a l  o f  the  
f rog  o l fac tory  cells wou ld  be  in a r a n g e  be tween  - 6 5  
a n d  - 5 8  mV. INa avai lable  in this r ange  wou ld  be  t h e n  
e s t i m a t e d  to be  12-20% by us ing  the  s ingle  B o l t z m a n n  
f u n c t i o n  with m e a s u r e d  p a r a m e t e r s  (V half = - -82 mV, 
Kh = 12.2 mV, Pun  a n d  Ges te l and ,  1991). Since  the  
p e a k  a m p l i t u d e  o f  a fully ac t iva ted  Na  + c u r r e n t  was 

l a rge r  t han  500 p A  in f rog  o l fac tory  r e c e p t o r  cells (Pun  
a n d  Ges te land ,  1991), 12 -20% f rac t ion  prov ides  6 0 -  
100 p A  o f  inward  cu r ren t ,  which  w o u l d  be  suff ic ient  to 
g e n e r a t e  ac t ion  po ten t i a l s  in such  e lect r ica l ly  c o m p a c t  
cells. Thus ,  it  is h igh ly  l ikely tha t  INa loca t ed  at  the  cell  
body  o f  the  f rog  o l fac tory  cell  p rov ides  a s igni f icant  
c o n t r i b u t i o n  to the  spike  g e n e r a t i o n  in f rog  cells. 

Generation of  Action Potential 

All the  da ta  we o b t a i n e d  in the  p r e s e n t  s tudy s t rongly  
sugges t  tha t  the  ac t ion  po t en t i a l  o f  newt  o l fac tory  cells 
is g e n e r a t e d  by ac t iva t ion  o f  b o t h  N a  + a n d  T-type Ca 2+ 
channe l s .  I t  has  b e e n  shown by a c u r r e n t  c l a m p  exper i -  
m e n t  tha t  the  ac t ion  po t en t i a l  is n o t  a b o l i s h e d  by com-  
p le te  r emova l  o f  e x t e r n a l  N a  +. T h e  ac t ion  po t en t i a l  ini- 
t i a ted  by the  least  effective c u r r e n t  i n j ec t ion  was abol-  
i shed  by Ni 2+. T h e  act ivat ion vol tage  o f  ICa,T was a b o u t  
10 mV m o r e  negat ive  t han  tha t  o f  INa. F r o m  these  ob- 
servat ions  we c o n c l u d e  tha t  the  ICa.T con t r i bu t e s  to 
lower  the  t h r e s h o l d  o f  sp ike  g e n e r a t i o n  as has b e e n  
sugges ted  in o t h e r  n e u r o n s  (Ll inas  a n d  Yarom,  1981). 
In  newt  o l fac tory  r e c e p t o r  cells this effect  he lps  by ele- 
va t ing  the  sensitivity to odoran t s .  
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