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Summary. Olfactory receptor cells were isolated from the nasal 
mucosa ofRana esculenta and patch clamped. Best results were 
obtained with free-floating cells showing ciliary movement. 1) 
On-cell mode: Current records were obtained for up to 50 rain. 
Under control conditions they showed only occasional action 
potentials. The odorants cineole, amyl acetate and isobutyl 
methoxypyrazine were applied in saline by prolonged superfu- 
sion. At 500 nanomolar they elicited periodic bursts of current 
transients arising from cellular action" potentials. The response 
was rapidly, fully and reversibly blocked by 50 /xg amiloride 
added to the odorant solution. With 10 /x~ amiloride, the re- 
sponse to odorants was only partially abolished. 2) Whole-cell 
mode: Following breakage of the patch, the odorant response 
was lost within 5 to 15 min. Prior to this, odorants evoked a 
series of slow transient depolarizations (0.1/sec, 45 mV peak to 
peak) which reached threshold and thus elicited the periodic 
discharge of action potentials. These slow depolarizing waves 
were reversibly blocked by amiloride, which stabilized the mem- 
brane voltage between -80  and -90  inV. We conclude that amil- 
oride inhibits chemosensory transduction of olfactory receptor 
cells, probably by blocking inward current pathways which open 
in response to odorants. 
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Introduction 

T h e  n a s a l  m u c o s a  r e s p o n d s  to  o d o r a n t s  w i t h  an  in- 
wardly d i r e c t e d  s h o r t - c i r c u i t  c u r r e n t  w h i c h  d e p e n d s  
o n  t h e  p r e s e n c e  o f  N a  ions  in t h e  m u c o s a l  s o l u t i o n  
[65]. R e c e n t l y  it w a s  s h o w n  t h a t  pa r t  o f  t he  " c h e -  
m o s e n s o r y "  i n w a r d  c u r r e n t  is b l o c k e d  by  ami l -  

o r i d e ,  an  i n h i b i t o r  o f  s e v e r a l  N a - t r a n s p o r t  s y s t e m s .  
B a s e d  on  t h e s e  t r a n s e p i t h e l i a l  m e a s u r e m e n t s ,  it 

w a s  s u g g e s t e d  tha t  t h e  first  e l e c t r o g e n i c  r e s p o n s e  o f  
t h e  r e c e p t o r  ce l l s  to  o d o r a n t s  m a y  be  the  o p e n i n g  o f  
a m i l o r i d e - b l o c k a b l e  N a  c h a n n e l s  at  t he  ap i ca l  cel l  
p o l e  [56]. 

W e  r e p o r t  in i t ia l  p r o g r e s s  w i t h  p a t c h - c l a m p e d ,  
f r e e - f l o a t i n g  o l f a c t o r y  r e c e p t o r  ce l l s  i s o l a t e d  f r o m  
t h e  na sa l  m u c o s a  o f  t h e  f r o g  by  a spec i a l  p r o c e d u r e .  

O u r  p r o t o c o l  a p p e a r s  to  a l l o w  a m o r e  r e l i a b l e ' r e -  

s p o n s e  to  o d o r a n t s  t h a n  w a s  o b t a i n e d  p r e v i o u s l y  [3, 

20, 47, 66]. W e  f o u n d  tha t  a m i l o r i d e  d o e s  i n d e e d  
b l o c k  t h e  o d o r a n t - i n d u c e d  d e p o l a r i z a t i o n  o f  s ingle  

r e c e p t o r  ce l l s .  

Materials and Methods 

ISOLATION OF OLFACTORY RECEPTOR CELLS 

Frogs of the species R. ridibunda/esculenta were maintained at 
about 4~ in tap water. Animals were sacrificed by decapitation 
and pithing. The upper jaw was removed from the forehead and 
two frontal sections were cut through the head, isolating the 
major parts of the nasal cavities. The nasal cavities were opened 
and the mucosa constituting the dorsal and ventral lining was 
scraped free, tearing the axons of the primary olfactory neurons. 

The scrapings were collected into a hypertonic Ringer's 
solution (solution RS of Table 1, modified from ref. 20), where 
they remained for 10 min at room temperature. Then they were 
cut into pieces with an area of about 1 mm z which were placed 
into the Ca complexing medium of pH 10.3 (solution DS, modi- 
fied from ref. 38) for 45 rain at room temperature. This solution 
was freshly prepared directly before use [38]. At the end of this 
period, tissue dissociation was not yet noticeable. The pieces of 
mucosa were then portioned into 6 parts which were briefly 
washed with solution RS. Each part was stored in 1 ml of RS, to 
which 1% albumin was added, at 4~ for up to 6 hr. 

For experimental use, a portion was decanted and covered 
with 1 ml of solution RS (albumin-free, 4~ in which it was 
triturated gently 3-5 times with a fire-polished Pasteur pipette. 
Thereby, the pieces of epithelium released large amounts of sin- 
gle cells. Enzymes were not needed for cell dissociation and 
DNase was not needed for cleaning cell surfaces. The cell sus- 
pension obtained from one stored portion was partitioned into 
three experimental chambers and maintained at 4~ for up to 120 
rain. 

CHAMBERS, MICROSCOPY AND CHANGE 
OF SOLUTION 

For experimental chambers, standard glass slides, onto which a 
cured silicon ring of 1 mm thickness and 10 mm inner diameter 
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Table 1. Solutions used for cell isolation and for recording (in raM) 

RS DS NaP 
(Ringer 's)  (dissociation solution) ("high Na"  pipette-sol) 

NaCI 120 100 115 
N a O H  4 4 - -  
KCI 3 2.5 - -  
KOH - -  - -  4 
CaCI2 1 1 I 
MgC12 2 - -  3 
Na2CO3 --- 10 - -  
NaHCO3 - -  10 - -  
Na3-citrate - -  10 - -  
HEPES 10 - -  10 
EGTA - -  - -  
Albumin % - -  1 - -  

Glucose 5 - -  
Na-pyruva te  5 - -  
pH 7.4 10.3 7.4 
ATP - -  - -  
m O s m  250 254 229 

KP 
("high K"  pipette-sol) 

5 

115 
5 

3 

10 
I 

7.2 
5 

224 

was pressed,  were used [6]. For patch clamping, a chamber  con- 
taining the cell suspens ion  was placed on the stage of an inverted 
microscope  (Olympus  IMT2-F),  where  it warmed to room tem- 
perature.  The  preparat ion was viewed in t ransmit ted  light at a 
total magnification of  400• Numerous  rounded cells with long 
or short  cilia settled onto the bot tom of  the chamber ,  among 
them olfactory receptor  cells, recognized by their bipolar shape. 
As described by Anderson  and Hamil ton [3], a thin process  of  
variable length (the torn axon) was usual ly seen at one end of the 
olfactory cells, and a longer and thicker process  (the dendrite) 
with apical cilia, which exceeded 20 / zm in length, at the other  
end. 

Many receptor  cells a t tached to the glass bot tom of the 
chamber  and,  typically, did not  show ciliary movement .  Others  
were propelled through the solution by uncoordinate,  slow cili- 
ary m o v e m e n t  and,  apparent ly,  were thus kept from attaching to 
the glass. Cells were patched in solution RS. After  sealing the 
patch pipette to a cell membrane ,  the ceil was superfused with 
RS, using gravity feed and a suct ion pump (inverted aquar ium 
pump),  with a rate of  about  1 ml /min  at room temperature .  The 
suct ion outlet was placed such that the chamber  volume was 
reduced to about  100/*1. The result ing exchange  time was 10-20 
SeC. 

~ L E C T R I C A L  R E C O R D I N G  

The procedure  for patch clamping of cell membranes  closely 
followed the descript ion by Hamill et al, [31]. Patch pipettes 
were pulled from thick-walled borosilicate glass capillaries (Jen- 
cons Scientific Ltd. ,  Bedfordshire ,  UK;  outer  diameter  2 ram, 
inner diameter  1-1.25 mm) on a two-stage puller designed in the 
laboratory.  When  filled with solutions NaP or KP (Table 1), the 
tips had res is tances  of  about 7 M O h m  which were doubled by 
fire-polishing. 

The pipettes were mounted  at an angle of  35 ~ to the horizon- 
tal on a hydraulic 3-D manipula tor  (Narishige MOq03-R) .  Patch- 
clamp signals were recorded with an amplifier of  our  own design. 
The current- to-vol tage conver te r  was AD 515 with a feedback 

resistor of  1 G[I, f requency response  fiat to 2 kHz. The specified 
input-bias current  of  this operational amplifier is 0.3 pA. The 
pipette resis tance was not compensa ted .  Current  and voltage 
signals were digitized at 40 kHz (16 bits) with an audio-PCM 
processor  (Sony 501 ES, modified to pass  zero frequency) and 
stored on a video recorder.  Leakage current  was not subtracted.  
In the figures, cell membrane  depolarizations (whole-cell) and 
patch membrane  depolarizat ions (on-cell) are plotted upwards.  
Currents  out  of  the cell (out of  pipette for whole-cell and into 
pipette for on-cell) are also plotted upwards .  

S O L U T I O N S  A N D  R E A G E N ] S  

The solutions for t issue dissociation,  supeffus ion of cells and 
filling of  patch pipettes are specified in Table I. Osmolarit ies 
were measured  with a vapor  pressure  osmomete r  (Wescor  
5100C). The  odorants  used were those which Persaud et al. [56] 
reported to st imulate the chemosenso ry  inward current  of  the 
frog olfactory mucosa ,  i.e. 1,8-cineole (eucalyptol (minty)), 
n-amyl acetate  (fruity) and 2- isobutyl-3-methoxypyrazine (bell 
pepper). A 1 mM stock solution was prepared with methanol .  We 
used either 1,8-cineole alone or the three odorants  together  at a 
final concentra t ion  of 500 nM in solution RS. This concentrat ion 
gave good responses  even though it was somewhat  smaller than 
the cineole threshold (1 /.oN) of ref. [56]. The final methanol  
concentra t ion  was 0.05%. Odorants ,  ATP and GTP were ob- 
tained from Sigma. Amiloride (3,5-diamino-6-chloro-N(diamino- 
methylene)pyraz ine  carboxamide)  was a gift from Sharp & 
Dhome GmbH,  FRG. 

Molar water /a i r  partition coefficients of  odorants  were 
roughly es t imated  as the ratio of  sa turat ion-concentrat ions  [70] 
in water  and gas phase ,  disregarding properties of  nonideal solu- 
tions and binding to molecules  in the mucus .  The equilibrium 
vapor pressure  of  cineole is 1.5 m m  Hg at 20~ [64, 70], which 
cor responds  to a saturat ion concentra t ion of  82 /zM in the gas 
phase.  The solubility in water  is about  18 m g ,  the water/air  
partition coefficient (18/0.082), therefore,  near 200 at equilib- 
rium. The measu red  value is near  280 [.2]. For n-amyl acetate 
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Table 2. Properties of isolated receptor cells 
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Type I I1 Ill IV V 

Ciliary movement yes yes yes yes no 
(attached) 

Resting pot. [mV] -90 -90 not -90  -40 to 
stable or not stable -90 

Spont. transient depolarization small large irregular occasional 
irreg, regular fluctuations -90 to -40 no 
bumps waves -60 to -40 

Spont. action pot. yes yes yes yes no 

Response to odorants yes no no no no 

Response to amiloride yes no no no 

(vapor pressure 2.95 mm Hg at 20~ (i.e. 160/xM), solubility 14 
mM [58, 68]) the water/air partition coefficient is in the order of 
80 [37]. The coefficients 200 (cineole) and 80 (amyl acetate) were 
used to convert gas concentrations to those in water (Table 3). 

Results 

SELECTION OF COMPETENT RECEPTOR CELLS 

Of the isolated olfactory cells, many attached to the 
glass bottom of the chamber. It was not difficult to 
seal pipettes to the membrane of these cells [3, 20, 
47]. On breaking the patch, the resting membrane 
voltage was found to be in the range -40 to -90 
mV, and the cell resistance of the order of 2 GfL 
However, an attached cell either had no apical cilia 
or lacked ciliary movement, and did not show spon- 
taneous transient depolarizations. While action po- 
tentials could be elicited by passing depolarizing 
current pulses through the cell, there was typically 
no response to odorants (cell type V of Table 2). 

Receptor cells with spontaneously beating cilia 
were usually found to move slowly through the 
chamber. Initially it was difficult to patch onto these 
cells, but with practice the success rate reached 
90%. The membrane surrounding the soma was 
usually patched. Seal resistances were of the order 
of 20 to 40 GII. Uncoordinate ciliary movement 
continued during on-cell recording and caused a 
slow, irregular motion of the cell body but did not 
usually break the seal. Following breakage of the 
patch, which sometimes occurred spontaneously, in 
other cases by application of a brief pulse of re- 
duced pressure to the pipette, membrane voltage 
was close to -90 mV if stable, and cell resistance 5- 
6 GfL Auto-mobile cells were grouped according to 
the type of potential change which spontaneously 

occurred under whole-cell current-clamp conditions 
(see Table 2 and Fig. 1). Since only cells of type I 
responded to the odorants used, we focussed on the 
properties of these cells. Further discussion will be 
limited to this type. Records were obtained from 98 
receptor cells in total. 

ON-CELL CHANNEL ACTIVITY 

On sealing pipettes to the surface of receptor cells, 
stable recording conditions could be maintained for 
30 to 50 min. Single-channel currents were often 
observed. Most often these were due to K channels 
of 60 and 30 pS slope conductance. Occasionally a 
K channel of 21 pS slope conductance was found. 
In addition, fast biphasic current transients were 
noted to pass the patch at irregular intervals (Fig. 
2). Their initial cell-outward current component 
lasted about 4 msec, followed by a somewhat 
slower inward transient. There was an increase in 
high-frequency noise which began with the rising 
phase of the outward current and lasted for most of 
the inward current (Fig. 2A). When the transient 
occurred while a channel was open in the patch, the 
initial transient current component had an ampli- 
tude of 6-10 pA, otherwise it was smaller. As ob- 
served by others, such on-cell transients are due to 
cellular action potentials [16, 17, 47, 59]. Figure 2 
shows that the transients were also biphasic when 
the pipette contained only 5 mM Na or when the 
voltage across the patch was apparently close to the 
K equilibrium potential. The late, inwardly directed 
component of these current transients cannot be 
due to mere capacitive and conductive properties of 
the patch. Fenwick et al. attributed it to Ca-acti- 
vated channels in the patch membrane [17]. 

Under special conditions, cellular action poten- 
tials could be triggered through the patch: with a 
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Fig, 1. Whole-cell voltage records from isolated olfactory recep- 
tor cells showing the different kinds of spontaneous depolariza- 
tion which characterize the cell types I to IV of Table 1. Pipette 
solution: KP. Bath: Ringer's (RS) without added odorants. The 
cells were ciliated, moving until patched and fired action poten- 
tials in response to injected current. Therefore, type I to IV will 
belong to the second class of cells (mature receptor cells) as 
defined by Masukawa et al. [44]. The records shown were ob- 
tained in the first 5 min after patch breakthrough. They represent 
steady states of basal activity observed for 10 to 25 min. Action 
potentials appear as upwardly directed spikes. The mean spike 
rates are I: 0.16; II: 0.12; III: 0.68; IV: 0.0/sec. The periodic 
depolarizations of type ii (0.1/sec) resembled those of type I in 
the odorant-stimulated state (see Figs. 4 and 5). Thus in type lI- 
cells the generator potential mechanism may be uncoupled from 
the receptor mechanism. Amiloride had no effect on the "slow 
waves" of type-II cells 
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Fig .  2 .  On-cell current records. (A) Biphasic transients of patch 
current due to spontaneous cellular action potentials. Current 
from cell to pipette is plotted upwards. Pipette solution NaP, 
pipette potential clamped to 0 mV, bath solution NaR. During 
the current transient an increase in high-frequency noise, begin- 
ning with the upstroke, was seen with and without odorants 
added to the bath solution. (B) Pipette solution KP, pipette volt- 
age +80 mV, bath solution RS without added odorants. Opening 
of a K channel (21 pS slope conductance) caused current flow 
from pipette to cell (downward deflection by 2.2 pA). Thereby 
the cell was depolarized and fired an action potential which 
drove a fast transient current (arrows) through the patch. The 
last record shows a biphasic transient recorded while the K chan- 
nel was closed 

high K solution (KP) in the pipette and the pipette 
voltage clamped to +80 mV, the opening of one K 
channel caused enough current flow into the cell 
(2.2 pA in Fig. 2) to depolarize the cell membrane to 
threshold. The phenomenon was observed previ- 
ously [47, 66] and requires a slope resistance of the 
resting cell membrane in the 5-10 G~ range. A sim- 
ilar sensitivity to injected current was reported by 
others [16, 20, 33, 47]. 

GRADUAL LOSS OF RESPONSE TO ODORANTS 

Shortly after breaking the patch, type 1 cells re- 
sponded to superfusion of odorants with slow peri- 
odic depolarizations and by firing action potentials 
at an increased rate (typically in bursts), as will be 
described below. This response reversed when 
odorants were washed out. However, the respon- 
siveness to odorants was typically lost 5 to 15 min 
after breaking the patch. Ciliary beating stopped at 
about the same time and the cell seemed to convert 
from type I to type IV. This decline in physiological 

function was possibly due to diffusional loss 
("wash-out") of cytosolic solutes into the pipette 
compartment [1, 19, 47, 66]. Inclusion of ATP (5 
mM) and GTP (1 mm) in the pipette solution did not 
improve the situation. Therefore the response to 
odorants was first studied without opening the cel- 
lular compartment, i.e. in the on-cell mode. 

ON-CELL CURRENT RESPONSE TO ODORANTS 

Patch pipettes filled with the high-Na solution (NaP 
of Table 1) were sealed onto moving receptor cells. 
The pipette potential was clamped to zero and the 
patch current recorded. It will be appreciated that 
under these conditions, and with cell potentials 
close to -90 mV, any current through K channels 
present in the patch was close to zero. Indeed, the 
resulting current trace did not show any open/close 
events. However, transient patch currents due to 
cellular action potentials were noted at irregular in- 
tervals. 

With unstimulated cells, spontaneous action 
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Fig. 3. Response of one isolated, free-floating receptor cell to 
odorants and amiloride. On-cell current record. A mixture of the 
three odorants (OD, each 500 nM in RS) and, where indicated, 
amiloride (A, 50 /~M) was applied to the cell by superfusion. 
Pipette solution NaP, pipette potential clamped to zero. The 
uppermost and lowest trace show basal activity (BA) in the ab- 
sence of added odorants. Mean spike rate 0.24 and 0.16/sec. OD: 
Odorant-evoked periodic discharge of action potentials began 1 
rain after starting the slow supeffusion. Mean spike rate 1.5, 
burst repetition 0.12, mean intra-burst spike rate 5.6/sec, mean 
burst duration 2.3 sec. This was observed for 6 min, then the 
amiloride solution reached the cell. The inhibition by amiloride 
was observed for 4 min, the subsequent reactivation following 
washout of amiloride for 3 rain. Odorant-washout took 1 rain 
and, after 6 rain, the whole experiment could be repeated (not 
shown) 

potentials occurred in groups of 2 to 5. Their mean 
rate was less than 0.3/sec (basal activity). While 
superfusing a cell with odorants, the burst duration 
and the burst repetition frequency increased (Fig. 
3). The mean spike rate increased to 1.5/sec. This 
response was observed with a mixture of the three 
odorants (each at 500 riM) and also with 500 nM of 
cineole alone. On changing to a superfundate which 
in addition to the odorants contained 50/zM amil- 
oride, the spike rate decreased rapidly to 0.1/sec. 
With 10 ~M amiloride the inhibition was smaller but 
still noticeable (not shown). The blocking effect of 
amiloride and the stimulating effect of odorants 
were fully reversible (Fig. 3). 

O N - C E L L  VOLTAGE RESPONSE TO ODORANTS 

We attempted to record changes in cell voltage, 
without disrupting the continuity of the cell mem- 
brane, by the following procedure: Pipettes were 

filled with the high K solution (KP of Table 1), 
which, following eventual breakthrough of the 
patch, allows the establishment of membrane volt- 
age in the presence of the standard gradients of Na 
and K. After sealing the tip to the surface of a free- 
floating receptor cell, the pipette voltage, recorded 
in the current-clamp mode, was in the range -80  to 
-90  inV. It showed slow waves of transient depo- 
larizations as expected (from the previous whole- 
cell recordings, see Fig. 1) of type I cells. Appar- 
ently, the membrane patch was leaky enough to 
transmit not only fast current transients arising 
from cellular action potentials (see above), but also 
a signal resembling the low-frequency profile of in- 
tracellular voltage to the pipette. Similar conductive 
properties of the patch were reported for other cells 
[29]. They depend on a surprising leakiness of the 
patch membrane which can be much larger than ex- 
pected from a phospholipid bilayer [21]. In our ex- 
periments the absolute values of the on-cell voltage 
signal contained an offset of about -10  mV, as 
shown by subsequent whole-cell recordings. The 
offset may in part have been due to the input-bias 
current (0.3 pA) of the front-end current-to-voltage 
converter connected to a patch resistance of more 
than 20 G(Z. This, however, was not a serious prob- 
lem because a better estimate of the membrane volt- 
age could later be obtained by breaking the patch. 

In the presence of odorants added to the super- 
fundate (Fig. 4, OD), the slow depolarizing waves 
became larger and more sinusoidal and now resem- 
bled the pattern of type II cells. The duration of one 
depolarizing halfcycle was about 6 sec, the period 
close to 0.11/sec. The patch current showed peri- 
odic discharges of fast transients which coincided 
with the depolarizing phases of the voltage waves. 
On adding 50/xM amiloride to the odorant solution, 
voltage waves and periodic discharges were abol- 
ished (Fig. 4, center). The periodic electrical activ- 
ity reappeared at 0.11/sec when amiloride was 
washed out. In the case of Fig. 4, removal of amil- 
pride left the cell more active than it was prior to 
amiloride. This, however, was not a typical obser- 
vation. Adaptation to the stimulus or run-down of 
the odorant response was not seen during on-cell 
recordings. 

W H O L E - C E L L  RECORDINGS 

In the experiment of Fig. 4 basal electrical activity 
(type I) resumed when odorants were washed out 13 
rain after establishing the seal. The patch was then 
broken and basal activity observed in the whole-cell 
configuration (Fig. 5, BA). It consisted of slow "tri- 
angular" depolarizations (0.08/sec) which elicited 
action potentials near -60  inV. Superfusion with 
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Fig. 4. On-cell record from an isolated receptor cell (Type 1, 
which was moving prior to being patched) with a pipette filled 
with a solution of high K concentration (KP). With the mean 
pipette-current clamped to zero pA (current-clamp mode), the 
current (but not the voltage) record shows fast transients due to 
cellular action potentials. In the presence of odorants they occur 
in bursts. Mean spike rate 1.8, burst repetition 0.12, intra-burst 
spike rate 10.1/sec, mean burst duration 1.5 sec. The simulta- 
neous voltage record (above) shows the much slower changes of 
the cellular membrane potential, as recorded through the patch. 
When the cell was superfused with 50/~M amiloride (A), added to 
the odorant mixture (OD, 500 nm), the regular waves of sponta- 
neous depolarization were abolished. Thus membrane voltage 
remained more negative than threshold and the firing of action 
potentials stopped. On washing out amiloride, periodic discharg- 
ing resumed and now was stronger than prior to inhibition by 
amiloride: the slow waves were broader, increasing the burst 
duration threefold. Mean spike rate 3.1, burst repetition 0.1, in- 
tra-burst spike rate 7.6/sec, burst duration 4.4 sec. Each of the 
traces shown represents a steady state of at least 3 min. Eleven 
minutes after start of the record, odorants were washed out, the 
patch broken and whole-cell recording conditions established 
(see Fig. 5) 
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Fig. 5. Whole-cell record of the cell from which Fig. 4 was first 
obtained, Current-clamp mode. Action potentials are seen as fast 
transients on the voltage trace and (due to frequency limitations 
of the clamp circuit) also on the current trace (shown below). 
BA: basal activity in the absence of added odorants (recorded for 
3 rain); mean spike rate 0.18/sec. OD: odorants (mixture in RS, 
500 nM each; recorded for 3 mini. The repetition rate of bursts 
(0. I 1/sec) is comparable to that of Fig. 4, but the burst duration is 
shorter (run-down). Mean spike rate 0.15/sec. The lower two 
records are continuous, the bottom record showing the time 
course of inhibition by 50 y,M amiloride (A) in the superfundate 
(added to the odorant solution) 

During prolonged whole-cell recording, the re- 
sponse to odorants  tended to be lost, as mentioned 
above. Before the loss became complete,  the repeti- 
tion rate of the slow depolarizing waves decreased 
while the amplitude of these waves was unchanged 
(Fig. 6). Amiioride was still effective in this state. 

odorants  changed the pattern to more sinusoidal 
waves (0.11/sec, 45 mV peak to peak). Action po- 
tentials were fired during the depolarizing phase, 
but the burst duration was less than during on-cell 
recording. Addition of 50/XM amiloride to the super- 
fundate containing odorants arrested the membrane 
voltage near - 8 5  mV, inhibiting the periodic ac- 
tivity. 

In Fig. 5, not only the response to odorants, but 
also the basal activity, was abolished by amiloride. 
This, however, was only observed when the basal 
activity was relatively high. (A high basal activity 
could be due to the presence of odorants in the 
"odorant-free" solutions, or to partial "uncou- 
pling" of receptor mechanisms from the depolariz- 
ing channel activity, resulting, for instance, from an 
inwardly directed leak current.) Several cells had 
negligible basal activity but responded to added 
odorants. In these cases, amiloride had no effect 
without added odorants. 

Discussion 

ODORANT DETECTION 

Odorants dissolve in the nasal mucus, where they 
are expected to interact chemically with binding 
sites at the apical cilia of receptor cells (reviewed in 
26, 40). The binding may either open ion-conducting 
channels directly [39], or cause indirectly through 
G-proteins [4] and adenylate cyclase [54, 63] the 
generation of cyclic nucleotides [48, 49] which, in 
turn, open ciliary channels [50]. It is interesting that 
the odorant isobutyl methoxypyrazine was found to 
evoke both the direct and indirect response, of 
which the first appeared to be the more sensitive 
one [39, 63]. The induced inward currents passing 
ciliary channels and perhaps also somal channels 
will cause depolarization ("receptor potential") and 
thus evoke action potentials which are conducted to 
the olfactory bulb. The study of odorant reception 
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Fig. 6. Whole-cell record obtained in the current-clamp mode 15 
rain after breaking the patch. The type I-cell was supeffused with 
RS containing 500 nM cineole as odorant (OD). Pipette filled with 
KP. The run-down phenomenon had decreased burst duration 
and the repetition rate of spontaneous depolarizations, but the 
amplitude of the spontaneous depolarizations remained in the 
order of 55 inV. Action potentials are upward-directed spikes 
reaching -15  inV. During depolarizations the current noise in- 
creased due to voltage-dependent activation of K channels. Cell- 
to-bath current is plotted upwards. Action currents were clipped 

at the level of single cells is hampered by the fact 
that after isolation the receptor cells tend to have a 
very poor response to odorants. 

CELL PREPARATION 

tern, but somewhat smaller than the threshold con- 
centrations for activation of the adenylate cyclase 
preparations and for stimulation of the transmuco- 
sal short-circuit current. This is not surprising be- 
cause the enzyme assay and the short-circuit cur- 
rent across the mucosa will average properties of 
highly responsive and poorly responsive cells, 
while single-cell recordings allow to determine the 
threshold of sensitive cells per  se. Probably for a 
similar reason the threshold concentrations deter- 
mined from the integrated olfactory nerve response 
of the tortoise [68] are about 100-fold larger than 
those of the most sensitive single olfactory units 
[45]. For the latter, values of about 1 nM (in water) 
were specified (e.g. 24) or can be calculated from 
the air thresholds [45]. While the threshold concen- 
trations for stimulation of single neuroblastoma 
cells, Nite l la  and melanocytes [35, 36, 41, 69] are 
considerably larger than those for stimulation of pri- 
mary olfactory neurons, only nanomolar concentra- 
tions are needed to directly activate single odorant- 
sensitive channels from olfactory cilia [39]. 

Previous patch-clamp studies, to avoid receptor 
cell adaptation, used "puffs" of odorants in solu- 
tion; the resulting odorant concentrations in the sa- 
line were not easily specified [3, 47, 66]. 

The features which we consider important in the 
isolation of olfactory receptor cells are slight hyper- 
tonicity [12, 20], avoidance of EGTA by Ca com- 
plexing with 10 mM citrate at pH 10.3 for 45 min 
only [38], use of hypertonicity with 1% albumin for 
storage prior to trituration as well as cell dissocia- 
tion by trituration no longer than 2 hr before use [3, 
38]. While none of these features is novel, we found 
that their combination is quite effective. In addi- 
tion, as pointed out by Trotier [66], the recording 
from free-floating cells having moving cilia is possi- 
ble. When combined with the procedure detailed 
above, it gives a good yield of odor-competent re- 
ceptor cells. For chemical stimulation, it is helpful 
to avoid attachment of cilia to the chamber, to con- 
centrate on cells with a type I voltage pattern and to 
observe the "washout"  time. 

ODORANT CONCENTRATION 

The odorants which we used are known to elicit on- 
responses of olfactory cells in many species of ver- 
tebrates, and to activate the adenylate cyclase of 
olfactory cilia. Part of the information available is 
summarized in Table 3. The supra-threshold con- 
centrations of odorants used in this study (500 nM 
in saline) are seen to be larger than the threshold 
concentrations specified for the intact olfactory sys- 

VOLTAGE RESPONSE TO ODORANTS 

The low odorant specificity of olfactory cells (e.g. 
45, 57) may explain, why quite a number of isolated 
receptor cells responded to our cocktail of three 
odorants, or even to cineole alone. The response to 
a maintained exposure to odorants was an increase 
in the rate of action potentials. At the odorant con- 
centration used, the action potentials were typically 
grouped into bursts (on-cell recordings). Except for 
bursting, there was no indication of adaptation. Oc- 
casional bursts of 3 or more spikes were also seen 
by Maue and Dionne in their work with isolated 
cells [46, 47], but results obtained from the intact 
mucosa (reviewed in ref. 25) indicate this phenome- 
non rather infrequently. Getchell and Shepherd [27, 
28] report only rare cases of "waning and then re- 
covery of impulse frequency" during a pulse of 
odorants. Gesteland et al. apparently observed syn- 
chronized bursting in response to cigarette smoke 
[23], and some published spike sequences show 
bursting (e.g. Fig. 2B of ref. 52, Fig. 4 of ref. 57, 
Fig. 2A of ref. 61). In few cases was bursting dis- 
cussed (e.g. 14, 57). 

The repetitive bursting with a constant stimulus 
became understandable from simultaneous voltage 
recordings (on-cell and whole-cell): the response to 
odorants was not a maintained depolarization but 



240 S, Frings and B. Lindemann: Blockage of Odorant Response by Amiloride 

Table 3. Concentration dependence  of responses  to some odorants 

Preparation Odorant Delivery Concentr. Concentr. Reference 
in air in water 

Tortoise 
int. nerve A M A  puff up - -  14 /xM-14 mM 68 

to 1 min 
int. nerve A M A  " 0 . 1 6 - 1 . 6 / x u  13-130 /zM 

th 1.6 nM th 130 nM 68 

s. neur. act. CIN puff 0.03--0.8 /ZM 6--160 ~zg 

�9 . A M A  " 0 .0 5 -1 .6 /x M 4 -1 3 0  ]J,M 

th 16 pM th 1.3 nM 45 

4 - 4 0  /,t,M 0 . 8 - 8  mM 57, 62 

- -  500 nM this study 

R.  ridibun.  

s. neur. act. CIN puff  

isot. receptor cell  C I N  cont. 

R.  ca tesbe i ,  puff  of 
oil. bulb  A M A  minu t e s  - -  50--1000 ]J,M 35 

transmucosal SCC C I N  cont .  - -  [--500 /d,M 

A M A  - -  10-100 bl, M 

i B M P  " - -  20-1000/ / ,M 56 

R. ridibun.  

adenyl . -cyc lase  CIN cont. - -  th 2.5 /xM 

A M A  " - -  54 

R.  ca tesbe i .  C I N  cont .  - -  th I ~M 

adenyl . -cyclase  I A M A  - -  " 

[ B M P  - -  63 

Neuroblastoma C1N cont .  - -  th 120 /xM 36 

(N-18) A M A  - -  th 300 ~M 35 

Nite l la  ~AMA cont .  - -  th 1 mM 69 

int. nerve: integrated nerve response;  s. neur .  act.: single neuron activity; SCC: short-circuit current; 
C I N :  1,8-cineole;  A M A :  n - a m y l  ace t a t e ;  I A M A ;  iso-amyl acetate; IBMP: isobutyl methoxypyrazine;  
odorants were  delivered as a puff (in air or in solution) or continuously (in solution). For comparison,  
air concentrations were  converted (see Materials and Methods) into equilibrium concentrations in 

water (not in mucus).  However ,  air-mucus equilibrium may not always have been reached when short 
puffs were  used. Where concentrations in air are not given, odorants were delivered in solution; th: 
estimated concentration threshold (where several thresholds were observed with different cells,  the  

lowest  is quo ted ) .  

the appearance of slow cyclic voltage changes 
which gave rise to the bursts of action potentials 
during the later part of their depolarizing phase. The 
slow oscillations may be related to the slowly fluc- 
tuating components ("waxing and waning") occur- 
ring in the electro-olfactogram at high stimulus con- 
centrations (reviewed in 25 and 53). 

In olfactory receptor cells, such repetitive 
waves were not previously observed, probably be- 
cause odorants were mostly applied in brief"puffs" 
of unknown time course. Only a single depolarizing 
transient was then seen per "puff' [3, 66], and it 
may have been easy to overlook the possibility that 
the hyperpolarizing phase of the transient was due 
to a mechanism other than the decline of the odor- 
ant concentration. The nonrepetitive depolarizing 
transients observed by Anderson and Hamilton re- 
quired the passage of hyperpolarizing inward cur- 
rent to obtain odorant-evoked action potentials [3]. 

Bursting, based on slow voltage waves, is a 
well-known feature of pacemaker neurons [10, 15, 
30, 32], but is also shown by many other cells, like 
cold-receptors of the skin [11], some types of 
smooth muscle cell [9] and insulinzsecreting B-cells 
[5, 59]. Furthermore, fibroblasts show slow voltage 
oscillations [71] and cochlear hair-cells fast voltage 
oscillations [19], whose origin seems related to that 
of pacemaker potentials. 

In many of these cases the depolarization itself, 
or the action potentials which it evokes, triggers 
inflow of Ca through voltage-activated Ca channels. 
The resulting rise in cytosolic Ca activates Ca-de- 
pendent K channels, thus inducing the delayed re- 
polarization which terminates Ca inflow. Then the 
cytosolic Ca concentration decreases again, and the 
concomitant closure of K channels permits the on- 
set of the next depolarizing phase. 

Both Ca inward currents and Ca-activated K 
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outward currents have been observed in olfactory 
cells in patch-clamp experiments [20, 47, 66]. They 
may play a role in the repolarizing phase of slow 
waves [66]. While equilibration of the cytosol with 
the pipette and diffusion of EGTA into the cell will 
have limited excursions of cytosolic Ca transients 
[1, 18, 59], the slow waves were nevertheless ob- 
served for minutes in whole-cell experiments. How- 
ever, we used small-tipped pipettes and patched at a 
location of the elongated cells which may be remote 
from the sites of Ca inflow. Yet, blockage of puta- 
tive Ca pathways by exposure to 2 mM Co (compare 
66) had no effect on the slow waves. Thus the role 
of Ca transport in the generation of slow waves re- 
quires further investigation. 

Bursting and oscillations in the systems men- 
tioned above differ in the way in which the depolar- 
ization is brought about. It is likely that in the case 
of olfactory cells the depolarizing phase of the slow 
waves and the depolarizing phase of the "receptor 
potential," which is recorded as a single transient 
depolarization following a short pulse of odorants 
[3, 67], have the same origin. Since the depolariza- 
tion is based on an increase in conductance [47, 67], 
it will be due to the activation of one or more types 
of odor-induced inward currents (even though it 
may be accompanied by a decrease in Ca-activated 
K outward currents). 

AMILOR1DE 

The classical Na channel of apical epithelial mem- 
branes, which in the toad urinary bladder is about 
1000-fold more permeable to Na than to K [55], is 
blocked by amiloride with a (microscopic) inhibition 
constant -<-0.4 /XM [42, 43, 60]. The Na/H-ex- 
changer is blocked by amiloride with an inhibition 
constant of 25 /xM and by the ring-modified analog 
5-N-ethylisopropylamiloride (EIA) with an inhibi- 
tion constant of 30 nM [22]. Some other Na trans- 
port systems are inhibited by amiloride not at all or 
only with very low efficacy [22]. For instance, the 
Na/Ca-exchanger is blocked with an apparent inhi- 
bition constant of 1-2 mM [34]. However, the side- 
chain modified analog 3',4'-dichlorobenzamil 
(DCPA) inhibits Na/Ca-exchange with an apparent 
inhibition constant in the range 15-50/xM [34, 51]. 

An amiloride-blockable cationic inward current 
was recently found for isolated taste receptor cells 
[7]. This current does not discriminate well between 
Na and K, such that its reversal potential is close to 
0 inV. However, its amiloride sensitivity is much 
larger than that of the olfactory current, the appar- 
ent inhibition constant being as low as 0.3/XM. The 
dark-current of vertebrate photoreceptor cells (rod 

outer segments) is blocked by the amiloride analog 
DCPA (apparent inhibition constant 1 /xM). How- 
ever, this compound appears to block the cGMP- 
activated channels from the cytosolic side of the 
membrane [51]. It is not known whether the dark- 
current is affected by amiloride itself. 

In olfactory receptor cells, 50 /XM of amiloride 
caused a rapid, complete and reversible suppres- 
sion of the odorant-evoked depolarizations, by 
locking the membrane potential to values near - 80  
inV. Amiloride had no effect on type I-cells in the 
absence of odorants. Similarly, amiloride affects 
the electro-olfactogram only in the presence of 
odorants [56]. This seems to indicate a blockage of 
an odorant-induced effect by amiloride. For in- 
stance, amiloride might bind to odorant receptors as 
a competitive antagonist. However, it is not obvi- 
ous why amiloride, which is a pyrazine, should 
block the effects of such diverse compounds as cin- 
cole, amyl acetate and isobutyl methoxypyrazine 
(see 56). It seems more likely that amiloride blocks 
an odorant-induced inward current. It is notewor- 
thy that the reversal potential reported for this cur- 
rent is near 0 mV for standard ionic gradients [3, 50, 
66]. Thus, if the induced inward current is due to 
amiloride-blockable channels, the Na specificity 
of these channels and their sensitivity to amiloride 
is smaller than in the epithelial-type Na channel 
(e.g. 60). 

In the olfactory mucosa, blockage of the trans- 
mucosal short-circuit current by mucosal amiloride 
suggests that the putative amiloride-blockable chan- 
nels are located at the apical membrane. However, 
in isolated cells the channels will, perhaps, also be 
found on the somal membrane, since cases are 
known where the opening of tight junctions during 
cell isolation allows the spread of apical membrane 
proteins over the cell surface [8, 13, 72]. This may 
explain why odorant-induced inward currents were 
found in on-cell membrane patches of dendrite and 
soma [47] and cAMP-induced inward currents in 
excised somal patches of isolated cells [50]. (How- 
ever, part of the cAMP-sensitive channel popula- 
tion could well serve a physiological function in the 
basolateral membrane.) Thus blockability by amil- 
oride may allow easy recognition of the odorant- 
induced current in the future. 

Conclusion 

We observed a cyclic voltage response of isolated 
receptor cells to odorants. During prolonged expo- 
sure to 500 nM cineole, the depolarization lasted 
only 5-10 sec. It was terminated by an extensive 
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repolarization (possibly induced by Ca inflow). It 
appears that subsequent removal of the hyperpo- 
larizing mechanism, in the face of continued inward 
current, allows initiation of the next depolariza- 
tion/hyperpolarization cycle. The resulting "slow 
waves" of membrane potential generated a bursting 
pattern of action potentials. Bursting patterns are 
also known from some recordings of single unit ac- 
tivity in the intact olfactory mucosa; their signifi- 
cance is not clear. 

Amiloride (50/xM) prevented the depolarization 
elicited by 500 nM of cineole, locking the membrane 
potential to high negative values. This inhibition is 
probably due to blockage of the odorant-induced 
inward current, but other mechanisms still are to be 
excluded. Future work also needs to address the 
nature of the.induced inward current(s) and of the 
hyperpolarizing mechanism. 
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