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Transmembrane Currents in Frog Olfactory Cilia 
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Summary .  We have measured  t r ansmembrane  currents  in intact 
single cilia from frog olfactory receptor  neurons .  A single cilium 
on a neuron was sucked into a patch pipette, and a high-resistance 
seal was formed near  the base of the cilium. Action potentials 
could be induced by applying suct ion or a voltage ramp to the 
ciliary membrane .  A transient  current  was seen in some cells on 
st imulation with odorants .  After  excision from the cell, most  of  
the cilia showed increased conductance  in a bath containing 
cAMP,  indicating that the cytoplasmic face of the ciliary mem-  
brane was accessible  to the bath. The est imated resistance of a 
single cilium was surprisingly low. 
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Introduction 

When odorants are applied to the olfactory epithe- 
lium, the mucosal surface develops a transient nega- 
tive potential. Ottoson [20J concluded that this is a 
result of a receptor current which flows into the 
olfactory neurons. Intracellular studies of single ol- 
factory neurons have confirmed the existence of an 
inward current when the neurons are stimulated with 
odorants [2, 3, 6, 8, 10, 14, 17, 25, 26, 28]. In some 
cases the resulting depolarization is sufficient to in- 
duce action potentials [2, 3, 8, 10, 25, 28]. 

In the frog, the transepithelial potential is ahnost 
entirely due to odorant-induced changes in the cilia 
of the receptor neurons [1]. Although the odorant- 
induced current has been demonstrated in isolated 
neurons, it has not yet been possible to indepen- 
dently measure the ciliary contributions to this cur- 
rent. It has been shown that odorants are most effec- 
tive when delivered to the apical end of the cell [5, 
14, 16], where the cilia reside. A cAMP-induced 
conductance change has been found in inside-out 
membrane patches excised from toad olfactory cilia 
[19] and in artificial bilayers derived from rat olfac- 
tory epithelium [31]. Many odorants activate an ade- 
nylate cyclase in membranes prepared from olfac- 
tory cilia [21, 23, 24J, and it is presumed that the 
cAMP formed acts to increase the ciliary condue- 

tance and produce the receptor current (for a recent 
review s e e  ref. [27]). Channels directly gated by 
odorants have also been found in planar lipid bi- 
layers derived from rat olfactory epithelial homoge- 
nate [30] or bullfrog olfactory cilia [15]. 

Recently loose-patch recording of olfactory cilia 
was used to measure action potentials in olfactory 
epithelia [9]. We report the first tight-seat patch- 
clamp recordings of olfactory cilia. Recording from 
a cilium attached to an isolated neuron, we measured 
a receptor current in response to odorants. Injection 
of current through the ciliary membrane evoked ac- 
tion potentials. After excision from the cell, the cilia 
showed the cAMP-induced conductance originally 
reported in patches of ciliary membrane [19]. The 
resting resistance of the excised cilia was lower than 
expected. The ciliary patch procedure we describe 
should allow a complete description of the ciliary 
conductance properties both at rest and during exci- 
tation by odorants. 

A preliminary report of this work has appeared 
[131. 

Materials and Methods 

C E L L  S U S P E N S I O N S  

Northern  grass flogs (Rana pipiens) were decapitated and pithed. 
The dorsal and ventral olfactory mucosae ,  a t tached to the adja- 
cent  cartilage, were removed and placed in extracellular medium 
(115 mN NaCI, 3 mM KCI, l mM CaCI z, 2 mM MgCI2, 5 mM 
NaHEPES ,  pH 7.2). One of the mucosae  was peeled away from 
the cartilage, and loose debris on the mucosa l  surface was re- 
moved.  In a well containing 0.3 ml of  extracellular medium,  the 
mucosa  was stretched and torn with two pairs & f o r c e p s  and then 
placed under  a 12-mm diameter  cover  glass. The cover  glass was 
gently pressed onto the t issue several  t imes to promote  dissocia- 
tion. Tbe resulting suspens ion  was transferred once by Pas teur  
pipette to a test  tube, where medium was added to a final vo lume 
of  1 ml. The cell suspens ion  was s tored on ice and used for up to 
8 hr. 
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CILIARY PATCH TECHNIQUE 

Micropipettes were pulled in two stages on a Kopf 700D vertical 
puller from Fisher blue-tipped microhematocrit capillaries (soda- 
lime glass, o.d. 1.5 mm, i.d. 1.1 mm). Pipettes were used without 
coating or fire polishing. Those used to transfer cells were pulled 
to a tip diameter of 50/,m, those for stimulus delivery to 1/xm, 
and those used to isolate the cilia to about 0.5/,m. (In the last 
case, this is an estimate based on a bubble number of 3.4 [18].) 
Pipettes were filled with the extracellular medium. All solutions 
were filtered through Nuclepore polycarbonate membranes of 
0.2-/xm pore size. 

Manipulations were done under phase-contrast microscopy 
at 600 • magnification using a Nikon Diaphot inverted micro- 
scope and Narishige MO-103M hydraulic micromanipulators. A 
neuron or small cluster of cells was sucked into a transfer micropi- 
pette (tip diameter 50-/zm) along with the smallest possible volume 
of medium. The pipette was moved through the air into the re- 
cording chamber, which contained 200 /zl of extracellular me- 
dium. The cell was ejected into the chamber by positive pressure. 
A recording micropipette (tip diameter about 0.5/xm, resistance 
8-10 Mf~) was brought near one of the moving cilia and suction 
applied until the end of the cilium entered the pipette. Suction 
was continued until the olfactory vesicle touched the tip of the 
pipette and a high-resistance seal formed. The patch procedure 
was videotaped, and ciliary lengths were estimated from the video 
images. The odorant mixture used to stimulate the patched neu- 
rons contained the following odorants at 0.1 mM each in extracel- 
lular medium: 2-heptanone, (S)( + )-carvone, isoamyl acetate, ani- 
sole, pyridine, benzaldehyde, n-hexanoic acid, cineole, n- 
butanol, and ethyl n-butyrate. 

To excise the cilium from the cell, the pipette was raised into 
the air. It was then quickly reimmersed in a new bath containing 
pseudointracellular medium (110 mM KCI, 5 mM NaC1, 1 mM 
CaCI2, 2 mM MgCIz, 2 mM tetrapotassium BAPTA, and 5 mM 
NaHEPES, pH 7.2). BAPTA [1,2-bis(2-aminophenoxy)ethane 
N,N,N',N'-tetraacetic acid] is a highly specific calcium chelator 
[29]; in our pseudointracellular medium, free calcium was buf- 
fered to 10 -7 M. The pipette containing the cilium could usually 
be transferred through the air to new baths several times before 
the seal would rupture. 

For stimuluS delivery, a micropipette (tip diameter 1-/,m) 
containing the stimulus was brought within 5/,m of the cell or 
the tip of a pipette containing an excised cilium. The stimulus was 
ejected under the control of a General Valve Picospritzer II. 
All other pressure manipulations were controlled by mouth. All 
operations were done at room temperature. The cover glass at 
the bottom of the chamber was rinsed with bovine serum albumin, 
10 mg/ml, as necessary to prevent cell adhesion to the glass. 
Odorants were from Aldrich; cAMP, N6,2'-O-dibutyryl cAMP, 
and BAPTA were from Sigma. 

CURRENT RECORDINGS 

The recording pipette and bath were coupled to a List L/M-EPC7 
patch-clamp amplifier via Ag/AgCI electrodes. In all experiments 
the pipette was voltage clamped relative to the bath. Current 
recordings were filtered at 10 kHz, digitized by a Medical Systems 
PCM-1 recording adapter, and stored on videotape. Subsequent 
digital filtration was as indicated in the figure legends. In all 
figures, an upward deflection represents increasing positive cur- 
rent from the cilium into the pipette. Voltage ramps (ramp rate 
0.2 mV/msec) were generated by pCLAMP software (Axon In- 

struments). Input resistances were estimated from current mea- 
sured at pipette potentials of 0 and + 50 mV. Results of repeated 
experiments are reported as mean -+ SD. Reported potentials have 
been corrected for the liquid junction potential. 

Results 

CILIARY PATCH METHOD 

We have been  able to suck one  ci l ium f rom an iso- 
lated frog olfactory receptor  n e u r o n  into a pa tch  
pipette and es tabl ish  a h igh- res i s tance  seal nea r  the 
base  of the ci l ium (Fig. 1). This  a l lowed measu re -  
men t  of ciliary t r a n s m e m b r a n e  cur ren t s .  

In  the suspens ion  of mechan ica l ly  d issoc ia ted  
epithelial  cells, the n e u r o n s  were  easi ly identif ied by 
their 6 -8  moti le  cilia, each up to 200 /xm long [22]. 
In situ, each olfactory n e u r o n  is e longa ted  and  has 
a well-defined dendr i t ic  p rocess  [11]. A n  enlarge-  
men t  of the dentr i te  called the o l fac tory  ves ic le  lies 
at the epithelial  surface,  and  the several  cilia pro- 
t rude from this vesicle  into the mucus .  In  suspen-  
sion, the cells appeared  round ,  and  only  rarely could 
an axonal  segment  or dendr i t e  be  d is t inguished ,  
N e u r o n s  were easy to d is t inguish  f rom resp i ra to ry  
epithelial  cells. Each  resp i ra tory  cell bore  several  
dozen  cilia up to 12/xm long. The se  bea t  synchro-  
nous ly ,  while the n e u r o n a l  cil ia m o v e d  indepen-  
dent ly  of one  another .  No  ci l iary b reakage  was  ap- 
parent ,  s ince the cilia of a g iven  n e u r o n  were  usua l ly  
of a single length.  

Because  fine debris  in the c rude  s u s p e n s i o n  
could clog the tip of the record ing  pipet te ,  single 
neu rons  or small  cell c lus ters  con ta in ing  n e u r o n s  
were isolated from the s u s p e n s i o n  and  p laced  in a 
c lean recording  chamber .  The re  a c i l ium was easi ly  
sucked into the 0.5-/xm tip of a record ing  micropi-  
pet te ,  and in 47% of 547 a t t empts ,  a h igh- res i s tance  
seal formed.  Al though the cells b e c a m e  r ound  in 
suspens ion ,  the ol factory vesicle  was  usua l ly  vis ible  
against  the tip of the pipet te .  The  average  length  of 
the pa tched cilia, e s t imated  f rom video images ,  was  
32 /xm (n = 209, range 14 to 80/xm).  

With  the cell a t t ached  to the pipet te ,  we were  
able to measure  cil iary cur ren t s  after  a s t imulus  was 
del ivered to the soma  and  to those  cilia ou ts ide  the 
pipette.  It  was also poss ib le  to r e m o v e  the cell, leav- 
ing the single excised c i l ium sealed into the record ing  
micropipet te .  

CELL-ATTACHED CONFIGURATION 

With one ci l ium inside the record ing  mic rop ipe t t e  
and the cell a t tached,  the input  r es i s t ance  averaged  
2.2 -+ 0.9 G ~  (n = 256, range 0.6 to 6.7 Gf~). The  
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Fig. 1. Ciliary patch procedure. Photomicrographs: One cilium 
of a single olfactory receptor neuron was sucked into the end of 
a patch pipette (top) until the pipette contacted the cell near the 
base of the cilium (bottom). For these photographs only, 0.1% 
glutaraldehyde was added to the bath to stop ciliary motion. 
Bar = 10/xm. Schematic diagrams: recording from a single cilium 
still attached to the cell (top) and after excision from the cell 
(bottom). The drawings are not to scale, and the dendrite and 
axonal segment were not usually identifiable in the isolated 
neurons 

c o n d u c t a n c e  m e a s u r e d  in th is  c o n f i g u r a t i o n  w a s  n o t  
v o l t a g e  d e p e n d e n t ,  a n d  t h e  c u r r e n t  r e v e r s e d  n e a r  0 
m V  (not shown). 

In  s o m e  n e u r o n s ,  a p p l i c a t i o n  o f  s u c t i o n  to t he  
c i l i u m  d u r i n g  o r  a f t e r  t he  p a t c h  p r o c e d u r e  i n d u c e d  
r e p e t i t i v e  f i r ing o f  a c t i o n  p o t e n t i a l s  (Fig.  2). A f t e r  
sea l  f o r m a t i o n ,  a c t i o n  p o t e n t i a l s  c o u l d  be  i n d u c e d  in 
t h e s e  ce l l s  b y  a p p l y i n g  a v o l t a g e  r a m p  to  t h e  c i l i u m  

0.1 see 

Fig. 2. Currents due to action potentials, detected through the 
ciliary membrane. With one cilium of a cell inside the recording 
pipette, suction was applied to the pipette. The record was digi- 
tally filtered at 5 kHz 

Fig. 3. Currents due to action potentials measured through a 
patched cilium. With the ceil attached to the recording pipette by a 
cilium (input resistance 5.6 Gfl), voltage ramps (pipette potential 
- 100 to + 100 mV, 1 sec per ramp, 1 sec between ramps) were 
delivered through the pipette. In eight such ramps (four of which 
are shown), the initial current spikes appeared at an average 
pipette potential of - 25 mV (range - 36 to - 2 mV). The average 
amplitude of these initial spikes was 17 pA (range 15 to 18 pA). 
No action potentials were induced when the direction of the ramp 
was reversed. The record was digitally filtered at 1 kHz 

(Fig .  3). S p o n t a n e o u s  a c t i o n  p o t e n t i a l s  w e r e  ex -  
t r e m e l y  r a re  b e f o r e  o r  a f t e r  sea l  f o r m a t i o n .  M o s t  

n e u r o n s  (88%) g a v e  no  a c t i o n  p o t e n t i a l s  u n d e r  a n y  
c o n d i t i o n s  t e s t e d .  
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Fig. 4. Response of an isolated olfactory neuron to odorants. One 
cilium of an isolated olfactory neuron was sucked into a pipette. 
Input resistance was 4 Gft .  Every 20 sec, a l-sec pulse of the 
10-odorant mixture was delivered to the cells. Pipette holding 
potential was varied as indicated. Stimulus delivery is shown by 
the bar above the top trace. The short record at the top is a portion 
of the first response expanded 10-fold along the time axis to 
clearly show the action potential. This short record was digitally 
filtered at 6.7 kHz and the others at 1.4 kHz 

Some of the attached cells responded to odorous 
stimuli. An aqueous mixture of 10 odorants was de- 
livered to the soma and to those cilia outside the 
pipette. In responding cells, the odorants evoked a 
transient current from the cilium into the pipette 
(Fig. 4). The response was repeatable, and the cur- 
rent was greater when the pipette potential was held 
negative relative to the bath (Fig. 4). Our results 
at positive pipette potentials were inconclusive; in 
some cases this seemed to irreversibly inactive the 
cell. The peak amplitude also increased as the stimu- 
lus duration was varied from 50 msec to 3 sec (not 
shown). Often a single action potential was detect- 
able during the response measured at the cilium (first 
trace, Fig. 4). No response was detectable when 
bath solution replaced the odorants as the stimulus 
(not shown). 

Some cells failed to give a second response when 
tested 5 rain after the first stimulus. Other cells 
showed no diminution of the response when stimu- 
lated at l-rain intervals over  a 10-rain period. Four- 
teen of 91 cells tested gave odorant responses of at 

least 10 pA. With the pipette potential held at - 8 0  
mV, the largest peak current was 160 pA; the aver- 
age was 42 + 37 pA (n = 14). 

EXCISED SINGLE C I L I U M  

When a pipette with cell attached by a cilium was 
raised into the air, the cell was pulled off at the air- 
bath interface. When the pipette was quickly reim- 
mersed in a bath of pseudointracellular solution, the 
input resistance was still high in 81% of  191 trials. 
The average input resistance was 1.8 +_ 0.9 G[~ (n = 
191, range 0.2 to 5.0 GfD. We believe that most of 
the resistance was due to a cilium which remained 
sealed inside the pipette tip (Fig. 1, lower sche- 
matic). In our preliminary experiments [13], both 
sides of the excised cilium were exposed to 5 mM 
Ca 2* to stabilize the membrane.  The effect of cal- 
cium was to reduce the input resistance of the ex- 
cised cilium to 0.90 -+ 0.76 Gf~ (n = 194, range 0.13 
to 5.0 Gf~). 

Most excised cilia responded to cAMP. With the 
pipette potential negative relative to the bath, a 50- 
msec puff of 1 mM cAMP directed at the tip of the 
pipette induced a current from the bath into the 
pipette (Fig. 5, top). This current  flowed in the oppo- 
site direction at positive pipette potentials (not 
shown). No response was detectable when bath solu- 
tion replaced cAMP as the stimulus (not shown). 
Some cilia gave responses to repeated cAMP stimu- 
lation for up to 30 rain, although the response ampli- 
tude attenuated with successive stimuli. There was 
no response when a cell attached to the pipette by a 
cilium was stimulated with 1 mM cAMP (not shown). 

Stimulation was also possible by transferring a 
pipette containing an excised cilium through the air 
to a pseudointracellular bath to which 10 txM cAMP 
had been added. This increased the ciliary mem- 
brane conductance (Fig. 5, bottom, curve B). When 
the cilium was returned to the original bath, which 
lacked cAMP, its conductance returned to near the 
prestimulus level (Fig. 5, bottom, curve C). The 
cAMP-induced current reversed at - 12.8 -+ 8.2 mV 
(membrane potential, cytoplasmic relative to exter- 
nal, n = 10, range -23 .1  to - 0 . 5  mV). Similar 
results were obtained when the bath contained 10 
btM cGMP instead of cAMP (n = 4). Eleven of 45 
cilia tested showed no conductance increase in 10 
/XM cAMP. These cilia also showed no response in 10 
/J,M N6,2'-O-dibutyryl cAMP, a membrane-permeant  
analogue of cAMP. 

Current fluctuations characteristic of single 
channels were common in the excised cilia. We have 
not yet characterized these channels. 
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Fig. 5. Responses of excised single cilia to cAMP. Top: One of 
the cilia of an isolated olfactory neuron was sealed into a patch 
pipette. The cell was pulled oft" at the air-bath interface, leaving 
the cilium inside the pipette. Input resistance was 3.1 GO. A 50- 
msec pulse of 1 mM cAMP was delivered to the tip of the pipette 
as indicated by the arrow above the trace. Pipette potential was 
clamped at 40 mV. The record was digitally filtered at 2 kHz. 
Bottom: Current-voltage relationships of excised single cilia. A, 
in pseudointracellular bath; B, in pseudointracellular bath plus 10 
/xM cAMP; C, after return to original pseudointracellular bath. 
Voltage ramps were delivered 15 sec after immersion of the pi- 
pette in each bath. Changing the direction of the voltage ramp did 
not alter the results (not shown). We have plotted bath potential 
relative to pipette potential. The data shown are the averages 
of 10 experiments, in each of which the I-V relationships were 
measured in all three conditions. To determine the reversal poten- 
tial of the cAMP-induced current, a difference curve (B-A) was 
prepared. A 20-mV region near the apparent reversal of the differ- 
ence curve was fit to a straight line, and the voltage-intercept of 
this line was taken as the reversal potential. The records were 
acquired by sampling at 500 Hz 

Discussion 

We have measured transmembrane currents in intact 
single cilia of frog olfactory receptor neurons. One 
of the several cilia of a neuron was pulled inside a 

recording micropipette. The pipette made a high- 
resistance seal near the base of the cilium, probably 
against the olfactory vesicle. 

RESPONSE TO ODORANTS 

Fifteen percent of the cells tested responded to an 
odorant mixture. We detected the response as a tran- 
sient increase in current from the cilium into the 
pipette. The amplitude of this current increased with 
stimulus duration and with increasingly negative pi- 
pette potential. A corresponding odorant-induced 
current in olfactory neurons has been seen when 
recording from the soma, either with intracellular 
micropipettes [10, 25, 28] or the whole-cell patch- 
clamp technique [2, 3, 6, 8, 14, 17, 26]. One would 
not expect the cilium inside the pipette to be directly 
accessible to the odorants. It is more likely that the 
odorants acted on those cilia outside the pipette, 
causing receptor current to flow from the bath into 
those cilia and to depolarize the neuron. Some of 
this current would flow from the cell interior through 
the patched cilium and into the pipette. 

The odorant response was measured in the cell- 
attached recording configuration [12]. A patch of 
membrane, here consisting of a single cilium, pro- 
vided a resistance to current flow between the pi- 
pette and the cell interior. However, we detected 
a depolarization only when pipette potential was 
clamped negative relative to the bath (Fig. 4). Appar- 
ently the resistance of the ciliary membrane was 
low enough that the pipette potential influenced the 
intracellular potential [7]. No odorant-induced cur- 
rent was seen when pipette potential was held at 
+ 10 mV (Fig. 4). This is near the reversal potential 
for the odorant-induced current, as measured intra- 
cellularly [2, 3, 6, 14, 26, 28]. 

EXCISED SINGLE C1LIUM 

When the pipette with cell attached was raised 
briefly through the air, the cell was pulled off at the 
air-bath interface, but the input resistance remained 
high. We believe that the single cilium remained 
inside the pipette tip, with the seal between the base 
of the cilium and the tip of the pipette intact. Such 
a preparation would expose the cytoplasmic surface 
of the ciliary membrane to the bath. In most of these 
preparations, the ciliary conductance was reversibly 
increased by stimulation with cAMP. Nakamura and 
Gold [19] have shown that a cAMP-induced conduc- 
tance is present in olfactory ciliary membrane. In 
agreement with them, we found that the induced 
conductance had a reversal potential near 0 mV. A 
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minority of the cilia responded to neither cAMP nor 
its membrane-permeant analog dibutyryl-cAMP. 
These cases could represent recording pipettes 
clogged by cellular debris or a subset of olfactory 
cilia that lack the cAMP-induced current. 

CILIARY RESISTANCE 

We estimated the resistance of an average single 
cilium to be 1.8 GfL The resistivity, normalized for 
a typical ciliary surface area, 1 is 360 f~ cm 2, a surpris- 
ingly low value. For a cell with six cilia, the com- 
bined parallel resistances of the cilia would be 0.3 
GfL The somal and dendritic resistances would re- 
duce the whole-cell resistance even more. However, 
a low ciliary resistance is not apparent when re- 
cording from the intact neuron. When a cell is 
patched by one cilium, the electrode measures a 
resistance of 2.2 GEL Whole-cell patch experiments 
at the soma in frog receptor neurons measure an 
average input resistance of 1.0 GCt. 2 In neither case 
are the low ciliary resistances detected. The input 
resistance we measured with an excised cilium in the 
pipette was a parallel combination of the membrane- 
pipette seal resistance and the membrane resistance 
itself [4, 7]. Thus a high ciliary resistance could be 

obscured 
by consistently low seal resistances. Membrane 
patches excised from chromaffin cells also had unex- 
pectedly low resistances, and it was speculated that 
the patch procedure itself may have been responsi- 
ble [4]. 

FUTURE APPLICATIONS 

The ciliary pat~zh method should allow an exhaustive 
description of the functional biophysics of the ciliary 
membrane. Characterizations of the resting ionic 
conductances and single channels are in progress. 
Methods are also becoming available for delivering 
stimuli within the recording pipette. With such meth- 
ods, it will be possible to apply odorants to the outer 
face of the membrane of a single cilium and deter- 
mine how its properties change. 

We are grateful to Manh Trinh and D.J. Lowrie for expert techni- 
cal assistance and to Michael Behbehani, Vincent Dionne, W.T. 
Nickell, and Raymund Pun for critical reviews of various versions 
of the manuscript. This work was supported by National Insti- 
tutes of Health grants POI DC00347 and RO1 DC00352. 

i We have estimated that each cilium is a cylinder 32/zm in 
length (the mean length of the cilia we patched) and 0.2/xm in 
diameter. The resulting surface area is 20/xm 2. 

2 R. Pun (personal communication). 
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