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Abstract. In vertebrates, cilia on the olfactory receptor K*, and C&" ions, but not CI, to carry current (Kleene,
neurons have a high density of cyclic-nucleotide-gatedl992; Kleene, 1999. Both have outwardly rectifying
(CNG) channels. During transduction of odorouscurrent-voltage relations in the presence of external di-
stimuli, cyclic AMP is formed. cAMP gates the CNG valent cations.
channels and this initiates the neuronal depolarization.  Other channels have been shown to undergo both
Here it is shown that the ciliary CNG channels also operligand-activated and spontaneous gating. These include
spontaneously. In the absence of odorants and secorahannels activated directly or indirectly by acetylcholine
messengers, olfactory cilia have a small basal conducldackson, 1984, 1986; Rojas & Zuazaga, 1991; Okabe,
tance to cations. Part of this conductance is similar to theratani & Brown, 1991; Franco-Obrégo& Lansman,
cAMP-activated conductance in its sensitivity to channel1995), as well as the NMDA receptor (Tuedcet al.,
inhibitors and divalent cations. The basal conductancd997). In invertebrate (Johnson & Bacigalupo, 1992)
may help to stabilize the neuronal membrane potentiabnd vertebrate (Picones & Korenbrot, 1995) photorecep-
while limiting the sensitivity of odorant detection. tors, the cGMP-gated channels undergo spontaneous gat-
ing. In the olfactory system, it is known that exogenous
expression of the: subunit of the catfish olfactory CNG
hannel yields homomeric channels that open in the ab-
ence of ligand (Tibbs, Goulding & Siegelbaum, 1997).
However, native CNG channels include more than one
subunit type (e.g., Bagk et al., 1999) and differ in
Introduction several ways from expressed homomultimers. Evidence
is presented here that the native CNG channels in frog
olfactory cilia also gate spontaneously, producing a de-
Sectable macroscopic current.
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In vertebrates, detection of odorous stimuli occurs on th
cilia of olfactory receptor neurons (reviewed in Schild &
Restrepo, 1998). In the absence of odorants and second
messengers, the_ ciliary membrane has a ;mall basal CONaterials and Methods
ductance to cations (Kleene, 1992). This conductance
may help to stabilize the ciliary membrane potential at
some cost to odorant sensitivity. CiLIARY PATCH PROCEDURE

Vertebrate olfactory cilia have a high density of cy-
clic-nucleotide-gated (CNG) channels (Nakamura &Northern grass frogsRana pipieny were decapitated and
Gold, 1988; Kurahashi & Kaneko, 1993: Larsson, pithed. Single receptor neurons were isolated from the olfactory epi-
Kleene & Lecar, 1997)_ Evidence suggests that the C”i_thelium as described elsewhere (Kleene & Gesteland, d9%ell

arv basal conductance arises in part from spontaneo suspensions were prepared in a standard extracellular solugémn (
y p P U‘§alble 1). A single receptor neuron was placed in an extracellular bath

(ligand-independent) gating of these channels. Both thegntaining this solution. One cilium of a neuron was sucked into a
basal conductance and the CNG channels permft Na patch pipette until a high-resistance seal formed near the base of the
cilium. The pipette contained the*Kand divalent-free extracellular
solution shown in Table 1. Small amounts of bath solution entered the
_— pipette tip during the patch procedure. However, within 1 min the
Correspondence tdS.J. Kleene current-voltage relation reached a stable state that depended on the bulk
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Table 1. Compositions of solutions ()

NaCl KCI NMDG-CI CaCl, MgCl, EDTA NaOH TRIS

base
Extracellular
Standard 115 3 — 1 2 — 1 —
K*- and divalent-free 118 —  — — — 1 4 —
High-Céf* 118 — — 3 — — 1 —
Na’- and K'-free — — 118 1 2 — — 1

NaCl NMDG-CI CaCl MgCl, BAPTA NaOH TRIS

base
Pseudointracellular (all low in divalent cations)
K*-free 115 — 1 — 2 9 —
High-Mg?* 115 — 1 2 2 9 —
Na“™- and K'-free — 115 1 — 2 — 9

Abbreviations used: NMDGN-methyl-b-glucamine; BAPTA, 1,2-bis(2-aminophenoxy)ethane-
N,N,N,N’-tetraacetic acid. All solutions contained M EPES and were adjusted to pH 7.2. The NaOH
and TRIS base listed include amounts necessary to titrate EDTA, BAPTA, and HEPES, which are listed
as free acids. [CGd],.. in the pseudointracellular solutions was 04i/.

pipette solution (Kleene, 1988 The pipette was raised briefly into membrane and the recording pipette. The two currents can be resolved
the air, causing excision of the cilium from the cell. The cilium re- on the assumption that large cations can carry current through the shunt
mained sealed inside the recording micropipette with the cytoplasmidout not through the membrane. After measuring the input conductance,
face of the membrane exposed to the bath. The pipette containing thgolutions on both sides of the membrane were replaced with solutions
cilium could be quickly transferred through the air to various pseudo-in which all Na" and K" were replaced witiN-methylp-glucamine
intracellular baths without rupturing the seal. In most experiments, theg(Table 1). Current remaining after this was attributed to the shunt.
pipette solution was also replaced by intrapipette perfusion (Tang et alThis measured shunt was corrected in two ways as described previously
1990; Kleene 1992). Additional details of the ciliary patch procedure (Kleene, 1992). First, a correction was made for the liquid junction
have been presented elsewhere (Kleene & Gestelandal8%dene, potential between the pipette and bath solutions. Second, the slope was
1995%). increased to compensate for the decrease in conductance caused by re-
Solutions (Table 1) were designed to select for* Narrent placing N& and K" with the larger, less mobill-methylp-glucamine.in
through open CNG channels. Since divalent cations can reduce thithe present study, the mean corrected conductance of the shunt be-tween
current by open-channel block, €aand Mg+ were chelated to very  —80 and +80 mV was 99 + 14 pS, which was consistent with a previous
low levels except as noted. To eliminate an{+$elective ciliary con-  measurement in similar solutionsA% 6 pS; Keene, 1992).
ductances, Kwas eliminated from all recording solutions. With the exception of the phosphodiesterase study, the shunt
conductance has been subtracted from all values reported. InBig. 2
the shunt conductance was not directly measured. Measuring the ef-
ELECTRICAL RECORDING fects of external C& required changing the pipette solution once by
perfusion. Measuring the shunt conductance would have required a
Both the recording pipette and chamber were coupled to an Axopatclsecond perfusion with the Naand K'-free extracellular solution, and
200B patch-clamp amplifier by Ag/AgCl electrodes. All recordings this was found to be impractical. For these data only, the average
were done under voltage clamp at room temperature (25°C). Currenturrent-voltage relation for all measured shunts was subtracted.
was adjusted to zero with the open pipette in the well in which the
patching procedure was done. Corrections were made for liquid juncj\JATERIALS

tion potentials at the pipette tip; these were at most 3 mV. . ] o o
Voltage ramps (-100 to +100 mV, 1 sec) were generated byPCB (3'.4-dichlorobenzamil, an amiloride derivative also known as

pCLAMP software (Axon Instruments, Foster City, CA). Current was DCPA) was generously provided by Dr. Gregory Kaczorowski (Merck,
sampled at 500 Hz. Potentials are reported as bath (cytoplasmic) pdianway, New Jersey):cis-Diltiazem hydrochloride was a gift of Dr.
tential relative to pipette potential. Results of repeated experiments arE@l Vaghy, who obtained it from Tanabe Seiyaku, Osaka. All other
reported as mean + SEM. Student:test for repeated measures was 'eagents were from Sigma. DCB was diluted from a 2@ stock

used for statistical comparisons. Errors were propagated through sutsiolution in dimethyl sulfoxide, and W-7 from a 10vmstock solution
sequent calculations as described by Taylor (1982). in ethanol. Solutions diluted from nonagueous solvents were sonicated

to promote solution of the inhibitor.

MEASUREMENT OF BAsSAL CiLIARY CONDUCTANCE Results

The measured input conductance is due to two parallel current pathEl€ctrical recordings were made from single frog olfac-
ways: the ciliary membrane itself and a shunt at the seal between thtory cilia. Each cilium was sealed inside a patch pipette
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Fig. 1. Basal conductance of frog olfactory cilia. The current-voltage B
(I-V) relation of a frog olfactory cilium was measured in"-Kee, —_ 0
low-divalent solutions. Current attributed to a nonspecific shunt at the E
seal between the membrane and the pipette has been subtracted as -+ 2
described in Materials and Methods. Th¥ relation shown is the
average of all 31 cilia studied. F ot f f 1
-100 V (mV) +100
2
and excised from the cell so that the cytoplasmic face of 0
its membrane was exposed to the bath (Kleene & Geste-

land, 19938). In the absence of odorants and second ~60~
messengers_, the ciliary membrane shows a basal Condulgfg. 2. Rectification of the ciliary basal conductance by divalent cat-
tance to cations but not to C(Kleene! 1992)- In solu- ions. (&) Outward rectification by 3 m external C&". For each cilium,
tions lacking divalent cations and'Kthe current-voltage  the current-voltagel{V) relation was first measured in low-divalent
(I-V) relation of the conductance showed slight outwardsolutions (curve labeled ‘0"). The external (pipette) solution was re-
rectification (Fig. 1). Rectification was measured as theplaced with the high-@% solution (Table 1) by intrapipette perfusion.
ratio of the slope conductance at positive potentials (+2d\fter 2 min, theI-V relation was stable ag_am (cu_rve labeled ‘3’).' Each
to +80 mV) to the conductance at negative (—80 to —20Furve shown is the average of the 6 cilia _s_tudleB). Ilpward rectifi-
. . cation by 2 nm cytoplasmic M@*. For each cilium, the current-voltage

mV) potent|als. The ratio averaged 12+ O'GMZé 31) (I-V) relation was first measured in low-divalent solutions (curve la-
for the basal conductance. The slope conductance bggieqd ‘o). The cytoplasmic (bath) solution was replaced with the high-
tween —80 and +80 mV averaged 405 + 52 pSH 31,  Mg®* solution (Table 1), and theV relation was stable again (curve
range 113 to 1350 pS). The reversal potential averagetbeled ‘2’). Each curve shown is the average of the 7 cilia studied.
-9+ 1 mV; avalue near 0 mV was expected because th€&urrent attributed to a nonspecific shunt at the seal between the mem-
external and cytoplasmic solutions were nea”y identical.bra”e and the pipette has been subtracted as described in Materials and

Some of the basal ciliary conductance may comeHethods.
from spontaneous gating of the ciliary cyclic-nucleotide-
gated (CNG) channels. To test this possibility, com-with one containing 3 m C&*. This produced outward
pounds known to block the CNG channels were testedectification (Fig. 2, curve labeled “3"), increasing the
for their ability to also block the basal conductance. Ofcurrent ratio by a factor of 1.8 + 0.2. The increase was
four such compounds tested, all reduced the basal corsignificant P < 0.01). In a previous study, the effect of
ductance substantially (Table 2). In all cases, the inhibiexternal C&" on current activated by a saturating level of
tors blocked the basal conductance somewnhat less effecAMP was greater. In that case, increasing externaf Ca
tively than they blocked the conductance activated by &om 0.1 um to 3 mv increased the current ratio by a

saturating dose of CAMP (Table 2). factor of 6.9 + 2.4 (npublished analysifom Kleene,
The olfactory CNG channels also show voltage-1995).
dependent block by divalent cations. Externaf Cee- Increasing cytoplasmic Mg greatly reduces cAMP-

duces cAMP-activated current at all potentials. How-activated current at positive potentials, causing inward
ever, inward current is more strongly blocked, resultingrectification (Yau & Baylor, 1989; Colamartino, Menini

in outward rectification of thd-V relation (Zufall & & Torre, 1991; Zimmerman & Baylor, 1992; Kleene,
Firestein, 1993; Kleene, 1985Frings et al., 1995). Ex- 1993). Cytoplasmic Mg* (2 mm) produced a similar
ternal C&" (3 mwv) produced a similar effect on the cili- effect on the ciliary basal conductance in the absence of
ary basal conductance in the absence of cAMP (Fg. 2 cAMP (Fig. 2B). The rectification ratio decreased by a
In the absence of external €athe rectification ratio of  factor of 0.63 + 0.07r{ = 7), which was significantR

the basal conductance was 1.1 + Ol £ 6). By in- < 0.01). In a previous study, the effect of cytoplasmic
trapipette perfusion, the external solution was replacedg®* on current activated by a saturating level of cAMP
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Table 2. Inhibitors of the ciliary basal conductance

Conc. @m) Basal conductance cAMP-activated conductance
% Inhibition % Inhibition
Mean £sem Range n Mean +sem Range n
W-7 100 84 +6 64-124 6 981 95-100 9
Amiloride 1000 46 + 2 42-53 5 94 +2 84-101 8
DCB 300 93+3 73-109 8 100 102-103 2
|-cis-diltiazem 1000 66 + 5 48-78 5 89+1 88-91 6

For each cilium in this study, ciliary basal conductance between -80 and +80 mV was measured in
cytoplasmic baths with or without the inhibitosge Materials and Methods). Current attributed to a
nonspecific shunt at the seal between the membrane and the pipette was subtracted as described in
Materials and Methods. When the measured inhibition was >100%, the value was reduced to 100%
before figuring the mean. Values for inhibition of the cAMP-activated conductance are taken from
Kleene (1998, 1994). In those studies, the conductance activated bypM@AMP in low-divalent
solutions was measured between =50 and +50 mV in the presence or absence of the cytoplasmic inhibitor.

was greater. Increasing cytoplasmic ¥Mdrom 0 to 2  channels (Nakamura & Gold, 1988; Kurahashi &
mm decreased the current ratio by a factor of 0.026 +Kaneko, 1993; Larsson et al., 1997), and prior evidence
0.009 (npublished analysifom Kleene, 1993). has suggested that ligand-independent gating of these
In seven cilia, the basal conductance was comparedhannels might account for part of the basal conductance.
to the conductance activated by 1@ cAMP, which  Like the CNG channels, the basal conductance is perme-
saturates the CNG channels. In these cilia, the meaable to N&, K*, and C&* but not CI' (Kleene, 1992;
basal conductance was 387 + 61 pS (range 270 to 64%kleene 199B). Like the cAMP-activated conductance
pS), while the cAMP-activated conductance was 9.6 H(Zufall & Firestein, 1993; Kleene, 1985 Frings et al.,
1.5 nS (range 4.0 to 15.9 nS). The ratio of basal t01995), the ciliary conductance shows outward rectifica-
cAMP-activated conductance averaged 0.04 + 0.01, bufion when external divalent cations are present (Kleene,
there was no significant correlation between the two con199?).
ductances. N _ The present study supports the hypothesis that cili-
If an excised .C|.I|um retains a small amount of CAMP ary CNG channels gate spontaneously, producing a de-
or cGMP on excision from the cell, this could gate the tectable macroscopic conductance. In the absence of di-
ciliary CNG channels and account for part of the mea-gjent cations, the ciliary basal current-voltage/J re-
sured conductance. However, the cilium has an endogaion shows slight outward rectification (Figs. 1 and 2).
enous CAMP phosphodiesterase activity sufficient toyqger similar jonic conditions, théV relation of the

eliminati low levels gf CAMP. _Inf_the a_Fsence of %ddgchMP-activated ciliary conductance also shows slight
CAMP, the input conductance In five cilia averaged 761, 1yarq rectification (Colamartino et al., 1991; Frings,

+215pS ( = 5) in low-divalent solutions. Addition of ; . ;

X . ) . Lynch & Lindemann, 1992; Kleene, 1983Kurahashi &
0.3 pm cAMP '”C.fEEFS_Ed this to 791 + 195 pS_, the in- Kaneko, 1993; Lynch & Lindemann, 1994; Kleene,
crease was not significanP (> 0.3). However, simulta- 1995; Frings et al., 1995; Balasubramanian, Lynch &

neous addition of 0.3uM .CAMP and 100“'.\/' IBMX . Barry, 1995). Divalent cations, through open-channel
(3-isobutyl-1-methylxanthine, a phosphodiesterase iy, " ¢, distinct rectification of the cAMP-activated
hibitor) increased the ciliary conductance to 1036 + 226 '

pS. This increase was significai® € 0.01). In a sepa- conductance. External €43 for example, reduces cur-

: oo rent at negative potentials (Zufall & Firestein, 1993;
rate population of cilia, it was shown that IBMX had no R
effect on the ciliary basal conductance in the absence Olﬂeen_e, 199+5’ Frings et al., 1995). Conver_s_ely, cyto-
added cAMP. Adding 10pm IBMX increased the con- plasmic M@* greatly reduces current at positive poten-

ductance from 507 + 44 pS to 510 + 29 pS, which Wastials (Yau & Baylor, 1989; Colamartino et al., 1991,
not a significant changen(= 4, P > 0.90). Zimmerman & Baylor, 1992; Kleene, 1988 In the ab-

sence of cAMP, external G and cytoplasmic Mg

produced qualitatively the same effects on thé rela-

Discussion tion of the basal ciliary conductance (Fig. 2). Although
gualitatively the same, the rectification of the basal con-

In the absence of odorants and second messengers, frdgctance was less than that seen with the cAMP-

olfactory cilia have a basal conductance. Each ciliumactivated conductance.

has a high density of cyclic-nucleotide-gated (CNG) The ciliary basal and cAMP-activated conductances
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are also similar pharmacologically. Several inhibitors ofcAMP (0.3 wM) causes a conductance increase of 275
the cAMP-activated conductance have been identifiedS, but only if the endogenous phosphodiesterase is in-
(summarized in Kleene, 1994). All four such inhibitors hibited by IBMX. If a cilium were to retain endogenous
tested were also effective in reducing the ciliary basalcAMP, one would expect to see a conductance increase
conductance (Table 2). On average, the blockers rein the presence of IBMX. In fact, there was no effect of
duced the cAMP-activated conductance by about 95%IBMX on the cilium in the absence of added cAMP.
At the same concentrations, they were slightly less ef-  On average, the basal conductance was just 0.04
fective against the basal conductance, inhibiting it ontimes the conductance measured in the presence of a
average by 72%. None of the available inhibitors aresaturating level of cAMP. With saturating cAMP and no
completely specific for the CNG channels. However, alldivalent cations, the maximum open probability of the
four inhibitors tested block the basal conductance, sugENG channel has been inferred from noise analysis to be
gesting that much of this conductance arises from sponQ-70 (Larsson et al., 1997). Thus the open probability
taneous gating of the CNG channels. due to spontaneous gating cannot exceed 0.03 (0.04 x
Several lines of evidence indicate that the cNG0-70). The true value must be less than this, assuming
channels do not account for all of the ciliary basal con-that only part of the basal conductance arises from the
ductance. In solutions that are primarily NaCl, thg ~ CNG channels. Exogenous expression of éhubunit
relation of the basal conductance is nearly linear and®’ the catfish olfactory CNG channel yields channels
reverses near 0 mV (Figs. 1 and €ee alsoKleene, with an open probability due to spontaneous gatlng.of
1992). However, in normal solutions (external NaCl ang©-002 (Tibbs et al., 1997). Estimates of this probability

cytoplasmic KCI), the-V relation shows outward recti- for the nicotinic acetylcholine receptor range from 3 x

_7 s
fication and reverses near -50 mV (Kleene, 1992). Asloan (.?L%%kss)on, 1986) to 0.005 (Franco-ObregbLans-

judged by the slope conductance, the basal conductand® The consequences of spontaneous gating of the cili-

Is 2.3 times more conductive to'khan to Nd (Kleene, ary CNG channels on the functioning of the whole neu-
1992). However, the CNG channels are more permeable Y 9

to Na'; this would result in a positive reversal potential fon have yet to be determined. The resting membrane
in normal solutions (Frings, Lynch & Lindemann, 1992; conductance of intact olfactory receptor neurons also has

. D some pharmacological similarities to the conductance ac-
Balasubramanian, Lynch & Barry, 1995). Thus itis rea-g oted by CAMP (R.Y.K. Pun and S.J. Kleenapub-

so_nablt_a to suppose that the ciliary basal Cor]dUCt"’me?shed observations However, in the resting neuron,
arises in part from other channels that are more permeg,rent through the CNG channels could result from ei-

gblg .to K. ThiS,WOUId alsp explain why CNG-channel ther spontaneous gating or from a low level of cAMP or
inhibitors and divalent cations have greater effects on a5yp (Lowe & Gold, 1995).

pure cAMP-activated conductance than on the basal con-

ductance. If the basal conductance were entirely due t('?his work was supported by research grant number 5 R0O1 DC 00926-

the CNG channels, one would expect a strong positiVgy7 from the National Institute on Deafness and Other Communication

correlation between the basal and ligand-activated conpisorders, National Institutes of Health. | am grateful to Tom Nickell

ductances across a population of cilia. Such a correlatiofer helpful comments on the manuscript.

was observed in the outer segments of cone photorecep-

tors, in which CNG channels account for the total mem-
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