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The action of cyclic nucleotides on the short-circuit corrent acrass the isolated hullfrog slfactory mucosa was
studied both in the absence and presence of odorants. 8-Bromo-cAMP applied to the clliated side of the
mucosa caused a concentration-dependent, reversible increase in the basal short-circuit curvent, but not
when it was applied to the submucosal side. The current had a sigmoidal concentration dependence described
by the Hill equation. The magnitede of the odorant-evoked current was enhanced after bathing the ciliated
side with cAMP analogs or modulators of intracellular cAMP. GTPYS addea to the ciliated side increased
the odorant-evoked current, while GDPSS caused a decrease, Current transients induced by stimulating the
ciliated side with either pulses of odorant or 8-bromae-cAMP were partially suppressed by amiloride, but only
when amiloride and stimulant were presented simultanecusly. Pulses of 8-bromo-cAMP and odorant
presented simulianeously resulted in currents that added nonlinecarly. In the absence of odorant, 8-bromo-
¢GMP caused a concentration-dependent decrease in net inward current that was reversed by 8-bremo-cAMP,
Odorant-evoked cwirents were also reduced by 8-bromo-cGMP, and these could not be reversed by
8-bromo-cAMP. The cesults indicate that one type of olfactory transduction process invelves the activation
by ¢cAMP of an inward current through an amiloride-sensitive apical ion channel and that this mechanism is
mediated by a stimulatory G-protein.

Introduction ment of a depolarizing generator current across

the apical membranes of the receptor neurons

One type of olfactory transduction mechanism
is believed to depend on the interaction of odorants
with membrane-bound receptors {1-3]. Transduc-
tion is thought to result in an increase in ion
channel conductance and the subsequent develop-
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[24-7). The discovery of odorant-stimulated,
GTP-requiring, adenylate cyclase activity in iso-
lated dendritic membranes of olfactory neurons,
using biochemical techniques [8-11] and cyclic
nucleotide-gated jon channel conductances in
patch-clamped cilia from isolated olfactory cells
[12] suggests that one way the generalor current
can be regulated is through cAMP. Testing this
hypothesis on the intact olfactory mucosa has
been difficult because no method of measuring the
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odorant-evoked transmucosal current was availa-
ble. We recenily developed wiiole tissue voltage-
clamp methaods for studying the ionic mechanisms
associated with the unstimulated and odorant-
stimulated currents across the physiologically in-
tact olfacto:» mucosa [13]. We have now studied
the effects of cyclic nucleotides on the irans-
mucosal current under shori-circuit conditions.
cAMP analogues are here shown to be potent
stimulators of inward short-circuit current. We
present evidence that cAMP and agents that cause
its peneration in site significantly increase the
odorant-evoked short-circuit current and that
cAMP analogues act additively with odorants in
producing an inward current under appropriate
conditions. Moreover, the short-circuit currents
induced by 8.bromo.cAMP (BrcAMP) and
odorants are each partially reduced by amiloride.
This suggests that stimulation with cAMP or an
odorant activates a common current source on the
apical side of the olfactory mucosa. We further
present evidence that a G-protein regulated
adenylate cyclase is involved in the modulation of
odorant-evoked current, consistent with inferences
drawn from biochemical findings {8-11].

Materials and Methods

Tissue preparation

Tissue preparation, mounting and voltage-
clamp measurement of transmucosal current were
as previously described [13]. The dorsal olfactory
mucosa of an anesthetized {0.4% MS222) bullfrog
{ Rana catesbeiana) was removed as a single sheet
and mounted with the submucosal side supported
by a nylon mesh backing (100 pxm mesh) on a
silicone rubber gasket. A lucite washer coated with
cvanoucrylate adhesive was fitted over the tissue
and formed a tight seal after curing. The exposed
area of the mounted mucosa was 0.0755 cm®. The
apparatus is shown in Fig, 1. The tissue was
secured between two Ussing chambers, with
volumes of 0.5 ml on the ciliated side aud 1.5 ml
on the submucosal side. Tae smaller volume of the
chamber on the ciliated side was optimal for rapid
equilibration and removal of the changing media.
The tissue was maintained in oxygenated
amph:bian Ringer's solution at room temperature
{22°C). On the ciliated side, the solution was

continually replaced at (.2 ml/s using a constant
pressure head.

Odorant or cyclic nucleotide presentation

Odorants and pharmacological ageuts dissolved
in Ringer’s solution were presented to the ciliated
side by diverting the Ringer’s solution through a
charped sample loop via a 2-gaing-3-way valve, In
experimenis where the mucosa was incubated with
& solution for several minutes, valves for starting
and stopping the flow of solution were inserted
into the flow system. In experiments involving a
piief stimulus pulse, the shape of the stimulus
profile was measured by mounting a photodarling-
lon transistor in place of the tissue and following
the change in light absorbance when a blue dye
was introduced as a sham stimulus.

For purposes of analysis a response was de-
fined operationally as the change in current from
its value at stimulus onset to peak stimulus-evoked
current,

Chemicals and solutions

3 .5"-cAMP, 8-bromo-3',5"-cAMP, 8-bromo-
3,5"-cGMP, 2°,3-cAMP, 3-isobutyl-1-methyl-
xanthine, theophylline and amiloride were from
Sigma Chemical Co., St. Louis, MO. Forskolin,
GTPyS and GDPSS were from Boehringer Mann-
heim Biochemicals, Indianapoiis, IN, 1,8-Cineole
was from Aldrich Chemicals, Milwaukee, WY, and
2-isobutyl-3-methoxypyrazine was from Pyrazine
Specialities Inc., Atlanta, GA. All salts were re-
agent grade. Amphibian Ringer’s solution con-
tained 100 mM NaCl, 5 mM MgCi,, 2.5 mM KCj,
25 mM CaCl,, 1.1 mM Na,HPO,, 0.4 mM
NaH,PO,, and 10 mM glucose {pH 7.3 a1 22°C).
In most experiments the tissue was maintained in
this solution oxygenated with 100% O,. However,
ion replacement experiments of the solution bath-
ing the ciliated side of the mucosa [13] as well as a
recent measurement of the Na™* ion concentration
in frog olfactory mucus {14} indicate that 50 mM
Na™ on the ciliated side is a better approximation
to normal values. Accordingly, in the later experi-
ments, the ciliated side of the olfactory mucosa
was bathed in a modified Ringer’s solution con-
taining 50 mM NaCl together with 50 mM N-
methyl-p-glucammonium chioride to maintain the
osmotic strength. Results obtained using mudified
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Fig. 1. Ussing preparation adapted for the bulifrog clfzctory mucosa. The dorsal frog olfactory mucosa was mounted on the assembly
shown in the inset. This consisted of a silicone gasket, a 100 pm nylon mesh backing and a lucite washer, The nylon mesh was
attached 10 the silicone gasket with silicone adhesive. The olfactory mucosa was placed ciliated side up on the nylon mesh and was
attached along the edges {0 the mesh witli cyanoacrylate adhesive. A lucite washer, lightly coated with cyanoacrylate was placed over
the olfactory mucosa so that the effective area exposed was 0.0755 cm?®. The mounted tissue was then assembled between rwo lucite
Ussing chambers, a silicone gasket and screw brace providing 1e necessary sealing, The chamber on the ciliated side of the olfactory
niucosa was conical in shape and 0.5 ml in volume to permit raprd und efficient changes of solution. That on the serosal side was 1.5
ml in volume. Solutions were introduced into the chamber on the ctliated side via a jet placed 1 mm from the tissue and at an incident
angle of 45°, creating a rapid mixing vortex in that region. An exit port at the apex of the cone facilitated rapid removal. Yoltage
sensing and current-passing agar bridges (0.15 M NaCl) were inserted through sealed ports on the top of the chamber. Amphibian
Ringer’s solution was oxygenated with 100% O, and pumped .0 a constant pressure head reservoir. This was placed above the
apparatus so that the flow rate of solution entering the Ussing chamber was 0.2 m! /s, Odorants were procented in aquenns solution
to the ciliated side of the olfactory mucosa by switching an odorant-charged loop of Ringer's solution by means of a 2-gang-3.way
FPLC valve. The stimulus profile was monitored by mounting a photodarlington transistor in the posilion where the tissue is
normally scated and following the change in light absorbance when a blue dye (5,5'-indigosulfonic acid) was presented as a pulse
instead of the odorant,

Ringer’s solution are so indicated in the figure tion of odorants used ranged from 5-1079 M to

legends. In all cases the submucosal side was 48-107° M.
bathed in Ringer’s solution containing 100 mM
NaCl. Results

Stock solutions of the odorants 1,8-cineole and

2-isobutyl-3-methoxypyrazine (0.1 M) were made
up in methanol. Working solutions were made up
in Ringer's solution immediately before use, con-
trols indicating no changes in short-circuit current
due to the presence of methanol. The concentra-

Cyclic nucleotides and the basal short-circuit current

Bullfrog olfactory mucosa bathed symmetri-
cally with amphibian Ringer's solution had the
ciliated side elecironegative at about —3.6 mV, a
transmucosal resistance of 67 ohm-cm?, and a
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Fig. 2. Action af cyelic nucleotides on the basal short-circuit
current. The airowhead indicates the point at which 107 M
solutions of each cempoend was introduced into the mucosal
charober. The bars represent the current excursions when 1 mV
pulses were presented at regular intervals in order 1o measure
the tissue resistance. Each trace shown is from a diffcrent
lissue preparaiion and is represemative of at least five prepara-
lions, with the exception of 2d where two preparations gave
tdentical null results.

short-circuit current of about 53 pA/cr® [12].
Substituting a Ringer's containing 10°* M §-
bromo-3.5-cAM?P (BrcAMP) on the ciliated
surface elicited a net slow inward positive current
transient that raturned (o baseling in about 2 min
(Fig. 2a). When brief puises of BreAMP were
presented to the ciliated side (see Fig. 5a for pulse
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Fig, 3. (Curve a) Time course in shori-circuit current resulting
from a pulse of 10 pM BrcAMP. The artifact rasulting from
switching from Ringer's solution to Ringer's plus BreAMP
marks the start of BreAMP presentmtion. (Curve b) Time
course for 100 pid BreAMP. This preparation shows a de-
creased curren! iransient before an increase in current.
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Fig. 4. Concentration dependence of the inward current in-
duced by 8-brumo-cAMP. Ascending concentrations of
BrcAMP were applied 1o the ciliated side of the alfactory
mucosa. The maximum increase in current was taken as the
response. The change in the short-circuit current was fitted to
the Hill equation by nonlinear jeast-squares minimization
criteria 1o obtain values for the haif-maximal response of
2.75-107°% M and a Hill coefficient of 1.47£6.03 (mean+ S.E.,
N=11)

profile) and the responses observed at higher gain,
the rise in current was seen to be either delayed
(Fig. 3a) or preceded by a tramsient decreased
current (Fig. 3b). Similar changes in the basal
short-cireuit current were not obsgrved when
BrcAMP was added to the submucosal side (Fig.
2b). In view of the fact that BrcAMP can itself
elicit an inward current, the effect of preincubat-
ing the mucosa with BrcAMP on the responses 1o
odarant pulses was determined only after the cur-
rent had returned to basal levels following incuba-
tion with BrcAMP. The ability of BrcAMP to
stimulate an inward current when added io the
ciliated side was concentration-dependent (see be-
low) and usually pear maximal at 107* M. There
was no change in the transmucosal resistance dur-
ing BreAMP-stimulated current transients. 3',5'-
cAMP gave a similar current transient to that of
BreAMP at the same concentration, but the re-
sponse was slower and of lower amplitude (Fig.
2¢). The physiologically inactive derivative, 2',3'-
cAMP, caused no change in tbe unstimulated
short-cireuit current (Fig. 2d).

With ascending concentrations of BreAMP ap-
plied in turn to the ciliated side of the mucosa,
there was a concentration-dependent increase in
slow inward short-circutl current. After a transicnt
increase, the current typically reached 2 broad
maximum then declined slowly (cf. Fig. 2a). The
current maximum following each addition of



BrcAMP was plotted as a function of BrcAMP
concentration (Fig. 4) and fitted to the Hill equa-
tion 1o obtain values for the half maximal re-
sponse of 2,75 -107% M and a Hill coefficient (»)
of 1.47 +003 (S8.E., N=11). The average maxi-
mum increase in current caused by BrceAMP was
9.7 + 1.6 puA/cot’ (mean + S.E,, N=15).

The results show that BrcAMP induces a re-
versible concentration-dependent inward current
transient only when applied to the ciliated side of
the olfactory mucosa.
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Fig. 5. Interaction of 8-bromo-cAMP and 1he odorant-evoked
currenl. {a) The time profile of the pulse of odorant solution
introduced into the reservoir facing the ciliated side of the
mucosa. The mucosa was replaced with a photodarlinglon
transistor and a palse of blue dye was introduced into the
reservoir in place of the odorant solution. The trace shows the
current chanpe across the phototransistor which is proportional
to dye absorbance. The peak was reached in 1 5 and main-
tained this amplitude for 12 s before declining to baseline in
about 35 s. (b) The left trace shows the odorant-evoked current
transient recorded when a pulse of 10* M 1,8<ineale was
presented to the ciliated side of the olfactory mucosa. The
ziliated side was bathed with 10~* M BrcAMP for 5 min,
returned to Ringer's solution and when basal current had again
been restored the response 1 1,8-cineole was again measured
(right trace}. The magnitude of the odorart-evoked current was
increased by 28% in the case shown. Arrowheads indicate the
point at which the stimulus was iniroduced. Table I shows the
effects seen with higher odorant concentration and BrcAMP
concentration,

33

TABLE I

EFFECT OF CYCLIC NUCLEOTIDER QR CYCLIC
NUCLEQTIDE MODULATORS ON THE ORDORANT RE-
SPONSE

The ciliated side of the frog olfaclory was incubated with the
required cancentrations of each compound for 5 min. The
magnitude of the odorzni-evoked current transients were
recorded before and after each incubation. The magnitude of
the cdorant-evoked current transients after each incubation are
shown relative 1o the control values and are presented as the
mean + S.D. where applicable or mean (range) vshere (he range
is the difference between the largest and smallest values, IBMX,
J-isobutyl-1-methylxanthine.

Compound %, Odorant Mo, of tissue

response * preparations
tested

10™% M BrcAMP 136+ 38 4

10~* M BrcAMP ® 135 (36.8) 2

10~ * M BreAMP 163124 4

1073 M cAMP 116 (10.4) 2

10~ M forskolin 123(16.2) 2

10~ % M forskolin 153175 3

10°* M GTPyS 143+30.2 3

10~ ° M GDPg8s 61(10.4) 2

1079 M IBMX 139 (8.4) 2

107¢ M BreGMP 58160 3

1075 M BreGMP 33(9.6) 2

1074 M BreGMP 15.2 (11.6) 2

2 Relative to control value.
®14.167% M 2isobutyl-3-methoxypyrazine used as o test
odorant. In ali other cases 2.4-10~% M 1,B-cineole was used,

Interaction of BreAMP and edorant-evoked current

(a} Preincubation of the tissue with BrcAMP,
Responses to odorants were characterized before
and after in’ 1bating the ciliated side of the olfac-
tory mucosa with 10~4 M BrcAMP for 5 min. Fig.
5a shows the time profile of the dye sham stimulus
iniroduced intc the Ussing chamber. It had a
sharp, rupid rise to a constant level of 12 s dura-
tion, then an exponential decay 1o baseline within
35 s. Fig. 5b (left) shows the odorant-evoked cur-
rent response to a pulse of 10~* M 1,8-cinzale.
The current transient elicited to odorant by the
tissue lagged behind the stimulus pulse measured
by the pulse monitor. The ciliated side was then
bathed with 1074 M BrcAMP for 5 min, returned
to Ringer’s solution and the response to 1,8-cineole
again measured after the current returned to basal
level (Fig, 5b right), The odorant-induced current
transient was increased by an average of 36% with
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Fig. 6. (Lower trace) Continuous trace of the short-circuit current during three suceessive stimulations with pulses of 107% M cineole.

The odc.ant response is superimposed on a standing short-circuit current (baseline) of 1.24 pA. (Upper irace) The same responses at

10-fold higher gain. An odorant-evoked response is measured relalive 1o the standing short-circuit current as baseline. Responses are
in modified Ringer's containing 50 mM NaCl.

10~* M BrcAMP and 63% with 10"* M BrcAMP
(Table I). This effect of BrceAMP was observed
with other odorants including the bell-pepper
smelling odorant, 2-isobutyl-3-methoxypyrazine
{Table I}. Thus the effect was not specific for the
single odorant cineole which is consistent with the
postulated role for cAMP in a general mechanism
for olfactory transduction [8,10,11].

(b} Effeci of BreAMP and odorant presented
simultaneously. The ability of BrcAMP to increase
the magnitude of the current transient due to a
subseguently applied odorant provides biophysical
gvidence that cAMF may be an intermediate in
olfactory transduction as has been suggested by

cingole

the in vitro biochemical studies of adorant-stimu-
lated adenylate cyciase aciivily {8—11]. Te explore
this further in a physiologically intact preparation,
we examined. the current transients produced when
BrcAMP and 1,8-cineole were presented as a mix-
ture to the ciliated side of the mucosa. As shown
in Fig. 4, the BrcAMP-evoked current was de-
scribed by a sigmoidal function of the BreAMP
concentration. The cineole dose-response is also
sigmoidal [13). If both odorants and BrcAMP can
activate the same current generating pathway, then
it should be possible to demonstrate that certain
mixtures of BreAMP and 1,8-cineole can give
enhanced response magnitudes, purely additive re-

d

st [’\\\N\

I min '

Fig. 7. Effect of BreAMP and odorant presented simullancously. Traces 2 and b are consecutive responses to 5 pM cineole. Trace ¢ is
the response 1o 1 pM BrcAMP, and trace d is the response to the mixture of 5 M cineole and 1 pM BreAMP. Responses are in
modificd Ringer's containing 30 mM NaCl.



sponses, or partially additive responses, these re-
flecting the nonlinear, saturable, character of the
BrcAMP-current relation. All three response types
can be observed at appropriate concentrations.

In each experiment a stable response pattern to
10~* M cineole was first established. Fig. 6 shows
three successive stimulations with pulses of 10~?
M cineole. The lower sel of traces illustrates the
relationship between the stimulated current and
the basal current, i.e. the odorant response current
is superimposed on the standing short~circuit cur-
rent. In a stable preparation responses are repro-
ducible to within 10%. The upper trace shows the
same responses at 10-fold higher gain which al-
lows us 1o focus attention on the odorant response
apart from the standing corrent. Thus as stated
earlier a response is always defined as a relative
change in current above standing (baseline) levels.
Thus small variations in the standing current, that
oceur in times that are long compared to the time
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of an odorant response, will not have an effect on
the response.

Figs. 7a and 7b show responses to pulses of 5
pM cineole. This is followed by a response to 1
pM BrcAMP (Fig. 7c). The latter response follows
the pattern shown in Fig. 3a. Fig. 7d shows the
response to a mixture of 5 puM cineole and 1 pM
BrcAMP. These data are analyzed in Fig. 8. Here
the first 30 s are shown of the response to BrcAMP,
the response to cineole (data of Fig. 7b), the
numerically summed responses of cineole, and
BrcAMP, and the response to the mixture of
cineole and BrcAMP. The mixture initially gave a
response that was greater than the sum of the
responses to cineole and BrcAMP presented sep-
arately, This was observed in three preparations
and is consistent with the sigmoidal character of
the dose-response curves for BrcAMP and cineole.
Both cineole and BrcAMP councentrations used
here are well below their respective concentrations
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Fig. 8. Traces b, ¢, and d of Fig. 7 were digitized and superimposed. The responses shown are: to BreAMP (+); to cineole (0); the
numerical sum of traces of BreAMF and cineole and b ({); and the mixture of cineole and BreAMP {a}. Note that for early times
the response of the mixture is greater than the sum of the individual responses. Responses are in modified Ringer’s containing 50 mM

NaCl.
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Fig. 9. Additive effect of BrcAMP and odorant on the current
response. The interaction of BrcAMP and the odorant in
evoking a current transient was investigated by presentation of
pulses of increasing concentrations of 1,8-cineole while keeping
the conceniration of BreAMP constant a1 5-107% M. (a)
Concentration-response profiie measured with odorant alone
{0} and (b} odorant plus BrcAMP (®). All currents in each
experiment were expressed as a fraction of that observed with
48-10"" M cineole in the absence of BreAMP. Under these
conditions the addition of BreAMP displaced the cinecle points
by a nearly constant amount except for the highest concentra-
tion of cineole for which the mixture produced a response thal
was less than additive. Each point represeats the mean + 5.D.
for'three preparations.

giving half-maximal response. At 1 pM the
BrcAMP concentration is 0.36 of the value that
gives half-maximal response (2.75 pyM). From the
concentration-response relation for cineole [13] the
concentration giving half-maximal response is 75
pM. A cineole concentration of 5 pM is therefore
0.067 of the cineole concentration giving half-max-
imal response. Under these conditions the cineole
responses are in the early sigmoidal pari of the
concentration-response curve, a necessary condi-
tion for a supra-additive result.

At higher cineole and BrcAMP concentrations
responses were strictly additive, This is shown in
Fig.9 using a range of cineole concentrations be-
tween 24 pM and 480 pM (Fig. 9a), and the same
cineole concentrations containing 5 pM BrcAMP
(Fig. 9b). At intermediza:: odorant concentrations
the concentration-response relation of cineole-
BrcAMP mixtures was displaced upward on the

current axis by an amount equal to the response
due to 5 pM BrcAMP alone. However, a limit on
the total current output was evident at high cineole
concentrations. At a cineole concentration of 480
M, the short-circuit current evoked by cineole
and 5 pM BrcAMP presented topether was less
than the sum of the currents evoked by cincole
and BrcAMP separately. In this case, BrcAMP
pushes the concentration-response relation 1o
saturation. This is consistent with the established
saturability of the current as a function of the
cineole concentration [13).

The results of these experiments show that when
mixtures of odorant and BrcAMP are presented
simultaneously, an enhanced current transient re-
sults due to the addition of the components of the
currents induced by each compound.

Maodulators of cAMP and the odorant-induced cur-
rent

Compounds that modify the intracellular cAMP
conceniration in situ can also modify the basal
and odorant-evoked currents in a concentration-
dependent way. High concentrations (> 1 mM) of
cAMP, its analogs or reagents that canse its gener-
ation increased the basal short-circuit current by
about 20-30% for as long as 3¢ min. During this
time, odorant-evoked current transients were sub-
stantially reduced in amplitude. Partial recovery
of the odorant-evoked current was observed only
as the short-circuit current returned to the original
baseline. In light of their effects on the basal
current at high concentration, we employed low
concentrations of cvclic nucleotide modulators to
investigate their effects on the odorant-evoked
response. These compounds produced comparable
effects on the in vitro preparation as reported for
the biochemical preparation [8]. Concentrations
less than 1073 M of forskolin, GTPyS, and
GDPBS, and 10~ * M 3-isobutyl-1-methylxanthine
caused little change in the basal short-circuit cur-
rent when delivered to the ciliated side. The re-
sponscs to odorants were characterized before and
after the application of forskolin and guanine
nucleotides at concentrations below 1073 M. The
tissue was preincubated with them for 3 min prior
to presentation of odorant. Forskolin, a powerful
stimulant of adenylate cyclase activity [15], caused
a 23% increase in the odorant response at a con-
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Fig. 10. Action of cAMP modulators on the odorant-evoked
current. The traces show the odorant-evoked current transtents
obtained when a pulse of 2.4.107% M 1,8-cinecle was pre-
sented (left to right) before and after bathing the ciliated side
of the mucosa with {2) 1075 M forskolin, {b) 10~ M GTPvS,
() 10™° M GDPAS for 5 min, Each procedure was carried out
on different tissue preparations and Table 1 shows the number
of preparations tested with each compound. Arrowheads indi-
cate the point at which stimuli were introduced into the Ussing
chamber. In this case, the flow rate of the solution was 0.11
ml/s.

centration of 107° M (Fig. 10a) and a 53% in-
crease ai 107> M (Table 1). Similarly, increasing
the endogenous cAMP concentration with the
phosphodiesterase inhibitor  3-isobutyl-1-methyl-
xanthive at 10”* M enhanced the odorant re-
sponses by 39% (Table I). Theophylline (10~¢ M)
had a similar effect. These results are consistent
with the observations of increased magnitudes of
the odorant responses when BrcAMP was applied
externally on the ciliated side of the mucosa (Fig.
4). Furthermore, they indicate that intracellular
cAMP levels can modulate an odorant-dependent
current source on the ciliated side of receptor
cells, and that excgenously added BrcAMP prob-
ably acts by entering the intracellular cAMP pool
of the receptor neurons.

GTP-binding proteins have been identified bio-
chemically in olfactory cilia and have been sug-
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gested 10 be components in olfactory transduction
[8-11]. The effects of the nonhydrolysable guanine
nucleotides, GTPyS and GDPSS, on the odorant-
evoked current were investigated. GTPyS at 102
M caused an enhancement of the odorant re-
sponse (Fig. 10b and Table 1) while GDPSS at the
same concentration caused suppression (Fig. 10C
and Table 7). This is a result consistent with the
involvement of a stimulatory G-protein in increas-
ing endogenous cAMP levels in the physiologically
intact olfactory mucosa.

We showed that the odorant-evoked current
was due to the activation of amiloride-sensitive
cusrent sources located on the ciliated side of the
olfactory mucosa [13]. This counid be distinguished
readily from the basal short-circuit current that
was amiloride-insensitive and blocked by fur-
osemide. For these nucleotide experiments we re-
established that 10™* M amiloride causes no
change to the standing short-circuit current when
applied for 5 min. To determine whether
BrcAMP-evoked current and the odorant-evoked
current activate a common pathway, we presented
mixtures of 107> M BrcAMP and 107 M
amiloride or 10°* M 1,8-cineole and 107" M
amiloride, as pulses to the ciliated side of the
olfactory mucosa and recorded the current tran-
sients evoked. There were major differences in the
properties of the current transients but the overall
effect of amiloride was the same (Fig. 11). In the
first series (11 a—c) the odorant-evoked response
consisted of a rapid influx of positive current that
slowly returned to baseline, the response magni-
tude was reduced substantiatly by amiloride (Fig.
11b) and was reversible to within 70% (Fig. 11c).
In conirast, the current transient elicited by low
BrcAMP concentration consisted of a slower re-
sponse in which the inward positive short-circuit
current was preceded by an initial current de-
crease (Fig. 11d, see also Fig. 3b). The effect of
amiloride was similar to that on the odorant-
evoked response in that the inward current tran-
sient was reduced (Fig 11€) reversibly (Fig. 11f).

Taken together, these experiments are con-
sistent with the hypothesis that odorant-induced
current is the end result of a sequence of steps
leading to the production of cAMP. The results
with forskolin, GTPyS and GDPSS confirm the
biochemical evidence that suggests that the inter-
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CONTROL TEST

10°°M Cinaole

(a) {D)

103 & BroaMP
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()] {0

+ 0% M Amiloride

+ 1% M Amiloride
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i0~% M Cineole

1
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()]

9 -{/—\ L)
Fig. 11. Effect of amiloride on the current-transients evoked by odorant or BicAMP. Mixtures of 107% M amiloride with 1073 M
BrcAMP or 10~* M 1,8-cineole were presented as pulses to the ciliated side of the olfactory mucosa. The traces show the currant
transients recorded. (a) Control response to 1,8-cineole. {b) Reduced magnitude of response to a mixture of amilotide and ¢ineole. {c)

Response to cineole alone showing 70% recovery of response, {d) Control response 1o BrcAMP. (e) Reduced magnitude of response to
2 mixture of amiloride and BrcAMP. (f) Response to BrcAMP alone showing 100% recovery of responsc.

mediate steps involve a G-protein coupled
adenylate cyclase. The fact that the currents evoked
by BrcAMP and cineole can be supra additive in
certain mixtures, and that exogenously added
BrcAMP and odorant both activate an amiloride-
sensitive current source is further indication that
cAMP production may be a key factor in the
normal response to some odorants.

Iateraction of BreGMP with the basal and odorant-
evoked currents

In contrast to BrcAMP, the effect of BrcGMP
was a concentration-dependent decrease in the
basal short-circuit current (Fig. 12). The con-
centration of BreGMP giving half-maximal sup-
pression was 2.55 - 107 M and the Hili coefficient
(n) was 0.8 +002 (SE., N=11). The average
diminution of current at 10 * M BreGMP was
3.96 + 0.96 pA/om’ (S.E., N =11). This decrease
was 5-10% of the basal short-circuit current. Fol-
lowing washout of BreGMP with Ringer's, the
current remained low. However, the subsequent
addition of BrcAMP caused an immediate in-
crease in current. The 10-fold lower concentration
of BreGMP piving half-maxima! suppression of
current compared to that giving half-maximal in-

crease with BrcAMP may imply differences in
affinities between the two cyclic nucleotides for
their sites of action. It is presently unknown

paAsm?

alge

1] 1 2 3 4 -] 6 T ] 9 o 100

B-Bramo-cGMP  pM

Fig. 12. Effect of 8-broinu-cGMP on the basal current. The
ciliated swde of the cllaclory mucosa was incubated with in-
creasing concentrations of BreGGMP. The piot shows the change
in basal cugrent with concentration fitted to the Hill equation.
The concentration of BreGMP giving half-maximal suppres-
sion was 2.55-1077 M and the Hill coefriciemt was 0.8+0.02
{mean £5.E,, N =11). The suppression of basal current by
BreGMP could be overcome by subsequent addition of
BreAMP 10 the solution bathing the ciliated side.
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Fig. 13. Interaction of 8-bromo-cGMP with the cdorant-evoked

current transient. The traces show the responses 1o 107% M

1,8-cineole alone (left), 2 mixture of 10°* M cineole and 10°*

M BrcGMP (center) and a subseguent presentation of this

mixture {right). The magnitude of the current iransient was

reduced to 52% of the control and this effect was not reversible
in the time scale of the preparation,

whether BrcAMP and BreGMP act on a single site
or different sites with overall antagonistic effects.

BreGMP was a potent inhibitor of the
odorant-evoked curreni. Bathing the olfaciory
mucosa with 1075 M BrcGMP for 5 min reduced
the magnitudes o1 subsequent odorant responses
by 42%, while higher concentrations caused fur-
ther diminution (Table I). Reduced odorant-
evoked current may be the result of the summa-
tion of two opposing currents — that due to
BreGMP induced efflux of cations from the cells
together with the inward positive current due to
odorant stimulation. The reduction of the odorant
response couid not bz overcome when BrcAMP
was applied subsequently.

When a mixture of 107° M [8-cineole and
1073 M BrcGMP was applied as a pulse to the
ciliated side of the mucosa, the amplitude of the
evoked current was initially only slightly di-
minished, but subsequent responses to this mix-
ture were reduced by approx. 50% (Fig. 13). There
was no recovery of response to odorant alone for
the duration of the preparation. This is in contrast
to the reversible effect of BrcAMP or amiloride on
the odorant-evoked current (cf. Fig. 11). The re-
sults of these experiments indicate that cGMP
must have its primary effect on an outward cur-
rent source which contrasts with the apparent
action of cAMP.
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Discussion

cAMP induced inward currenis

Olfactory mucosa short-circuited in vitro had a
mean steady state inward current of 53 pA/om?
in the absence of odorant stimulation, Qur previ-
ous study. [13] indicated that this basal curzent is
due mainly to a furcsemide sensitive chioride-
dependent ion transport pathway. Superimposed
on this standing current are odorant-evoked cur-
rent transients that are partially amiloride-sensi-
tive but not affected by furosemide. The maxi-
mum magnitude of the odorant-evoked currents
usually ranges from 0.1 to 1 pA or 2.5% to 25% of
the standing short-circuit current. Earlier attempts
to elucidate the effects of cyclic nucleotides on the
electrical properties of the olfactory mucosa relied
on measuring a voltage transient called the elec-
tro-olfactogram [16,17]. It was recorded on a float-
ing baseline, so interpretations of the results of the
aciion of cyclic nucleotides on transduction were
ambiguous, when 3',5'-cAMP aid its bromo de-
rivative were applied to the ciliated side of the
voltage-clamped mucosa in our studies, a slow
inward positive current transient developed.
BrcAMP was more effective than 3°,5'.cAMP pre-
sumably due to a higher membrane permeability.
Both were ineffective when applied to the sub-
mucosal side of the preparation, indicating that
the site of action is on the ciliated side. The
inward current was not accompanied by changes
in transmucosal resistance. Therefore, the domi-
nant transmucosal current pathways, which are
likely to be the paracellular shuats, are not af-
fected by cAMP. The changes in basal current
induced by diiferent concentrations of BrcAMP
were described by a sigmoidal concentration-re-
sponse relationship that fit the Hill equation. The
Hilt coefficient of 1.47 + 0.03 may imply a cooper-
ative effeet in the activation of a single channel
type or a heterogeneous population of channels.
This value and the half-maximal value of 2,75 pM
agree well with the parameters describing the con-
centration-dependent ciliary conductance induced
by direct application of cAMP (1.82 and 2.38 pM,
respectively) [12]. This correspondence also sug-
gests that BrceAMP can fully equilibrate between
the external and internal cell compartments. Qur
results demonstrate for the first time that increas-
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ing cAMP levels is accompanied by a slow inward
current transient in a physiologically intact pre-
paration of olfactory mucosa.

The existence of a cAMP-gated conductance in
the olfactory mucosa does not by itself demon-
strate a role for cAMP in olfactory transduction.
However, we have shown in Table I that prein-
cubation of the tissue on the ciliated side with
compounds known to increase intracellular levels
of cAMP 25 well as externally applied BrcAMP
result in a reversible enhancement of odorant-
evoked responses. This is evidence suggesting that
the modulation of intracellular cAMP levels is
linked to modulation of odorant-evoked currents.
Previously reporied bicchemical evidence demon-
strated that dorants stimulate adenylate cyclase
activity in vlfactory cilia [8,10,11]. A potent stimu-
lator of ad:nylate cyclase activity, forskolin, sub-
stantially ennanced the magnitude of the
odorant-evoked current transient in our studies,
This is evidence in support of the hypothesis that
the level of adenylate cyclase activity is coupled to
changes in conductance induced by the odorant.
The biochemical results also indicate a role for the
coupling of a G protein between the adenylate
cyclase and the odorant-receptor {8]. In view of
the known effects of GTP analogs on G-protein
activity in other receptor systems [18.19,21], cur
results showing enhancement of the odorant-
evoked currents by GTPyS and their inhibition by
GDPES further confirm that adenylate cyclase
activity is regulated by a G-protein. 1t should be
noted that a 5-min preincubation period with the
GTP and GDP analogues is sufficient for an
effect to be observed. This is presumably enough
time for entry by diffusion across the large surface
area presented by the olfactory cilia. Liscia et al.
have recently investigated the role of cAMP on
the chemosensory system of the blowfly [18]. Their
work demonstrates the effectiveness of extracellu-
lar addition of GDPESS.

I exogenows BrcAMP and odorant-induced
cAMP are activating the same current source their
effects should be additive. Fig. 4 shows that the
short-circuit current increases with an increasing
external concentration of Br¢cAMP, The resulting
current is a nonkinear function of BrceAMP con-
centration. The concentration response function
for cineole is similar [13]. Therefore, the effects of

the simultanesus addition of odorant and BrceAMP
will be constrained by the nonlinear properties of
both concentration-response functions. If cineole-
evoked currents were independent of BrcAMP-
evoked currents, mixtures of cineole and BrcAMP
would produce additive responses at all concentra-
tions. However, the data in Figs. 7 and § show
experimentally induced enhancement at low
odorant concentrations. This presumably results
from the addition of an external source of BrcAMP
to the endogenous cAMP production evoked by
the odorant. The combined effect of cAMP from
the two sources produces a current greater than
the sum of those currents produced by each sep-
arately. Also, the data in Fig. 9 show additivity at
intermediate concentrations and partial additivity
at the highest odorant concentration. This results
from the linear relationship at the midrange in the
concentration-response curve and saturability at
higher concentrations.

The odorant-evoked current is partially blocked
by amiloride [13]. Our results also show that
amiloride partially suppresses the current evoked
by exogenous BrcAMP. Thus, both odarant stimu-
lation and exogenously applied BrcAMP appear
to converge on a common current source distinct
from that regulating the basal current. In view of
the known action of amilonde [13,20), this is
probably a cation channel with some sodium
selectivity. It is only blocked by amiloride when
an odorant is presented simultaneously, indicating
that the amiloride ..ction is quite reversible and
mast effective on the activiated state of the chan-
nel [20). ‘This conclusion is supported by the fact
that simultaneous application of amiloride and
BrcAMP is required to suppress the effect of
BrcAMEF alone,

The odorant- and BrcAMP-evoked currents
have markedly different onsel times. With ad-
dition of BrcAMP there is a lag or current de-
crease just prior to the influx of positive current.
In some cases the current may reach a maximum
several seconds after BreAMP has been washed
out of the chamber. The lag could be due, in part,
to diffusion limitations. However, prior to the
influx of positive current many preparations show
an initial downward deflection in the current trace.
This suggests that BrcAMP can also activate a
small transient outward current, In contrast to



BreAMP, an odorant induces a rapid initial influx
of positive current. The difference in the response
kinetics is further indication that BrcAMP is not
itself an odorant, but rather an intermediate in
normal olfactory function. This conclusion is
strengthened by the fact that BrcGMP does not
give responses similar to BrcAMP as might have
been expected were the two acling as olfactory
stimuli.

c¢GMP inhibition of short-circuit current

In contrast to the effects of BrcAMP on the
basal short-circuit current, BreGMP caused a con-
centration-dependent decrease. The cyclic nucleo-
tide, BrcAMP, did not reverse the effects of
BrcGMP on the basal short-circuit current.
BreGMP was effective at a 10-fold lower con-
centration than BrcAMP. This evidence suggests
the existence of a higher affinity site for cGMP. It
is presently not known if the small ouwtward cur-
rent often seen following BrcAMP addition repre-
sents action at the ¢cGMP site,

The odorant-evoked shori-circuit current was
also suppressed by BrcGMP and its action could
not be reversed by BrcAMP within the time course
of the experiment. In contrast, BrcAMP reversibly
enhanced the amplitude of the odorant-evoked
current transient. These observations suggest that
cAMP and ¢GMP have independent actions in the
intact tissue. The reduced amplitudes of the
odorant-evoked currents after simultaneous pre-
sentation of BrcGMP and odorant may, therefore,
be the result of parallel activation of opposing

. Qdorant
lorid No© neceptor K
amiloride
sensifive l > T Qutside
apical coll
membrone
\_.r, ......... ! Inside
cAMP{Br} cGMP
GTP{JS} (caMP]

Fig. 14. Tentalive assignment of the interaction of cyclic
nucleotides with the membranes of the cilialed side of the
olfactory mucosa. The odorant receptor is coupled to an
amailoride-sensitive ion channel via a GTP-modulated, cAMP
mediated mechanism. I1 is possible that cGMP may inhibit this
process. The effects of BreGMP also suggest the activation of
parallel potassium channels which may also be odorant
activated.
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membrane currents as shown in Fig. 14. This
would suggest that in the intact preparation the
net effects of cAMP and ¢cGMP can be quite
dissimilar. On the basis of our study cAMP has
two effects: the production of a small outward
current, followed by a larger inward current. At
similar concentrations ¢GMP appears to mediate
only outward currents. The qualitative similarity
between cAMP and cGMP that emerges from
conductance measurements on isolated membrane
patches [12] may incicate that both activate a
common channel mediating outward current,
However, as shown herein, cAMP has an ad-
ditional function not shared with ¢cGMP, that is,
the mediation of an inward current.

Interdependent roles of cyclic nucleotides

These studies provide the first biophysical evi-
dence for the role of adenylate cyclase and a GTP
binding protein in the intermediate steps in olfac-
tory transduction. The results confirm the bio-
chemical studies of adenylate cyclase in ciliary
membrane fragments and extend them to the cel-
lular level in a physiologically intact preparation.
In addition, we have demonstrated that cAMP
and GTP modulate a cation conductance in an
amiloride-sensitive channel that is activated by
odorants. The siall transient outward current in-
duced by BrcAMP prior to initiation of an inward
current may indicate that cAMP, like cGMP, can
als2 activate a site for outward current. Potassium
channels have been identified in olfactory neurons
using pat.iv-clamp techniques [5,6,21-23] and im-
plications for their function in odorant responses
have been sugpested from reconstituted membrane
experiments [24-26]. In addition LaBarca et al.
[26] have presented evidence suggesting that
odorants can also directly activate channel con-
ductances, In view of the large K* concentration
gradient between the inside and outside of the celt,
it is possible that the current decrease induced by
BrcGMP may be as a result of K ion efflux.
c¢GMP and cAMP may therefore also regulate the
[K*1,/[K*], in the basal and odorant-stimulated
states of the olfactory mucosa. The occurrence of
a parallel ionic mechanism for inward and out-
ward currents may be an important on the sensiti-
zation-desensitization cycle and on the adaptive
properties in olfactory receptor neurons.
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