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Abstract. The effects of nitric oxide (NO) and other cys- Introduction
teine modifying agents were examined on cyclic nucleo-
tide-gated (CNG) cation channels from rat olfactory re-The detection of odorants by olfactory receptor neurons
ceptor neurons. The NO compounds, S-nitroso-cysteing& mediated by the activation of G protein-coupled re-
(SNC) and 3-morpholino-sydnonomine (SIN-1), did not ceptors which leads to a rapid increase in the intracellular
activate the channels when applied for up to 10 min.concentration of cAMP. Subsequent direct activation by
The cysteine alkylating agent, N-ethylmaleimide (NEM), cAMP of the olfactory cyclic nucleotide-gated (CNG)
and the oxidising agent, dithionitrobensoate (DTNB), cation channel results in cation influx and neuronal ex-
were also without agonist efficacy. Neither SNC nor citation. CNG channels have now been shown to have a
DTNB altered the cAMP sensitivity of the chan- widespread distribution in neuronal and non-neuronal
nels. However, 2-min applications of SIN-1, SNC andtissues (Kaupp, 1995; Finn, Grunwald & Yau, 1996).
DTNB inhibited the cAMP-gated current to approxi- In general, they form a crucial link between the stimulus-
mately 50% of the control current level. This inhibition induced chemical change and the electrical signal that is
showed no spontaneous reversal for 5 min but was comtransmitted throughout the nervous system.
pletely reversed by a 2-min exposure to DTT. The pres-  Since the cloning of the first CNG subunit from the
ence of cCAMP protected the channels against NO-bovine photoreceptor (Kaupp et al., 1989), it has been
induced inhibition. These results indicate that inhibition apparent that members of this family share a strong
is caused by S-nitrosylation of neighboring sulfhydryl structural resemblance with members of the voltage-
groups leading to sulfhydryl bond formation. This reac-gated ion channel superfamily (Jan & Jan, 1990). Like
tion is favored in the closed channel state. Since recomvoltage-gated ion channels, functional CNG channels
binantly expressed rat olfactory and 3 CNG channel can be formed from 4 subunits arranged in a ring to form
homomers and/ heteromers are activated and not in- a central ion-conducting pore (Liu, Tibbs & Siegalbaum,
hibited by cysteine modification, the results of this study1996). To date, two olfactory CNG subunits have been
imply the existence of a novel subunit or tightly bound cloned from rat olfactory neuroepithelial cDNA libraries:
factor which dominates the effect of cysteine modifica-an « subunit (Dhallan et al., 1990) and @& subunit
tion in the native channels. As CNG channels provide gLiman & Buck, 1994; Bradley et al., 1994). Although
pathway for calcum influx, the results may also havefunctional expression of the subunit alone forms cyclic
important implications for the physiological role of NO nucleotide-activated channels, coexpression withghe
in mammalian olfactory receptor neurons. subunit yields channels whose properties resemble more

closely those of the native rat channel (Liman & Buck,

1994; Bradley et al., 1994). However, it remains to be
Key words: Cyclic nucleotide-gated ion channel — Rat established whether the recombinadf subunits are
olfactory receptor neuron — Nitric oxide — Inhibition structurally and functionally identical to the native chan-
— Sulfhydryl binding agent nel.

Recently, NO and other sulfhydryl modifying agents

have been shown to act as potent agonists of both the
S salamander olfactory CNG channel and of recombinantly
Correspondence tal.W. Lynch expressed ra&t and B olfactory CNG channel subunits
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(Broillet & Firestein, 1996, 1997). Apart from the pos- min previously, was frequently applied as a control and was never

sible physiological importance of these observations, th@bserved to elicit any response. SIN-1, NEM and DTNB were dis-

identification of a novel ligand offers a possible means ofs°!Véd in DMSO at a concentration of 20vmand were either used

discriminating between CNG channel isoforms. Accord—'mmedlately or stored at ~20°C for up o one month without any

. . i ; A . obvious deterioration in efficacy. The DTT solution was prepared

ingly, the main aim of this study is to determine whether eshiy on each experimental day. All reagents were obtained from

NO and sulfhydryl modifying compounds can be used tosigma (St. Louis, MO). None of these agents caused any change in the

functionally discriminate between the native rat CNG pH of the perfusing solution at the concentrations used in this study.

channel and the recombinant rat CNG channel subunits.

The main outcome is that NO exerts a potent inhibitory

effect on the native channel, which is contrary to its Results

activating effect on every other CNG channel isoform

studied to date. This provides evidence for a structural

difference between the rat native channel and the recom?/LFHYDRYL MODIFYING AGENTS HAVE NO

binant rate and B subunits. Furthermore, since CNG AGONISTEFFICACY

channels provide an entry pathway for calcium into these

cells (Frings et al., 1995), the results may also have imActivation of the rat olfactory CNG channel by NO and

portant physiological significance. other sulfhydryl modifying agents was investigated in
inside-out patches excised from the dendritic knob of
adult rat olfactory receptor neurons. Such patches usu-

Materials and Methods ally contain several hundred CNG channels (Frings,
Lynch & Lindemann, 1992). Examples of macroscopic

Olfactory receptor neurons were isolated from adult rats as previousheurrents recorded in one patch before and after the ad-

described (Lynch & Barry, 1992). Dissociated cells were continuouslydition of a saturating (10Q.m) concentration cAMP are

superfused by a modified Tyrode’s solution containing (im)niNaCl shown in Fig. A and B, respectively. Fig. E displays

140, KCI 5, CaC) 2, MgCl, 1, glucose 10, and HEPES 10 (pH 7.4 with the net cAMP-gated current remaining after digital sub-

NaOH). Membrane curre_nts were recorded using standard patch—clamﬁ,action of the background current. Since this patch had

techniques and all experiments were performed at room temperaturé .

(18-25°C). Patch pipettes, fabricated from borosilicate haematocri® net cAMP-gated conductance of '_5'33 nS and the L_m"

tubing, had tip residences of between 8+4Q when filled with the  tary conductance of these channels is about 15 pS (Frings

standard divalent cation-free pipette solution containing @iyrNacl et al., 1992; Chiu, Lynch & Barry, 1997), it contained

140, EGTA 10, HEPES 10, (pH 7.4 with NaOH). Olfactory receptor approximately 355 active channels.

neurons were readily identified by their distinct bipolar ;Ijape. Cell- ~ Despite this large number of active channels, a 5-

Calknobs of these cells and detached into he inade.ou confgurato ! aPplication of the NO-liberating compound, S-

by brief air exposure. Excised patches were exposed to a low divalenpltroso_CYSteme (SNC)’ did not induce any S|gn|f|cant

cation solution containing (in m): NaCl 140, EGTA 0.25, HEPES 10 increase in the background leakage conductance wher

(pH 7.4 with NaOH). Unless otherwise indicated, this was the standard@Pplied at a concentration of In(Fig. 1C). Net back-

control solution used in all experimental procedures. The ‘@80  ground conductances before, during and after the appli-

Ca" solution used to assay the presence of calcium binding factorcation of SNC were identical (FigALC andD). Indeed,

contained (in mi): NaCl 140, CaCl 0.2, HEPES 10 (pH 7.4 with  (jgijtal subtraction of the background currents (Fig) 1

NaOH). The ‘Mg-EGTA' solution used to ablate the calcium binding from currents recorded at corresponding voltages follow-

factor from the channel contained (invh NaCl 140, MgC}, 2, EGTA . . .
10, HEPES 10 (pH 7.4 with NaOH). Excised patches were voltage-Ing SNC exposure (Fig.Q) reveal no residual channel

clamped at 0 mV and macroscopic patch currents were measured igctivation (Fig. F). Similar results were observed in
response to voltage steps of 120 msec duration from -60 to +60 mV ireach of 5 patches exposed to 1r8NC for 10 min and
10-mV steps. Currents were recorded using an Axopatch 200B patchin 13 other patches exposed to Mr8NC for periods of
clamp amplifier (Axon Instruments, Foster City, CA), filtered at 1 kHz 3-5 min. A lower (50um) SNC concentration was also
and digitized at 2.5 kHz directly to disk. Experimental data are ex-without effect when applied for a period of 10 min in
pressed as means + one standard error of the mean (SEM). Statisticgly o of 3 patches. These observations contrast directly
significance was assessed using a pairexst, with aP value < 0.025 -

being considered significant. SNC was prepared as described |oreV|Wlth those from the salamander O|faCtory CN_G Cha_nnel'
ously (Lei et al., 1992; Broillet & Firestein, 1985 Briefly, sodium  Where 100um SNC had an even greater agonist efficacy
nitrite and L-cysteine hydrochloride were combined in distilled water atthan did a saturating concentration of cAMP (Broillet &
a concentration of 100 mand vortexed until completely dissolved and Firestein, 1998). SNC was also a potent agonist of the
the solution turned a clear red color. A fresh batch of SNC was mixedrecombinanﬂy expressed ratand § homomeric CNG
after the forrEatign of each patcE to enzure that it retained meliximurrbhanne|s and the ra heteromeric channel (Broillet &
activity for the duration of each recording. In experiments lasting . . - . .
longer than 30 min, fresh batches of SNC were prepared at 30-mirF|reStem’ 19.97)' However, their claim the.‘t SNC a?tl_
intervals. In control experiments, the original inhibitory efficacy of Yate$ the native rat 0|faCt9_r¥ CNG Chann_el IS unconvinc-
SNC was retained for at least 30 min after mixing but declined dra-iNg since the cAMP-sensitivity of the activated channels

matically between 30 and 60 min. Depleted SNC, mixed more than 60vas not demonstratedgeFig. 1C in Broillet & Fires-
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A B C Fig. 1. SNC does not activate cAMP-gated
control 100 uM cAMP 1,mM SNC for 5 min channels in inside-out, multichannel patches from
L dissociated rat olfactory recepetor neurons. Data
were recorded sequentially fro-D in the same

patch. This patch contained about 355 active
cAMP-gated channelgA) Total (i.e.,
unsubtracted) currents activated by voltage steps
from 0 mV to -60, —30, 0, 30, and 60 mV. This

D E 100 uM cAMP F voltage protocol, summarized in the inset, applies

) 1 mM SNC ) L
wash for 15 min control subtracted control subtracted to all currents displayed in Figs. 1-8) Total

L current responses in the same patch following
" ks application of 100um cAMP. (C) Total current
r — Empmudex 10 r responses recorded after a 5-min application of 1
currents inB. All subsequent cCAMP-gated currents

mm SNC. (D) Total current responses recorded
in this paper are displayed as such difference curréR)sNet current activated by 1 mSNC, obtained by subtracting the averagefof D
from C. The scale bars apply to all traces excEptvhere the current amplitude has been magnified by a factor of 10 to emphasize the
complete lack of activation.

+60 mV following a 15-min wash in control solutiofE)
J 300 pA . )
0o—F—— Net cAMP-gated currents, obtained by subtracting
20ms 0 the current traces iA, from the corresponding

tein, 1997). The agonist efficacy of several other cyste-A

ine modifying reagents was also examined. As shownin 100 uMcAMP ,
the example in Fig. & the NO donor, 3-morpholino-  F—————o 102”'\” SIN-A for 3 min
syndronomine (SIN-1), had no detectable effect when 4
applied at a concentration of 1Q0« for either 3—5 min

(n = 13 patches) or for up to 10 mim (= 3 patches).
Similarly, the sulfhydryl alkylating agent, N-ethylmalei-
mide (NEM), showed no measurable agonist efficacys
when applied at a concentration of 1@ for either 3-5 IS
min (n = 9 patches) or 10 minn( = 2 patches). An e i' ig
example of the result of a 3-min application of 106 |S——

NEM in one patch is shown is FigR2 Finally, the oxi-

dizing agent, dithionitrobenzoate (DTNB), had no ago-

nist efficacy when applied at a concentration of 200

for 10 min in each of 3 patches or when applied for € 100 um camp

100 pM cAMP 100 uM NEM for 3 min

3-5 min in each of 9 patches (e.g., Fig)2In contrast, —— 200 uM DTNE for 3 min
each of these compounds was a potent agonist of the - -
salamander olfactory CNG channel (Broillet & Firestein, —
1996). _ S ~ |s00pa

It is possible that the inability of these agents to 20ms

activate the channel was due to the sulfhydryl groups
being already covalently modified. This possibility was Fig. 2. Other sulfhydryl binding agents do not significantly activate the
examined by app|y'@ a 2 MM concentration of the re- channel.(A) Although this patch contained about 409 act_ive CAMP-_
ducing agent, dithiotreitol (DTT), to the intracellular 92td channels (left panel), SIN-1 had no effect when applied for 3 min
. . . (right panel).(B) A 3-min application of 10QuM NEM had no effect
patCh surface. When appll_ed f‘?r a pe”Od of 2 min, DTTin a patch which contained about 400 chann@3 Although this patch
should break exposed disulfide bonds or molecularontained 580 channels, a 3-min application of DTNB induced no
groups covalently linked to exposed sulfhydryl groups.significant activation. The scale bars apply to all displayed traces.
However, DTT treatment had no effect on magnitude of
the cAMP-gated conductance in freshly excised patches.
In a total of 10 patches where DTT was applied to ex-the above sulfhydryl modifying agents when each of the
cised patches prior to treatment with sulfhydryl-binding above agents was applied for up to 10 min in a total of 23
agents, the averaged maximum cAMP-gated conducpatches. Another possibility is that a tightly bound in-
tance was 98 + 3% of the control current magnitude.tracellular factor occludes one or more critical sulfhydryl
This difference was not significant using a paitetgst.  groups. The only factor known to bind irreversibly to
Furthermore, the 2-min DTT treatment had no effect onthese channels in vivo is the ‘calcium binding factor’
the susceptibility of the channels to activation by any ofdescribed by Balasubramanian, Lynch and Barry (1996).
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A B ¢ Fig. 3. Ablation of the calcium binding factor has no
SRR effect on the ability of sulfhydryl binding agents to
[T activate the channel. All data were recorded

sequentially fromA-E in the same patch. This patch
I 10 uM cAMP + 0.2 mM Ca™ . contained about 392 active cAMP-gated channels.
10 uM cAMP 10 uM cAMP + 0.2 mM Ca**  (A) Activation of CNG channels by an almost

after 2 min of Mg-EGTA saturating (1Qum) concentration of CAMP(B)
Application of 10pum cAMP + 0.2 nm calcium
inhibits the CNG current(C) Currents recorded in
the presence of 10m cAMP + 0.2 nm calcium
after a 2-min exposure to Mg-EGTA solution
- i v — demonstrate that the inhibitory effect of calcium has
100 pM NEM for 3 min 100 M SIN-1 for 3 min 50 uM SNC for 3 min been abolishedD, E, F) Separate 3-min
applications of NEM, SIN-1 and SNC do not induce
J 300 pA chaqnel activation even aﬁer ablation of the calcium
binding factor. Each experiment was separated by a
20 ms 2-min DTT wash.

In the presence of 20Qum intracellular calcium, this (Fig. 4C and D). However, 100pm NEM had no sig-
factor causes a large§0-fold) reduction in the sensi- nificant inhibitory effect when applied for 3 min in each
tivity of the channels to cyclic nucleotides and is readily of 4 patches (Fig. B). As discussed in detail below,
ablated from the channels by a 2-min application of Mg-since the NO-incuduced inhibition is mimicked by the
EGTA solution (Lynch & Lindemann, 1994; Balasubra- oxidizing agent DTNB and reversed by DTT, it is highly
manian et al., 1996). However, as shown in the exampléikely that the inhibition is caused by N@nediated oxi-

in Fig. 3, ablation of the calcium binding factor from the dation of closely apposed cysteine residues.
intracelluar membrane surface had no effect on the abil-  The state dependence of NO inhibition was investi-
ity of either NEM, SIN-1 or SNC to activate the channel gated by examining whether co-application of NO with a
when they were applied for 3-5 min in each of 8 patchessaturating concentration of cAMP had a different effect
It remains possible, however, that other unknown regu+o that elicited by NO when applied alone. As seen in the
latory factors are involved in occluding the putative Cys-example in Fig. B, when 1 nm SNC was co-applied

teine activation site(s) of the rat CNG channel. with 100 pv cAMP for 2 min, no inhibition was ob-
served. However, when the same SNC concentration
INHIBITION OF CNG CHANNELS By NO was applied prior to cAMP in the same patch, a strong

inhibition resulted. This inhibition was completely re-
An unexpected finding was that the cysteine modifyingversed by a 2-min application of DTT¢t showi. A
agents inhibited the cAMP-gated current. For examplesummary of results pooled from 4 patches exposed to 1
a 2-min patch exposure to 100m SIN-1 caused an mm SNC is shown in Fig. 8. The state-dependence of
approximately 50% inhibition (Fig.A). In this experi- the DTNB-induced inhibition was also examined using a
ment, SIN-1 was applied for 2 min in the absence ofsimilar protocol. As seen in the example in Fidg, 200
cAMP, and the inhibition was observed when cAMP waspum DTNB + 100 um cAMP caused no inhibition when
re-applied following removal of SIN-1. The inhibition applied for 2 min, whereas in the same patch, 200
displayed no voltage-dependence and did not spontan@®TNB applied alone induced a strong inhibition. Re-
ously reverse for at least 5 min following SIN-1 removal sults averaged from 4 cells are displayed in Fig.
(n = 3 patches). However, it was rapidly and com-5C. Thus, neither NO nor DTNB is effective in inhibit-
pletely reversed following a 2-min patch exposure toing the channel when it is in the open state.
2-mM DTT (Fig. 4A). Results averaged from 4 cells A recent study (Gordon, Varnum & Zagotta, 1997)
exposed to 10@m SIN-1 for 2 min are displayed in Fig. found that disulfide bond formation strongly potentiated
4D. A 2-min patch exposure to 5@m SNC also pro- currents in recombinantly expressed rod photoreceptor
duced an irreversible inhibition which was also com- homomeric CNG channels by reducing the concentration
pletely reversed by a 2-min exposure to DTT (Fi@)4 of cyclic nucleotide necessary for half-activation of the
Averaged results from 4 cells exposed togd SNC are  channels. This was investigated in the present study by
shown in Fig. 4. Similarly, a higher (1m) concentra- examining the effects of 1 mSNC and 20Qum DTNB
tion of SNC induced a stronger inhibition which was at cAMP concentrations of 100, 2 and Qu. These
almost completely reversed by a 2-min DTT exposure ( CAMP concentrations were chosen as they represent
= 7 patches; Fig. B). In addition, 200um DTNB (n = saturating, half-saturating and barely threshold concen-
7 patches) also caused a strong irreversible inhibitiorirations, respectively (Frings et al., 1992). As shown in
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A
control after 2 min DTT wash

F::: after 2 min in 100 uM SIN-1
p— pre—
B

control after 2 min DTT wash
P A et i
after 2 min in 50 uM SNC
e o
]
L_ i —
s P |

{soo PA | mrnd

20 ms
c Fig. 4. Inhibition of the channels by sulfhydryl
control after 2 min DTT wash binding agents and its reversal by DTT. All displayed
after 2 min in 200 pM DTNB traces were recorded in response to a saturating (100
M) concentration of cAMP(A) Application of 100
_ﬁ% = uM CAMP revealed that this patch contained about 500

cAMP-activated channels (left panel). The patch was
then exposed for 2 min to 100m SIN-1 in the

J 200 pA absence of cAMP. When cAMP was reapplied, the

2o ms current had significantly diminished (center panel).

Then, following a 2-min patch exposure to 2-mM

DTT, the cAMP-gated current had completely returned
to control level (right panel)(B) Same patch a8.
Example of a similar experiment th except that 50

wM SNC was used in place of SIN-1. Scale bar8in
apply also toA. (C) Similar experiment toA except

that 200um DTNB was used in place of SIN-1. This
patch contained about 278 active channgly.

Averaged current responses to 2-min exposures to the
indicated sulfhydryl-binding agents. All values are
expressed as fractions of the original (control)

Fraction of control current

T £ o< Q< mc s c cAMP-gated current. The numbers of experimental
z 2 z & zZ & z & ) . . Lo

ik » 3 w3 52 z g determinationsr{ values) are indicated for each
Elg =l % - %',: 2c experiment. Asterisks indicate values which were
3 g° =0 ae gt significantly different to the initial control current

= S - using a paired-test and & value of < 0.025.

the example in Fig. & a 2-min application of 20Qum CNG channel is neither activated nor potentiated by cys-
DTNB induced a similar degree of inhibition at all teine modification. Instead, the channels are shown to be
CAMP concentrations, but did not appear to change thénhibited by the NO donors, SNC and SIN-1, and that
sensitivity of the channels to cAMP. Indeed, resultsthis inhibition is reversed by DTT. In apparent contra-
pooled from 3 patches clearly demonstrate that DTNBdiction to the present report, Broillet and Firestein (1997)
does not cause any significant change in the cAMP senreported that NO directly activated the native rat olfac-
sitivity of these channels (Fig.@ upper panel). As tory CNG channel. It is difficult to reconcile these re-
shown in the example in Fig.B; a similar situation was sults as Broillet and Firestein did not state the length of
observed following a 2-min patch exposure to Mm time NO compounds were applied, nor how many active
SNC. Results averaged from 3 separate experiment&NG channels were present in their patches. However,
summarized in Fig. 6, lower panel, demonstrate that it remains possible that the difference in results may
SNC also does not induce any significant shift in thereflect differences in NO application time. In the present
CAMP sensitivity of the channels. study, NO was applied for periods of up to 10 min, which
is at least double the amount of time required for the
_ _ effects of NO donors to reach steady-state in other chan-
Discussion nels, including the ryanodine receptor (Xu et al., 1998),
the NMDA receptor (Lei et al., 1992), gap junctional
In contrast to recent reports on a variety of CNG chan-channels (Lu & McMahon, 1997), L-type calcium chan-
nels, the present study demonstrates that the rat olfactonyels (Hu et al., 1997) and calcium-activated potassium
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A 1 mM SNC + ‘IOQ uM cAMP
control for 2 min
oot
1 mM SNC for 2 min
e
|==————==——8
J 400 pA
20 ms
B 200 uM DTNB+100 uM cAMP
control for 2 min

200 uM DTNB for 2 mi Fig. 5. State-dependence of the inhibition induced by
" er<min " NO and DTNB. All currents were recorded in response
_%_ to a saturating (10@um) concentration of CAMP(A)

Application of 100pm cAMP indicated a total of
H about 550 active channels (left panel). The patch was
then exposed to 1 mSNC + 100um cAMP for 2

J 220 pA min and the cAMP-gated current was measured (center
20 ms panel). Following this, the patch was exposed toxd m
SNC alone for 2 min. Then the SNC was removed and
121 cAMP was reapplied, revealing a significant degree of
10— o — — QR — — e o e e — — — inhibition (right panel). A 2-min application of DTT
b subsequently returned the cAMP-gated current to the
control level (not shown)(B) Example of a similar
‘ experiment toA except that 20Qwm DTNB was used
04 i i in place of 1 nm SNC. This patch contained a total of
02 A . approximately 302 active channe(€) Averaged
responses from 4 patches exposed toMd &NC and 4
patches exposed to 2Q0v DTNB. The currents
recorded in each patch following a 2-min DTT wash
are also shown. Asterisks indicate significant
differences to control levels as determined by a paired
t-test and & value of < 0.025.

0.8
06 r

Fraction of contral current

0.0

SNC
DTNB

DTT wash
DTT wash

o
=
<
S
+
[&]
e
2]

DTNB + cAMP

A control Fig. 6. Neither DTNB nor NO modify the
200 uM DTNB for 2 min ¢ apparent affinity of the channels for cAMP. All
0.5 before currents were recorded in response to a saturating
2 DTNB (100 pm) concentration of cCAMP and only
J1 nA 05 after currents in response to voltages steps from 0 mV
20 ms 2 DTNB to —60 and +60 mV are showifA) Currents
[cAMP] activated by 100, 2 and 04om cCAMP in one
B control (uM) patch are shown (left panel). This patch contained
05| before a total of about 1,760 active channels. A 2-min
2 H } sue application of 200um DTNB induced an overall
0.5 after inhibition, but no apparent change in the
2 H }SNC sensitivity of the channels to 2 or v CAMP
o.ﬁ:——.—?o (right panel).(B) Similar experiment tA except
+60 mV Relati duct that 1 mu SNC was used instead of 2Q01
0 m — 100 uM cAMP elative max. conductance LN, This patch contained about 320 active
I 2 pM cAMP . )
60 —— 0.5 .M cAMP channels(C) Relative conductances activated _by
2 and 0.5um cAMP both before and after 2-min
exposures to 20Q.m DTNB (upper panel) and 1 mSNC (lower panel). All displayed values are the averages of 3 experimental
determinations. Using a pairedest, with aP value of 0.025, neither DTNB nor SNC induced any significant change in the relaitve
magnitudes of currents activated by 2 or ué cAMP.

channels (Cai & Sauve, 1997). Even if olfactory CNG channel at all, it must act in an exceptionally slow and
channel activation requires an NO application timeweak manner.

greatly exceeding 10 min, it might be expected that at  Although NO can undergo a range of chemical re-
least a small fraction of the several hundred channelsctions under physiological conditions, its action on pro-
present in our patches may have been activated within 1eins is mainly due to NOmediated oxidation of cyste-
min. Thus, if NO activates the native rat olfactory CNG ine thiol groups (R-SH) to yield S-nitrosothiols (R-SNO)
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(reviewed in Ignarro, 199 and b). Although S- dryl binding agents even when used at concentrations of
nitrosothiol groups are short-lived, a relatively persistentup to 20-fold higher than those used in the present study.
protein modification can result if two neighboring S- Thus, NO-induced inhibition appears to be a unique
nitrosothiols combine to form a disulfide bond (R-S-S- property of the native rat olfactory CNG channel.
R)(Ignarro, 19908). Such a chemical modification is Thus, native rat olfactory CNG channels differ from
highly likely to have caused the persistent inhibition seerrecombinantly expressed rator 3 homomers ora/f

in this study. This interpretation is strongly supported byheteromers in that they are not activated by NO, and that
the dual observations that the oxidizing agent, DTNB,they are inhibited by NO. Since methodological differ-
had an identical effect to NO, and that the disulfide bondences cannot readily explain these differences, the mos
reducing agent, DTT, reversed the inhibition by both plausible explanation is that the native rat CNG channel
substances. It is important to note that DTT had no efhas a different structural arrangement of exposed cys-
fect on channels which had not previously been exposeéfines to thex/g heteromer and that these cysteines are
to exogenous cysteine-binding agents. The absence danctionally coupled_to the channel in a different manner.
significant NEM-induced inhibition indicates that the al- SUch a structural difference would presumably be con-
kylation of one or both of the paired cysteines does nof€red by an as yet unidentified subunit or tightly bound
replicate the effect of cysteine crosslinking. Since thelégulatory factor. Such a factor must exert a dominant

reactive cysteines are capable of forming disulfide bonddnfluence on the channel gating process if it not only pre-

only in the closed channel state (Fig. 5), it may be con-vents the channels from being activated by cysteine modi-

cluded that the structural rearrangements accompanyiniFation, but also introduces a potent inhibitory effect.

channel activation either separate the cysteines or oct- tTRe r_elsult.s plreslented he:\tleomay ?AS? ha\;]e alz)|mp<|)r—
clude at least one of them. ant physiological relevance. synthetase has been lo-

. o . calized to vertebrate olfactory sensory neurons, implying

NO has prewously been reported tp indirectly act a physiological role for NO (Roskams et., 1994; Bredt &
vate CNG channels in several experlmental SyStemsSnyder 1994; Zhao, Firestein & Greer, 1994). Indeed
!"Shka and Schild .(1993) found th_at NO activated a ca 'possiblé effeétor méchanisms for NO :and their physi-'
ion conductance irkenopus IaeV|$Ifactory receptor ological consequences for offactory transduction have
?ecently been discussed (Breer & Shepherd, 1993; Broil-

ent in the intracellular solution. This finding suggestedIet & Firestein, 1998; Zufall, Shepherd & Barnstable
that NO stimulated particulate guanylate cyclase to pr0-1997)_ Althouéh it hz;\s not t;een established that the,in-

dl."c.e cGMP Wh'(.:h in trn directly activated the Fhannels'hibitory effect described here occurs in olfactory recep-
Similar mechanisms were postulated to explain NO acy, na(rons in vivo, such a mechanism is feasible since
tivation of lizard cone photoreceptor CNG channelsg niirosylation-induced sulfhydryl crosslinking has pre-
(Savchenko, Barnes & Kramer, 1997) and CNG channelgjq sy been shown to inhibit NMDA-activated channels
in rat retinal ganglion cells (Ahmad et al., 1994). iy intact central neurons (Lei et al., 1992). Since the
Direct effects of NO and other cysteine modifying gitactory CNG channel is highly permeant to calcium
agents on CNG channels have also been examined. Stug:rings et al., 1995), the NO-induced inhibition de-
ies on the photoreceptor CNG channel revealed that cysscribed here is potentially an important physiological

teine alkylation by NEM potentiates the cGMP-gated modulator of many intracellular processess in mamma-
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