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Abstract 

Rod and cone photoreceptors are the light detectors in the visual system whereas olfactory receptor cells are the odorant 

detectors in the olfactory system. Despite the two very different types of stimuli, light in photoreceptors, and odorant 
molecules in olfactory receptor cells, the mechanisms of visual and olfactory transduction appear to have many homologies. 
Both stimuli trigger a chain of enzymatic events that terminates in a change in the concentration of a cyclic nucleotide: a 
decrease in the concentration of cGMP in photoreceptors, and an increase in the concentration of CAMP in olfactory receptor 
cells. These cyclic nucleotides directly gate cation channels and therefore a change in their concentration induced by the 
external stimulus is converted into an electrical signal. The analysis of the ionic selectivity properties of cyclic nucleotide- 
gated channels in retinal rods, cones and in olfactory receptor cells shows that there are many similarities between these 
channels. They do not appreciably select between alkali monovalent cations and can be permeated and blocked by divalent 
cations. Their ionic permeation properties are consistent with the presence of a cation-binding site of high-field strength in 
the pore. 
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1. Visual and olfactory transduction: electrical 
properties and biochemical schemes 

The initial steps of vision and olfaction occur in 
sensory receptor cells devoted to convert external 
stimuli into electrical signals that will be transmitted 
to other neurons. Although these two sensory modal- 
ities deal with very different stimuli, they use some 
similar mechanisms of signal transduction, 

Visual transduction in vertebrate photoreceptors, 
rods or cones, is initiated by the absorption of a 
photon by a visual pigment protein. Rhodopsin is the 
rod pigment and mediates vision in dim light, whereas 
the blue, green and red pigments of the cones medi- 
ate color vision. The absorption of a photon triggers 
an enzymatic cascade that causes the closure of ion 
channels, reducing an inward current carried by Na 
and Ca and causing membrane hyperpolarization. 
Light of increasing intensity gradually suppresses the 
current flowing in the dark as shown in Fig. 1 [l]. 

Similarly olfactory transduction is initiated by the 
interaction of odors with receptors on olfactory re- 
ceptor cells. The binding of odorant molecules trig- 
gers an enzymatic cascade that leads to the onset of 
an ionic current and depolarization of the membrane. 
In photoreceptors there are only four visual pigment 
proteins able to capture light whereas in olfactory 
receptor cells there is a very large family of recep- 
tors able to bind different odorants. A family of 
current responses obtained by exposing an olfactory 
receptor cell to increasing odorant concentrations is 
shown in Fig. 2 [2]. Contrary to the case of visual 
transduction application of odorants of increasing 
concentration gradually induced larger currents. 

By comparing Figs. 1 and 2 it is evident that the 

kinetics of the odorant-induced current has a time 
course broadly resembling the time course of the 
light-suppressed current and it is not surprising that 
the transduction mechanism in olfactory neurons and 
in photoreceptors is controlled by a similar enzy- 
matic cascade [3]. Both visual and olfactory trans- 
duction involve the activation of receptor molecules 
by the stimulus, which is followed by G protein- 
mediated enzymatic cascades leading to a change in 
the intracellular concentration of a second messen- 
ger: a cyclic nucleotide. In photoreceptors light 
causes the activation of phosphodiesterase that re- 
duces the cGMP concentration from its resting level 
of some micromolar. In olfactory receptor cells odor- 
ants produce the activation of adenylate cyclase that 
increases the CAMP concentration. Cyclic nu- 
cleotides directly gate ion channels in the plasma 

I I I I I I I I I 
0 1 2 3 4 

set 
Fig. 1. Family of current responses to flashes of light of increasing 
intensity recorded from an isolated retinal rod of the newt. Brief 

flashes wcrc given at time LCW. Reproduced from Ref. [I]. 
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Fig. 1. I’amilv ol current responses to different concentrations ot 

the odtrr;rnt acctophcnonc. recorded from an isolated olfactq 

rcccptor ccl1 of the salamander. The top trace rcprehenth the 

stimulus time courx. Modified from Ref. [?I. 

membrane of these sensory cells: cGMP is the intra- 

cellular messenger involved in visual transduction 

whereas cAMP is involved in olfactory transduction. 

The modulation of the cyclic nucleotide concentra- 

tion generates the electrical response in both visual 

and olfactory transduction pathways (see Refs. [4-61 

for reviews on visual transduction and Refs. [7.8] for 

reviews on olfactory transduction). 

The transduction process in photoreceptors is at 

the moment the best understood and it has been 

possible to make models [I ,O, 101 describing the mea- 

sured clectrophysiological properties of isolated pho- 

toreceptors on the basis of the known biochemistry 

of the transduction process. It will be very interesting 

to develop similar models also for the olfactory 

receptor cells, but in order to do so we still need 

some information on the biochemical steps of the 

Prtrpcrtics (rf cvclic nuclcotide-pated channels 

transduction process and on the clcctrophysiological 

properties of isolated olfactory receptor cells. 

2. Gating by cyclic nucleotides 

Fesenko et al. [I I] first showed that cGMP di- 

rectly opens channels in excised membrane patches 

from retinal rod outer segments and similar channels 

were also described in retinal cones [I?]. In I987 

Nakamura and Gold [ 131 first measured a conduc- 

tance activated by cyclic nucleotides in the plasma 

membrane of cilia from olfactory receptor neurons. 

The opening of these channels is probably caused by 

;I conformational change in the channel protein after 

the direct binding of several cyclic nucleotide 

molecules. 

Cyclic nucleotide-gated channels in excised mem- 

hrane patches from photoreceptors and olfactory re- 

ceptor neurons can be activated both by cGMP and 

by cAMP but with very different affinities (see Table 

I ). Photoreceptor channels are usually called 

cGMP-gated channels because cGMP is the second 

messenger in visual transduction whereas olfactory 

channels are usually called cAMP-gated channels 

because cAMP is involved in olfactory transduction. 

The ligand specificity of the conductance is dcter- 

mined by measuring the current as a function of the 

concentration of different cyclic nucleotides. The 

relation between activated current and cyclic nu- 

cleotide concentration is described hy the Hill equa- 

tion: 

I = I,,,,,, c”/‘( c.” + Ki’ ?) 11) 

Retinal rod Retinal umc Oltactory rcccptor cell 

K, &cGMP) 0.8 /LM 1: PM I.5 PM 

K, JcAMP) X3h /.LM 1.1) /LM 

I ,,~,,\~~,\\II’l/‘nl.,\,r~illl’~ 0.J I 
,r(c(iMI’) 7.7 2.5 I.1 

f~(cAMl’) 1.x I .h 

A comparison of the parameters of the Hill Eq. (I) for cyclic nucl~otide-ncti~~lt~~i channcla from retinal rod of the ul;lmandcr [IS]. rclinal 

cow of the striped 1x1s~ [20] and olfactory receptor cell of the frog [X?]. 
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Fig. 3. Current measured at +60 mV as a function of different 
concentrations of cGMP or CAMP in an inside-out excised patch 
from a retinal rod outer segment of the salamander. The continu- 
ous lines are the best fit of the Hill Eq. (1) to the data with the 
following values: I,,,(cGMP) = 365 pA, K,,2(cGMP) = 9.8 FM, 
n(cGMP) = 2.2, I,,,.,,kAMP) = 152 pA, K&AMP) = X46 PM, 
n(cAMP) = 1.X. Unpublished results of A. Menini ct al. [18]. 

where I is the activated current, I,,, the maximal 
current, c the cyclic nucleotide concentration, K,,, 
the cyclic nucleotide concentration activating half of 
the maximal current and n is the Hill coefficient. 

Half maximal activation of the rod channels oc- 
curs at cGMP concentrations between 10 and 50 /IM 
[ 11,14-181 depending on animal species. The rod 
channels can also be activated by CAMP, but the half 
maximal concentration for activation by this cyclic 
nucleotide is much higher. In the salamander K,,? 
for cGMP is about 10 PM whereas K,,? for CAMP 
is about 850 PM, and the maximal current activated 
by CAMP is only 40% of that activated by cGMP 
[18] (see Fig. 3 and Table 1). The cone channels are 
half-activated at a cGMP concentration around 30-50 
PM [19,20]. Channels of olfactory receptor cells are 
activated by lower cyclic nucleotide concentrations: 
between 2 and 22 PM for CAMP and between 1 and 
4 PM for cGMP [13,21-231, depending on the 
species. 

Activation by cyclic nucleotides shows a clear 
cooperativity. The Hill coefficient in Eq. (1) ranges 
between 1.2 and 3.1 for cyclic nucleotide-gated 
channels from both photoreceptor [11,14-201 and 
olfactory receptor cells [ 13,21-231 suggesting that 
the opening of a single channel depends on the 

cooperative binding of at least three cyclic nu- 
cleotide molecules. 

2.2. Modulation of l&and sensiticity 

The sensitivity of these channels for cyclic nu- 
cleotides can be modulated by several mechanisms. 
Gordon et al. [24] have shown that the channel in 
retinal rod can be converted between low and high 
sensitivity states with a variation of K,,, for cGMP 
of almost lo-fold and that this process is controlled 
by phosphorylation. They suggest that there are two 
phosphorylation sites on the channel and/or associ- 
ated regulatory protein(s) that could modulate the 
sensitivity of the channel to cGMP in a reciprocal 
manner. Calmodulin also influences the activation by 
cyclic nucleotides of both the retinal rod and the 
olfactory receptor cell channels. The addition of 
calmodulin and Ca produces an increase of the K,,? 
for cGMP of 2-fold for the retinal rod channel [25] 
and an increase of the K,,z for CAMP of up to 
20-fold for the olfactory channel [26]. 

pH also modulates the sensitivity of the retinal 
rod channel for CAMP [18,27], as described in Sec- 
tion 3.4. 

3. Ionic selectivity and blockage 

3.1. Alkali monor>alent cations 

Cyclic nucleotide-gated channels from retinal rod, 
cone and olfactory receptor cells have similar selec- 
tivity properties. These channels are cation selective 
and do not appreciably select between different al- 
kali monovalent cations [ 16,20,22,28,29]. 

Fig. 4A shows currents activated by 100 PM 
cGMP in excised patches from retinal rods when the 
extracellular side of the patch was bathed with 110 
mM NaCl and the cytoplasmic side was bathed in 
110 mM NaCl, LiCl, KCI, RbCl or CsCI, in the 
absence of divalent cations. Fig. 4B shows the I-V 
relations obtained from the experiment illustrated in 
A [28]. 

Permeability ratios were calculated with the Gold- 
man-Hodgkin-Katz potential equation (Eq. 2) from 
the measured reversal potentials. When the only 
permeant cation present at the external side of the 
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membrane patch is Na and the only permeant cation 
present at the intracellular side is X, the permeability 
ratio is: 

P\/I’W, = ( [Nal,>/[X],) ex~( - FV,,,/W (2) 

where R is the gas constant, F the Faraday constant. 
T the absolute temperature, [Na],, the Na conccntra- 
tion at the extracellular side and [X], the concentra- 
tion of the cation X at the cytoplasmic side of the 
membrane. 

The ionic selectivity measured as permeability 
ratios. for cGMP-gated channels from retinal rods 
[2X], cones [20]. and for CAMP-gated channels from 
olfactory receptor cells [22] is shown in Table 2. It is 
evident that these cyclic nucleotide-activated chan- 
nels poorly discriminate between alkali cations. 

Eisenman (see for a review Ref. [ISO]) formulated 
an electrostatic model for selectivity among alkali 

monovalent cations based on the halancc between 
the energy of’ dehydration of the cation and the 
energy of interaction with ;I binding site and prc- 
dictcd eleven cation selectivity scqucnces for the five 
alkali metal cations. The different sclcctivity SC‘- 

Rctmal r~xi 1.1-l I 0.w I1.84 il.SX 
Rctin:d r,mc 0 9’) I I II II (I(1 0 XII 

Olf;ictory rcccptor ccl1 II.73 I 11.x I 11.110 0 52 
---_.~ 

Pcrmcahility ratloh rclativc to N;L I’, /I’,,,. calcul;~d with the 

GHK ltq. (2) for the cGMP-g~~tcd channel ot rctimd r~,d from the 
halamandcr [ZX]. the cGMP-gatcd channel ~,f rctinal c~mc 01 the 
striped ha\\ [Xl. xnd for the cAMI’-$atcd channel of ~~lt;tctor\ 
rcccptor ccl1 0t the frop [XI. 
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quences are caused by variations of the field strength 
of the site. The permeability sequence of the rod 
channel corresponds to Eisenman sequence XI [28], 
that of the olfactory channel to sequence IX [22], and 
that of the cone channel is also similar to sequence 
IX [20], indicating that cations interact with strong- 
field-strength sites within the pore during the perme- 
ation process. 

A useful model for describing the permeation of 
ions through channels is the rate-theory or Eyring 
barrier model. In this mode1 the channel is repre- 
sented by an energy profile, having maxima (bar- 
riers) and minima (wells or binding sites), encoun- 
tered by an ion crossing the channel. Ions must move 
in single file and bind to sites inside the pore during 
the permeation process. Channels are often divided 
in two main categories: one-ion or multi-ion chan- 
nels, depending on how many ions they may accom- 
modate in their inner pore at a time. One-ion chan- 
nels may also have several internal binding sites, but 
only one ion can be present in the pore at a time. 
One-ion channels are characterized by the following 
properties: (1) the permeability ratios among differ- 
ent ions are constant, independent of ion activity; (2) 
the dependence of the current on the activity of the 
permeating ion is a simple saturating function de- 
scribed by the Michaelis-Menten equation; and (3) 
the current and the reversal potential are monotonic 
functions of mole fraction when measured in mix- 

r 

Internal Ion activity (mM) 

Fig. 5. Reversal potential of the current activated by 100 PM 
cGMP in a patch excised from a retinal rod as a function of 
internal ion activity for Na, Li or K. Continuous lint was obtained 
from the GHK Eq. (2) with P, /PNd = 1. (Cl) Na+, (A) K+, 
(A ) Li+. Reproduced from Ref. [28]. 
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Fig. 6. (A) Dependence of the current activated by 100 FM 
cCMP in an excised patch from a retinal rod on the internal ion 
activity of Na, K or Li at +YO mV. Continuous lines were 
obtained from the Michaelis-Menten Eq. (3) with K,,, at +YO 
mV equal to 249, 203 and 160 mM for Na, K and Li respectively. 
(B) Currents measured as a function of the mole fraction of Na 
and Li at +Yfl mV. Reproduced from Ref. [28]. 

tures of two permeating ions (see Ref. [31] for a 
review of permeability theories). 

In order to characterize the ionic permeation 
through cyclic nucleotide activated channels the cur- 
rents and the permeability ratios as a function of 
cation concentration were studied both in the retina1 
rod [28,32] and in the cone channel [20]. 

Currents through cGMP-gated channels in retinal 
rods were measured when the internal concentration 
of Na, K or Li was changed. Fig. 5 shows the 
reversal potentials plotted as a function of internal 
ion activity [28]. The continuous line is the theoreti- 
cal reversal potential calculated from the Goldman- 
Hodgkin-Katz potential Eq. (2) and shows that the 
permeability ratios do not depend on the internal ion 
activity of Na, Li or K. The retinal cone channel also 
shows permeability ratios independent from ion ac- 
tivity for Na and Li (see Fig. 10 of Ref. [20]). 



Fig. 6A shows the average steady-state current 
through cGMP-activated channels in retinal rods 
measured at +90 mV as a function of the internal 
activity of Na, K or Li. The current saturates as the 
ionic activity increases. The experimental data could 
be very well fitted by the Michaelis-Menten equa- 
tion: 

1, = ‘I,,:,, .Y Lw([xl1+~,“.x) (3) 
where 1, is the current carried by the ion X, [X], is 
its activity at the intracellular side of the membrane 
patch. ImZl,,x is the saturating current and K,,, is 
the half-saturating activity of the ion X. The values 

for Ini,,u.x and K,,.x usually depend on the trans- 
membrane potential. At +90 mV the value of K,,, 
for the retinal rod channel was 249, 203 and 160 mM 
for Na, K and Li, respectively [28]. Similar experi- 
ments in the retinal cone channel gave the following 
values of K,, at +X0 mV: 104 mM for Na and 37.6 
mM for Li (see Fig. 9 in Ref. [20]). Therefore in 
both channels Li has a higher affinity for the channel 
than Na. 

The current through retinal rod channels in solu- 
tions containing mixtures of Na and Li increased 
monotonically with Na activity, as shown in Fig. 6B. 
A similar result was also obtained in the olfactory 
channel (see Fig. 4 in Ref. [22]). 

The described results obtained in retinal rods and 
cones, and in olfactory receptor cells are consistent 
with ;I model of cyclic nucleotide-gated channels as 
one-ion pores with a high-field-strength binding site. 
However. the analysis of inward Na conductances of 
cGMP-gated channels in retinal rods showed that 
they were reduced by the presence of some alkali 
and organic cations at the cytoplasmic side of the 
membrane (see Section 3.2 and Ref. [28.33]. This 
effect can be interpreted by assuming that the 
cGMP-gated channel of retinal rods, in addition to a 
narrow portion behaving as a one-ion pore, has a 

large vestibule at the cytoplasmic side with weakly 
voltage-dependent binding sites, which can be occu- 
pied by a permeating or a non-permeating ion. 

.?‘._‘. Orgmic monolwlent cations und pore size 

Recent experiments have shown that at least 13 
organic monovalent cations are permeable through 
the cGMP-gated channel from retinal rods, as sum- 
marized in Table 3 [33]. 

Table 3 
Pcrmcability ratio\ for organic cations in the c(iMP-gatcd channel 
of retinal rod5 

Hydroxylammonium 
Ammonium 
Hydrazinium 
Mcth~lh~drowylammonium 
Guanidinium 
Formamidinium 
Aminoguanidinium 
Mcthylammonium 
Acetamidinium 
Methylguanidinium 
Eth:molammonium 
Ethylammonium 
Dimcthylammonium 

s.v, 
z.so 
I .‘JO 
1.15 
I.12 
I .oo 
1).1,3 
Il.OtI 
0.30 
0.13 
(1.1’1 
(l.lf, 
0.14 

___~ 
Pcrmcahility ratio\ relative to No. I’, / Pu,. calculated with the 
GHK Eq. (1) for the cGMP-gated channel tit retinal rod tram the 
silamander [33]. 

Hydroxylammonium. hydrazinium and methylam- 
monium. which are molecules of very similar shape. 
size and molecular weight, permeate the channel 
with very different permeability ratios relative to Na: 
5.92, 1.99 and 0.6, respectively. These different per- 
meabilities indicate that the cGMP-gated channel 
does not discriminate among ions on the basis of the 
cation dimensions only. but that chemical interac- 
tions are important in determining ion selectivity. 

Guanidinium and some of its derivatives includ- 
ing aminoguanidinium and methylguanidinium are 
permeant, as shown in Figs. 7 and X and their 
permeability ratio relative to Na is I .12, 0.63 and 
0.33, respectively. 

It was found that also some methylated and eth- 
ylated ammcjnium compounds are permeant. as 

shown in Table 3. 
Eisenman et al. [30] studied the binding of five 

‘main species’ organic cations to a site of different 
field strength and they generated a pattern of eleven 
possible selectivity sequences. analogous to those for 
alkali cations [34]. The experiments summarized in 
Table 3 show that the permeability sequence for the 
cGMP-activated channel for retinal rods is: ammo- 
nium > hydrazinium > guanidinium = formamidini- 
urn > aminoguanidinium, corresponding to sequence 
X predicted for a high-field-strength site. Therefore, 
the permeability sequences for alkali (see Section 3.1 
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and Table 2) and the ‘main species’ organic monova- 
lent cations are in agreement with the prediction of 
the theory for a high-field-strength binding site. 

By estimating the size of all permeant organic 
cations from space-filling models it is possible to 
obtain an estimate of the size of the narrowest region 
of the pore. The largest permeant ion is methylguani- 
dinium, whose smallest dimensions are 0.38 X 0.59 
nm. However, by taking into account the formation 
of hydrogen bonds within the channel, the effective 
dimensions could be reduced, and it is estimated that 
all permeant cations will fit in a pore of 0.38 X 0.5 
nm dimensions [33]. 

3.3. Diualent cations 

Cyclic nucleotide activated channels are also per- 
meant to divalent cations and in physiological condi- 
tions they allow Ca to enter the cell. The permeabil- 
ity to divalent cations has been measured in intact 

Sodium’ 

Guanidinium’ 

Aminoguanidinium’ 

Methylguanidinium’ 

Fig. 7. (A) Currents activated by 100 PM cGMP in a patch 
excised from a retinal rod in the presence of guanidinium or its 
derivatives aminoguanidinium and methylguanidinium. (B) Cur- 
rent-voltage relations from the experiments shown in (A). Modi- 
fied from Ref. [33]. 

cones [35], rods [36,37] and olfactory receptor cells 
[38,39] and indicates that a variety of divalent cations 
can permeate cyclic nucleotide-activated channels. 
Recently, the permeation properties of divalent 
cations have also been studied in excised patches 
from retinal rod outer segments [17]. With 110 mM 
NaCl at the extracellular side of the patch and only 
divalent cations present at equiosmolar concentra- 
tions (73.3 mM) at the intracellular side a small 
outward current carried by divalent cations and acti- 
vated by 100 PM cGMP was measured [17]. The 
ratio of the outward current carried at +60 mV by 
the divalent cations analyzed and by Na over the 
current carried by Ca is: 

Na:Sr:Ca:Ba:Mg:Mn = 83.3:1.4:1:0.58:0.33:0.25 

(4) 

Divalent cations not only permeate but also block 
the cyclic nucleotide-activated channels as described 
in Sections 3.4 and 4. 

3.4. Blockage by divalent cations and protons 

Addition of millimolar concentrations of divalent 
cations to the cytoplasmic solution bathing an ex- 
cised patch from retinal rod outer segment blocks the 
cGMP-gated current [17,32,40]. The blocking effect 
of divalent cations is voltage-dependent and the se- 
quence of the blockage of the outward Na current 
activated by 100 PM cGMP at + 60 mV is [ 171: 

Mg>Mn>Ba>Ca>Sr (5) 

The sequence (5) of the blocking potency of 
divalent cations is almost the reverse of their selec- 
tivity sequence (41, suggesting that the blocking 
potency by a divalent cation is inversely related to its 
ability to carry outward current. This observation 
together with the voltage-dependency of the block- 
age indicates that divalent cations block the cGMP- 
gated channel by entering it and occupying one [32] 
or more [40] binding sites for which cations compete 
in order to permeate. 

Several factors are likely to contribute to the 
voltage-dependence of the blocking effect of divalent 
cations, indeed divalent cations can block the current 
by reducing the open probability and/or the single- 
channel conductance. Analysis of the blocking effect 
of Ca and Mg on single channels appears to be 
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Fig. 8. Currents carried by divalent cations in a patch from a retinal rod. The medium bathing the cytoplasmic side of the membrane patch 

contained 110 mM NaCl or 73.3 mM of the chloride salt of divalent cations, as indicated in the figure. Numbers adjacent to each tract arc 

the ratio of the current carried by each cation over the current carried by Ca. Currents were activated by 100 /.LM CAMP. Voltage steps were 
from 0 to +60 mV. Reproduced from Ref. [ 171. 

different in the retinal rod and in the olfactory 
channel and it will be discussed in Section 5.1. 

The effect of protons on cyclic nucleotide-gated 
channels was studied by changing the pH of the 
solution bathing the cytosolic side of inside-out 
patches from retinal rods [41,42] and from olfactory 
receptor cells [22]. When channels are activated by 
cGMP in retinal rods and by CAMP in olfactory 
receptor cells currents are blocked by lowering the 
pH of the cytoplasmic solution. Current inhibition is 
not voltage-dependent and has apparent pKs of 5.4 
and 0.8 in retinal rods [41] and of 5.2 in olfactory 
receptor cells [22]. The absence of voltage depen- 
dence of proton blockage suggests that one or more 
titratable groups reside on the cytosolic face of the 
channel and not within the pore structure. 

An interesting effect has been recently found in 
retinal rods analyzing the effect of pH when the 
visual channel is activated by CAMP instead of 
cGMP. As the bath pH is lowered the maximal 
current activated by CAMP increases whereas that 
activated by cGMP decreases, as described above. 

Moreover lowering the cytoplasmic pH causes a 
decrease of the K,,z (see Eq. 1) for CAMP whereas 
that for cGMP is unchanged. These results suggest 
that protons may affect the cyclic nucleotide activa- 
tion of the channel either by changing the affinity for 
the binding site and/or the gating of the channel 
[ 18,271. 

4. Single-channel properties 

The first reports on single-channel properties of 
the retinal rod channel [14,43] indicated a single- 
channel conductance in the absence of divalent 
cations of 25 pS and a subconductance state of 8 pS 
with a mean open time ranging from 0.1 to 1 ms. 
However, recent studies [44] have shown the exis- 
tence of two types of cGMP-gated channels from 
retinal rods: one type of channel is characterized by 
a rapid flickering between the open and closed state 
and the other type, rarely found, has well-resolved 
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transitions between the open and closed state. The 
rapid flickering is an intrinsic property of the first 
type of channel, is largely independent of membrane 
voltage [44], is not affected by the presence of 
cytoplasmic Ca or Mg [44] and is not significantly 
reduced by lowering the temperature from 24 to 8” C 
[451. 

The flickering of the retinal rod channel in the 
absence of divalent cations is so rapid that the mean 
open time and the single-channel conductance cannot 
be directly measured but only indirectly estimated. 
The mean open time has been estimated to be no 
longer than the time constant of the recording sys- 
tem, about 3.5 ps, and the single-channel conduc- 
tance at least 60 pS [44,45]. 

Torre and collaborators [44,45] have recently 
shown that, contrary to previous reports, single-chan- 
nel activity can be seen in excised patches from 
retinal rods even in the presence of cytoplasmic 
millimolar amounts of Ca or Mg and they analyzed 
the blocking effect of Ca and Mg on single channels. 
Ca reduces the cGMP activated current of retinal 
rods by reducing the open probability and by de- 
creasing the single-channel conductance. The reduc- 
tion of the open probability caused by Ca is not 
voltage-dependent and is predominant in the pres- 
ence of low concentrations of cGMP and at mem- 
brane potential more negative than - 60 mV whereas 
the decrease of the single-channel conductance is 
voltage-dependent and is predominant at saturating 
cGMP concentrations. Mg ions block the current 
activated by cGMP in retinal rods in a different way: 
their blocking effect is more voltage dependent and 
they act reducing the single-channel conductance. 

In the absence of divalent cations the substitution 
of Na at the cytoplasmic side of the patch with alkali 
monovalent cations does not alter the gating of the 
cGMP-gated channel of retinal rods [45,46]. There- 
fore the ionic selectivity obtained by measuring 
macroscopic currents (see Section 3.1) is similar to 
the selectivity determined at a single channel level. 

The single-channel conductance of the retinal cone 
channel in the absence of divalent cations has differ- 
ent values depending on the animal species: 50 pS in 
the catfish [19], 14 pS in the carp [47], and 16 pS in 
the striped bass [48]. The unit conductance of the 
olfactory channel also depends on the animal species: 
values ranging from 21 to 55 pS have been reported 

[21,23,49,50]. Ca at the cytoplasmic side of excised 
patches from olfactory receptor cells of the salaman- 
der does not change the single-channel conductance 
but only reduces the open probability [51]. 

5. Structure 

By cloning and sequencing of complementary 
DNA the primary structure of cyclic nucleotide-gated 
channels from retinal rods [52], cones [53] and olfac- 
tory receptor cells [54,55] have been determined. The 
deduced amino acid sequences show a high degree 
of similarity among these channels. The putative 
cyclic nucleotide binding site comprises 80- 100 
amino acid residues similar to the cyclic nucleotide 
binding domain of cGMP-dependent protein kinase. 
A site-specific mutagenesis study has shown that a 
threonine residue in this region (Thr-560 in the 
bovine rod channel and Thr-537 in the bovine olfac- 
tory channel) influences binding site specificity for 
cGMP over CAMP [56,57]. Little else is known 
about the mechanism of activation of the channel by 
cyclic nucleotides. A photoaffinity analog of cGMP 
has been recently developed for further studies of the 
cGMP-binding site [58]. 

Cyclic nucleotide-gated channels have many simi- 
larities with voltage-gated ion channels: an S, seg- 
ment similar to the voltage sensor and a putative 
pore region P. The function of the S, region has not 
been identified while the P region forms an integral 
part of the ion conduction pore [59,60]. A glutamate 
residue (Glu-363) in the pore region of the retinal 
rod cloned channel represents a binding site for 
monovalent and divalent cations [61,62]. 

Besides these important findings on the structure 
of cyclic nucleotide-gated channels some properties 
of the cloned channels are different from those of the 
native channels. The cloned retinal rod channel has 
well-resolved single-channel openings [52,63] 
whereas the native channel is characterized by a 
continuous flickering between the open and closed 
state [44,45] as described in Section 4. Li is less 
permeant than Na in the cloned channel [52,60,62] 
whereas it is more permeant in the native channel 
[28]. Moreover the cloned channel is less sensitive to 
the blocking by I-cis-diltiazem than the native chan- 
nel [52,57]. The cloned olfactory channel is much 



A. Mrnini/Aiophyricnl Chemistry 55 (lYY.5) IX-196 I% 

less sensitive to CAMP [S&54,56] than the native 
channel [13,22,X)]. Recently, additional subunits of 
the retinal rod [64] and the olfactory [65,66] channel 
have been identified. These protein do not form 
functional channels by themselves but only when 
co-expressed with the previously cloned channel pro- 
tein. The retinal rod channel composed by the two 
subunits is more similar to the native channel in the 
rapid flickering of single channels and in the sensi- 
tivity to blockage by I-cis-diltiazem [64]. The olfac- 
tory channel composed by the two subunits has an 
increased sensitivity to CAMP, near that of the native 
channel [65,66]. Therefore the native cyclic nu- 
cleotide-gated channels seem to be hetero-oligomers 
composed by at least two different types of subunits. 

6. Other channels gated by cyclic nucleotides 

Channels gated by cyclic nucleotides not only 
mediate sensory transduction in vertebrate olfactory 
receptor and photoreceptor cells, but they are also 
present in other cells. Among others, they are found 
in cells of the pineal gland [67], retinal bipolar cells 
[6x,69], retinal ganglion cells [70] and in sperm [71]. 
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