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cGMP modulates spike responses of retinal ganglion cells
via a cGMP-gated current
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Abstract

Certain ganglion cells in the mammalian retina are known to express a cGMP-gated cation channel. We found
that a cGMP-gated current modulates spike responses of the ganglion cells in mammalian retinal slice preparation.
In such cells under current clamp, bath application of the membrane-permeant cGMP analog (8-bromo-cGMP,
8-p-chlorophenylthio-cGMP) or a nitric oxide donor (sodium nitroprusside, S-nitroso-N-acetyl-penicillamine)
depolarized the membrane potential by 5-15 mV, and reduced the amount of current needed to evoke action
potentials. Similar effects were observed when the membrane potential was simply depolarized by steady
current. The responses to cGMP are unaffected by inhibitors of cGMP-dependent protein kinase and
Ca*/calmodulin-dependent protein kinase. The response to cGMP persisted idfr€a bath solution with

Ca&* buffers in the pipette. Under voltage clamp, cGMP analogs did not affect the response kinetics of
voltage-gated currents. We conclude that cGMP modulates ganglion cell spiking simply by depolarizing the
membrane potentialia the inward current through the cGMP-gated channel. Modulation of this chaiael

the long-range NO-synthase amacrine cell may contribute to control of contrast gain by peripheral mechanisms.
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Introduction Methods

Certain ganglion cells in mammalian retina express a cGMP-gate
cation channel (Ahmad et al., 1994; Kawai & Sterling, 1999). This
channel is modulated when nitric oxide (NO) released from am-Slices from adult guinea pig retina were cut at 200 (Kawai &
acrine cells (Sandell, 1985; Vincent & Kimura, 1992; HaberechtSterling, 1999) and viewed on a Zeiss upright microscope with
et al., 1998) stimulates the ganglion cell’s soluble guanylyl cyclasdifferential interference contrast optics (d0water-immersion
(Ahmad & Barnstable 1993; Gotzes et al., 1998; Kawai & Sterling,objective). Ganglion cells were identified in the slice by their
1999). The effect of current through this channel had not beerosition and size. Membrane voltages and currents were recorded
studied and was complicated to address because cGMP can hawe the whole-cell configuration using a patch-clamp amplifier
several effects. For example, cGMP can modulate voltage-gate¢hxopatch 200A, Axon Instruments, Foster City, CA) linked to a
currents directly (Levitan & Levitan, 1988) andia cGMP- computer. The current- and voltage-clamp procedures were con-
dependent protein kinase (PKG) (Paupardin-Tritsch et al., 1986trolled by the pCLAMP software (Axon Instruments). Data were
Sumii & Sperelakis, 1995; Lohmann et al., 1997; Wei et al., 1998).low-pass filtered (4-pole Bessel type) with a cut-off frequency
Here we investigated the effect of current through the cGMP-gatedf 5 kHz and then digitized at 10 kHz by an analog-to-digital
channel on ganglion cell responses, isolating this effect from thainterface. All experiments were performed at room temperature
of the PKG cascade and from the effect of?Canteringvia the (23-25C).

cGMP-gated channel on voltage-gated currents.

greparation and recording

Solutions and drugs

In most experiments, the tissue was perfused with Ames medium
which is buffered with 22.6 mM bicarbonate), bubbled with 95%
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and 15 glucose. The solution was adjusted with NaOH to pH 7.4phasic spiking that soon inactivated (Figs. 1D—1F). About three-
CdCl, (200 uM), picrotoxin (100uM), and strychnine (1uM) quarters of the cells (520) that we recorded in adult retina
were also added to block synaptic transmission. The recordinghowed the tonic spiking; and the rest (I8) were phasic. This
patch pipette contained (in mM): 140 KCI; 1 CaCb EGTA or resembles previous observations on cells in the ganglion cell layer
BAPTA; 10 HEPES; and 2 Mg-ATP. The solution was adjusted of adult rat (Wang et al., 1997).
with KOH to pH 7.4. Pipette resistance was about 2.M

Test substances were applied either through the bath [8-bromo-
cGMP, 8p-chlorophenylthio-cGMP, §-chlorophenylthio-cAMP,  Effects of the cGMP-gated current on spike responses
sodium nitroprusside (SNP), or S-nitroso-N-acetyl-penicillamine e yoltage clamp, we established that certain cells in the
(SNAPY)], via the patch pipette (KT5823, or KN-62). KT5823, g inea pig retina express a cGMP-gated current. When membrane-
KN-62, and S-nitroso-N-acetyl-penicillamine were purchased frompermeant analogs of cGMP (1 mM 8-bromo-cGMP or 280

Calbiochem (San Diego, CA). Other chemicals were from SigmaS-p—chIorophenyIthio-cGMIl PCPT-cGMP) were bath applied to
(St. Louis, MO). a cell voltage clamped at50 mV, there was a sustained inward
current of approximately 200 pA (¥@4 cells; data not shown).
This matches previous observations in rat retina (Ahmad et al.,
1994; Kawai & Sterling, 1999).

Under current clamp, cGMP analogs increased the spike rate.
Fig. 2A shows a tonic cell that was depolarized by 15 mV in
Recordings in control solution with synaptic input blocked (GdCl response to 25aM pCPT-cGMP. This raised the spike rate to 45
200 uM + picrotoxin, 100uM + strychnine, 1uM) showed two  spikeg's (Fig. 2B). Nearly half of the tonic cells (21) responded
types of firing. In some cells, small current injections (30 and 100similarly. Bath application of 1 mM 8-bromo-cGMP /8 cells),
pA) evoked sustained firing, and larger currents (140 pA) gavel mM sodium nitroprusside (SNP;/2 cells), and S-nitroso-N-
initial spiking that was ultimately blocked—presumably by inac- acetyl-penicillamine (SNAP; /5 cells) produced similar effects.
tivation of Na* channels at sustained depolarizations abe¢é mV However, 25QuM pCPT-AAMP was ineffective (96 cells). Fig. 2C
(Figs. 1A-1C). In other cells, even small current injections evokedshows a phasic cell that was depolarized-b}0 mV in response

Results

Two spike patterns to current injection
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Fig. 1. Action potentials induced by the current injection in the control solution. (A—C) Spike responses of one cell to current injection,
respectively, of 30 pA, 100 pA, and 140 pArfa s between 0.25 s and 1.25 s. Note that the cell exhibits a tonic firing pattern.
(D-F) Different cell shows phasic firing. Spike responses to current injection, respectively, of 30 pA, 100 pA, and 140 pAfor 1 s
between 0.25 s and 1.25 s.
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Fig. 2. Bath application of pCPT-cGMP depolarized the resting potentials and increased the spike rates. (A,B) Spike responses of a
tonic cell to current injection of 50 pA in the control solution (A) and the solution containingu28@®CPT-cGMP (B). Current was

injected fo 1 s between 0.25 s and 1.25 s. (C,D) Spike responses of a phasic cell to current injection of 100 pA in the control solution
(C) and the solution containing 250M pCPT-cGMP (D).

to 250 uM pCPT-cGMP. This increased the spike rate to 16 pCPT-cGMP also lowered the thresholds of a phasic cell and
spikeg's (Fig. 2D; 37 cells). increased the dynamic range. For example, the current threshold
cGMP also altered the relationship between injected currentluring 1-s currentinjection was 100 pAunder the control and 20 pA
and spike rate. Application of pPCPT-cGMP (2aM) to tonic cells  under pCPT-cGMP (Fig. 3C). Spike rate under the control condi-
markedly lowered the amount of current needed to evoke spikeson increased monotonically between 100 pA and 150 pA; whereas
(Fig. 3A). Furthermore, current injections between 10 and 40 pAunder the pCPT-cGMP condition it increased between 20 pA and
increased spike rate almost linearly, the effect peaking at 70 pA (5@0 pA, decreasing between 90 pA and 140 pA. The maximum spike
spikeg's). Larger current injections (80—140 pA) decreased spikaates were 3 spik¢gs (at 140 pA) under the control and 22 spikes
rate. The effect of pPCPT-cGMP on reducing the current needed fofat 40 pA) under pCPT-cGMP conditions (Fig. 3C). The current
spikes was evident during the first 100 ms, and shifted the dynamithresholds during the first 200 ms under the control and pCPT-
range of spike rate (Fig. 3B). The currents needed to evoke spikesGMP conditions were 100 pA and 30 pA, respectively (Fig. 3D).
under the control and pCPT-cGMP conditions were 40 pA and 1(pike rates under both conditions increased almost monotonically.
pA, respectively. Spike rates under both conditions increasedhe maximum spike rates under the control and pCPT-cGMP con-
almost monotonically between 10 pA and 140 pA. A similar resultditions were 30 spikes (at 140 pA) and 89 spikgs (at 120 pA),
was obtained in nine cells. respectively. A similar result was obtained in three cells.
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Fig. 3. Effects of pCPT-cGMP on the spike rates. (A,B) Stimulus—response relationships recorded from a tonic cell in the control
solution (filled square) and the solution containing 26 pCPT-cGMP (filled circle). (C,D) Stimulus—response relationships
recorded from a phasic cell in the control solution (filled square) and the solution containinghfCPT-cGMP (filled circle).

that the steady membrane depolarization increases the response to
the step depolarization.

To investigate the mechanism underlying spike modulation by The stimulus—response relationship under the steady current
cGMP, we analyzed the effects of resting potential on the spikénjection was quite similar to that under application of pCPT-
rate, because cGMP analogs depolarized the resting potentials o6MP. The steady current injection markedly lowered the mean
ganglion cells (Fig. 2). Fig. 4A shows the spike response to currenturrent threshold and shifted the dynamic range of spike rate
injection recorded from the same cell as in Figs. 2A and 2B. In theduring boh 1 s (Fig. 4C) and the first 100 ms (Fig. 4D). The mean
control solution, by injecting a steady current to the cell, thecurrent threshold under the steady current injection was 10 pA
resting membrane potential was depolarized to the same voltagéilled triangle in Figs. 4C and 4D), which was identical with that
(approximately—65 mV) as that in Fig. 2B. During a 1-s step (10 pA) under application of pPCPT-cGMP (filled circle in Figs. 4C
current injection of 50 pA, we observed 42 spikes (Fig. 4A), and 4D). In Fig. 4C, the mean maximum spike rates were similar
similar to the number of spikes (44 spikes) at 50 pA under theunder the steady current injection and under the pCPT-cGMP
pCPT-cGMP condition (Fig. 2B), however much larger than thecondition. In addition, the maximum rates were also quite similar
number (12 spikes) under the control condition (Fig. 2A). Fig. 4B during the first 100-ms injection under the steady current injection
shows effects of the resting potential on the mean spike rate in thand under the pCPT-cGMP condition (Fig. 4D). These results
control solution. As the resting potential was depolarized bysuggest that pPCPT-cGMP modulates spike rate by depolarizing the
injecting steady current, the spike rate was increased. This suggestssting potentialia the cGMP-gated inward current.

Effects of steady current injection on spike responses
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Fig. 4. Effects of steady current injection on the spike rates in tonic cells. (A) Spike responses, recorded from the same cell as in
Figs. 2(A,B), to the step current injection of 50 pA in the control solution. The resting potentials were depolarized by 14 mV by
injecting the steady current 6f25 pA. The step current was injected fb s between 0.25 s and 1.25 s. (B) Effect of the resting
potential on the mean spike rate in the control solution. The resting potential of each cell was adjusi&dty, —70 mV, —65 mV,

and —60 mV by injecting the steady current of various intensities. The step current of 50 pA was injected for 1 s. Each symbol
represents mean of four cells. (C,D) Mean stimulus—response relationships in the control solution (filled square, filled triangle) and the
solution containing 25uM pCPT-cGMP (filled circle). Filled triangle and square show the spike rate with and without the steady
current injection. Each symbol represents mean of five cells.

Effects of cGMP on voltage-gated currents mV, current responses consisted of a transient inward current and
a sustained outward current. pCPT-cGMP (26M) did not
cGMP is known to modulate voltage-gated currents in other prepehange significantly the kinetics of either the inward or outward
arations directly (Levitan & Levitan, 1988) or through cGMP- current (Fig. 5B). Fig. 5C show |-V relationships of the transient
dependent protein kinases (PKG; Paupardin-Tritsch et al., 1986nward current and the sustained outward current. pPCPT-cGMP did
Sumii & Sperelakis, 1995; Lohmann et al., 1997; Wei et al., 1998).not change markedly either |-V curve. A similar result was ob-
This may raise the possibility that pCPT-cGMP changed spiketained in five cells. This suggests that cGMP did not significantly
responses of ganglion cells by modulating their voltage-gatedthange the voltage-gated currents in ganglion cells.
currents rather than by depolarizing their membrane potentials. To To test whether PKG affects the spike responses evoked by cGMP,
examine this possibility, we first recorded the voltage-gated curwe applied a specific inhibitor in the recording pipette (@M
rents in the presence and absence of pPCPT-cGMP under the voltag@5823; Fig. 6; Kase, 1988; Wu et al., 1998). Bath application of
clamp. 250 uM pCPT-cGMP still depolarized the resting potential by ap-
In the control solution, depolarizing step pulses from the hold-proximately 10 mV, and increased markedly the spike rates (Fig. 6).
ing potential of —100 mV induced time- and voltage-dependent A similar result was obtained in four cells. Apparently cGMP’s
currents (Fig. 5A). At step voltages betwee®0 mV and +40 modulation of spike responses does not require PKG.
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Fig. 5. Effects of pCPT-cGMP on the voltage-gated currents. (A,B) Membrane currents induced by depolarization from the holding
voltage (100 mV) in the control solution (A) and the solution containing 268 pCPT-cGMP (B). Command voltages were
increased in 10-mV steps from90 mV to +40 mV. To inhibit the sustained inward current through the cGMP-gated channel, 3 mM
Cd?" was added to the bath solution. (C) Peak amplitudes of inward and outward currents were measured from (A,B) and plotted
against the command voltages. Filled square and circle show the amplitude in the control and pCPT-cGMP conditions, respectively.

Effects of C&" influx through the cGMP-gated channel (10 uM KN-62; Hidaka & Yokokura, 1996), Bath application of
on spike responses 250 uM pCPT-cGMP depolarized the resting potential by 5-10 mV,
and increased markedly the spike ratas=(3; data not shown).

An accumulation of intracellular G4 is also known to modulate . ! . \ .
. ) " Apparently CaM kinase is not essential for cGMP’s modulation of
voltage-gated currents in other preparations through*Cand ;
the spike responses.

calmodulin-dependent protein kinase (CaM kinase; Browning et al.,
1985; Arreola et al., 1998). To examine the possibility that'Ca
influx through the cGMP-gated channel may change spike repjscussion
sponses, we first examined effects of cGMP on spike responses in )
the C&*-free Ringer’s solution using the recording pipette con- !N the present study, we studied the effects of cGMP, SNAP, and
taining 5 MM EGTA. Even in the G4 -free solution, bath appli- SNP on spike responses of the ganglion cells in the guinea pig
cation of 250uM pCPT-cGMP depolarized the resting potential by retina. We found that these agents lowered the current threshold by
approximately 10 mV, and increased markedly the spike rategepolarizing the membrane potential through the cGMP-gated
(Fig. 7;n = 4). A similar result was obtained by using the pipette inward current.
containing 5 mM BAPTA ( = 3). This suggests that the €a
influx is not significantly involved in the modulation by cGMP of
the spike responses.

To test whether CaM kinase affects the spike responses evokdd the control solution, most cells (74%) in the ganglion cell layer
by cGMP, we applied a specific inhibitor in the recording pipette showed tonic firing, the rest (26%) showed phasic. This is similar

Spiking patterns in the control solution
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Fig. 6. Effects of pCPT-cGMP on spike responses when the recording pipette included KT5823, a selective PKG inhibitor. (A) Spike
response to step current injection of 50 pA in the control solution. The step current was injected to aXsllbfetween 0.25 s and

1.25 s. The recording pipette contained A8l KT5823. Voltage response was recorded 5 min after rupture of the patch membrane.

(B) Spike response recorded from the same cell as in (A) in the solution containing\ /TP T-cGMP using the pipette containing

10 uM KT5823. The superfusate was changed 6 min after rupture of the patch membrane. The same step current as in (A) was injected
to the cell.

to recordings in adult rat retina (Wang et al., 1997). Since our mairMechanisms underlying the modulation by cGMP
purpose was to examine cGMP effects on spike response, we diof spike activity
not analyze the mechanisms for tofpbasic spiking.

We selectively recorded from the cells of the large soma sizdJnder voltage clamp, bath application of pCPT-cGMP did not
(approximately 15:m diameter) in the ganglion cell layer, so most change significantly the response kinetics or voltage dependency
cells recorded in the present experiments are likely to be ganglioof voltage-gated currents, when the recording pipette contained
cells. However, we cannot completely rule out the possibility thatKT5823. This suggests that PKG is not responsible for the mod-
some cells recorded here may be displaced amacrine cells, whiallation of spike responses in the guinea pig retinal neurons. By
are found in the ganglion cell layer (Wang et al., 1997). The phasicontrast, in other systems cGMP modulates voltage-datedca,
cells could be displaced amacrine cells. and I directly or via PKG. Thus cGMP increasds;, in some
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Fig. 7. Effect of pPCPT-cGMP on spike responses irfGdree Ringer’s solution. (A) Tonic cell injected with 50 pA, recording pipette
contained 5 mM EGTA. (B) Same cell with 25%M pCPT-cGMP added to bath.
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molluscan neurons (Connor & Hockberger, 1984) kndn others regulation of C&'-activated CI' channels in colonic and parotid
(Paupardin-Tritsch et al., 1986); whereas the Aplysia R15 neuron Secretory cellsAmerican Journal of Physiologg74, C161-166

. . . . BEAvoO, JA., HARDMAN, J.G. & SUTHERLAND, E.W. (1971a). Stimulation
pCPT-cGMP directly reducds, (Levitan & Levitan, 1988) and in of adenosine %'-monophosphate hydrolysis by guanosints's

catfish retinal horizontal cells, cGMP upregulates an inward rec-  monophosphatelournal of Biological Chemistr46, 3841-3846.
tifier K* current via PKG (Dixon & Copenhagen, 1997). BEAVO, J.A., ROGERS, N.L., CROFFORD, O.B., BAIrD, C.E., HARDMAN, J.G.,

cGMP can also actia cAMP-dependent phosphodiesterase ~ SutHErLAND, EW. & Newman, E.V. (1971b). Effects of phospho-

. . diesterase inhibitors on cyclic AMP levels and on lipolygisnals of
(PDE; Beavo et al., 19%4&lb; Wexler et al., 1998). Thus, bath the New York Academy of Sciends, 129-136.

application of cGMP analogs might modulate the spiking byBROWNING, M.D., HUGANIR, R. & GREENGARD, P. (1985). Protein phos-
changing the cAMP concentration. However, in the present study, phorylation and neuronal functionlournal of Neurochemistry5,
bath application of 250uM pCPT-cAMP did not change the 11-23. ‘
membrane potentials or spike rates. CONNOR, J.A. & HOCKBERGER, P. (1984). A novel membrane sodium

. . > B current induced by injection of cyclic nucleotides into gastropod neu-
We also examined the effects of intracellular’Caccumula rones.Journal of PhysiologyLondon) 354 139—162.

tion on the spike rate. Even in €afree Ringers with the record-  peyg, 1. Haarsma, L., FREED, MLA. & STERLING, P. (1999). Functional
ing pipette containing 5 mM EGTA or BAPTA, bath application of circuitry of the retinal ganglion cell's nonlinear receptive fieddurnal

250 uM pCPT-cGMP markedly increased the spike rates. In  of Neurosciencd9, 9756-9767. _

addition, when the recording pipette contained 4Bl KN-62 DIXON’(?'B’(‘;‘COPENHA‘?EN’ Df'R' (1997).(lj\/letalq?trop|c 9'“tamat|‘? rkegptor-
. e . . . mediate suppression or an Inwar rectifier current is lin a
_(specnflc inhibitor c_)f CaM kinase), application of pCPT-cCGMP also  .s\ip cascadelournal of Neuroscienca?, 8945—8954.

increased the spike rates. These results suggest that effects @brzes, S., pE VENTE, J. & MULLER, F., (1998). Nitric oxide modulates

cGMP on the spike responses are independent éf @ad CaM cGMP levels in neurons of the inner and outer retina in opposite ways.
kinase. Visual Neurosciencé5, 945-955.

. . ..._ HABERECHT, M.E., Scumipt, H.H., MiLLs, S.L., MASSEY, S.C., NAKANE,
The cGMP-gated current in ganglion cells does not desensitiz M. & REDBURN-JoHNSON, D.A. (1998). Localization of nitric oxide

over many minutes irrespective of whether the channel was acti- synthase, NADPH diaphorase and soluble guanylyl cyclase in adult
vated by cGMP analogs or SNP (Ahmad et al., 1994; Kawai & rabbit retina.Visual Neurosciencé5, 881-890.

Sterling, 1999). The effect of this cGMP-gated current is similar toHDAKA, H. & Yokokura, H. (1996). Molecular and cellular pharmacol-
that of an injected steady current (Fig. 4C). Apparently, cGMP ogy of a calciumicalmodulin-dependent protein kinase Il (CaM kinase

. . T . . . II) inhibitor, KN-62, and proposal of CaM kinase phosphorylation
increases the spike activity in ganglion cells mainly by modulating  .;scadesadvances in Pharmacologs6, 193-219.

the resting potentialia the cGMP-gated inward current. KasE, H. (1988). New inhibitors of protein kinases from microbial source.
In Biology of Actinomycetes. Proceedings of Seventh International
Symposium on Biology of Actinomyceted. Okawmi, Y., Beppu, T.,

Physiologica| function of the CGMP_gated current OGAWARA, H., pp. 159-164. Tokyo, Japan: Japan.sclentlflc SOClet-leS.

in ganglion cells Kawal, F. & STERLING, P. (1999). AMPA receptor activates a G-protein
that suppresses a cGMP-gated currgaturnal of Neurosciencé9,

The retina contains numerous sources of NO, any or all of which ~2954-2959.

; ; , _ - LEvITAN, E.S. & LEVITAN, L.B. (1988). A cyclic GMP analog decreases the
might modulate the ganglion cell's cGMP-gated inward current. currents underlying bursting activity in the Aplysia neuron Rl&ur-

However, due to its proximity, perhaps the most likely candidate is ) of Neuroscienc®, 1162—-1171.

the axonal arboration of the amacrine cell whose long axons, rich.oumann, S.M., VAANDRAGER, A.B., SMOLENSKI, A., WALTER, U. & DE

in NO synthase, form a dense plexus in the middle stratum of the JoNGE, H.R. (1997). Distinct and specific functions of cGMP-dependent
inner plexiform layer. NO released in this stratum diffusing radj- Protein kinasesTrends in Biochemical Scien@2, 307-312.

v f 10 Id aff I I Il dendri PAUPARDIN-TRITSCH, D., HAMMOND, C., GERSCHENFELD, H.M., NAIRN,
ally for at most 10um would aftect all ganglion cell dendrites. A.C. & GREENGARD, P. (1986). cGMP-dependent protein kinase en-

Such amacrine cells with long axons probably spike and might hances C& current and potentiates the serotonin-induced*Gaur-
serve as one mechanism by which long-range, lateral connections rent increase in snail neurondsature 323 812-814.

regulate the ganglion cell's contrast gain (Demb et al., 1999). SANDELL, JH. (1985). NADPH glaphorase cells in the mammalian inner

retina.Journal of Comparative Neurolog338 466—472.
Sumi, K. & SpeEreLakis, N. (1995). cGMP-dependent protein kinase
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