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Cellular/Molecular

Ambient Light Regulates Sodium Channel Activity to
Dynamically Control Retinal Signaling

Tomomi Ichinose! and Peter D. Lukasiewicz!2

Departments of 'Ophthalmology and Visual Sciences and 2Anatomy and Neurobiology, Washington University School of Medicine, St. Louis, Missouri

63110

The retinal network increases its sensitivity in low-light conditions to detect small visual inputs and decreases its sensitivity in bright-
light conditions to prevent saturation. However, the cellular mechanisms that adjust visual signaling in the retinal network are not
known. Here, we show that voltage-gated sodium channels in bipolar cells dynamically control retinal light sensitivity. In dim conditions,
sodium channels amplified light-evoked synaptic responses mediated by cone pathways. Conversely, in bright conditions, sodium
channels were inactivated by dopamine released from amacrine cells, and they did not amplify synaptic inputs, minimizing signal
saturation. Our findings demonstrate that bipolar cell sodium channels mediate light adaptation by controlling retinal signaling gain.
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Introduction

The retina processes visual information over a wide range of am-
bient light conditions from dim starlight to bright sunlight. To
achieve this, the retina adjusts its sensitivity to the mean intensity
and the variance (contrast) of ambient light. Adaptation to the
mean intensity of ambient light occurs in rod and cone photore-
ceptors (Pugh et al., 1999; Fain et al., 2001) and at sites in the
retinal network postsynaptic to photoreceptors (Fig. 1) (Green et
al., 1975; Naka et al., 1979; Green and Powers, 1982; Shapley and
Enroth-Cugell, 1984; Page-McCaw et al., 2004; Dunn and Rieke,
2006). Contrast adaptation occurs in the retinal network but not
in photoreceptors (Shapley and Enroth-Cugell, 1984; Smirnakis
et al., 1997; Dunn and Rieke, 2006). Adaptation mechanisms
increase retinal sensitivity in low-light settings but decrease reti-
nal sensitivity in bright-light settings to prevent saturation. How-
ever, the cellular mechanisms that mediate network adaptation
remain unknown.

Voltage-gated sodium channels boost EPSPs in cerebral cor-
tex pyramidal neurons and hippocampal cells (Schwindt and
Crill, 1995; Stuart and Sakmann, 1995; Lipowsky et al., 1996;
Gonzalez-Burgos and Barrionuevo, 2001). In the retina, sodium
channels in a subset of bipolar cells boost light-evoked EPSPs
(L-EPSPs) in dim-light conditions and amplify the excitatory
drive to ganglion cells (Ichinose et al., 2005). Because bipolar cells
have been implicated as sites of network adaptation (Green et al.,
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1975; Naka et al., 1979; Shapley and Enroth-Cugell, 1984; Smir-
nakis et al., 1997; Rieke, 2001; Baccus and Meister, 2002; Page-
McCaw et al., 2004), the voltage-gated sodium channels in bipo-
lar cells may regulate network adaptation by increasing retinal
sensitivity in dim-light conditions (Fig. 1, left). However, if so-
dium channels contribute to network adaptation, then in bright-
light conditions, the amplification of L-EPSPs by sodium chan-
nels must be reduced to decrease retinal sensitivity and avoid
response saturation (Fig. 1, right).

To elucidate their role in retinal network adaptation, we ex-
amined how bipolar cell sodium channels affected synaptic in-
puts in different ambient light conditions. In dim-light-adapted
conditions, sodium channels enhanced cone-mediated L-EPSPs
in bipolar cells, which increased ganglion cell sensitivity to the
mean intensity and the contrast of the visual scene. However, in
bright-light-adapted conditions, these sodium channels were in-
activated by the light-evoked release of dopamine and no longer
boosted cone-mediated L-EPSPs, avoiding signal saturation. Our
findings suggest that the voltage-gated sodium channels in bipo-
lar cells regulate network adaptation by dynamically controlling
retinal signal gain.

Materials and Methods

Retinal slice preparation. Larval tiger salamanders were obtained from
Charles Sullivan (Nashville, TN) and were keptinaquariaat 5°Cona12h
light/dark cycle. Procedures for preparing and recording from
salamander retinal slices were described previously (Ichinose et al.,
2005). Light- and voltage-evoked responses were recorded from bipolar
cells with axon terminals and ganglion cells with dendrites that ramified
in the mid-inner plexiform layer (IPL) (Ichinose et al., 2005). Using a
gravity-fed system, the preparation was continually superfused at 2 ml/
min with a Ringer’s solution containing the following (in mm): 112 NaCl,
2 K(l, 2 CaCl,, 1 MgCl,, 5 glucose, and 5 HEPES, adjusted to pH 7.75
with NaOH. For voltage-gated sodium current recordings from bipolar
cells, we used a Ringer’s solution containing the following (in mm): 100
NaCl, 2 KCl, 10 tetraethylammonium (TEA)-Cl, 3 MgCl,, 5 glucose, 5
HEPES, and 2 CoCl,.
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Figure 1. Schematic of retinal neural network and sites of adaptation. Voltage-gated so-
dium channels in bipolar cells contribute to network adaptation in dim (left) but not in bright
(right) light conditions. C, Cone photoreceptors; R, rod photoreceptors; B, bipolar cells; G, gan-
glion cells; H, horizontal cells; A, amacrine cells.
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Whole-cell recording. Electrodes were pulled from borosilicate glass
(IB150F-4; World Precision Instruments, Sarasota, FL) with a P-97
Flaming/Brown micropipette puller (Sutter Instruments, Novato, CA).
Whole-cell recordings were made from bipolar cells with electrodes con-
taining (in mm) 85 K-gluconate, 10 KCIl, 10 HEPES, 10 BAPTA, 4 Mg-
ATP, and 1 Na-GTP, adjusted to pH 7.4 with KOH for recordings of
light-evoked responses. For voltage-gated sodium current recordings
from bipolar cells, the electrode solution contained (in mm) 85
K-gluconate, 10 TEA-Cl, 10 HEPES, 10 BAPTA, 4 Mg-ATP, and 1 Na-
GTP. For ganglion cell recordings, pipettes were filled with solution con-
taining (in mm) 95.25 Cs-gluconate, 8 TEA-CI, 0.4 MgCl,, 1 EGTA, and
10 Na-HEPES, adjusted to pH 7.5 with HCL. Sulforhodamine B (90 um)
was included in the pipette solution to identify bipolar and ganglion cell
morphologies. Ganglion cells were only analyzed when their dendrites
ramified mid-IPL, where the depths of the IPL were 20—80% (Ichinose et
al., 2005). The axonal processes of transient and sustained ON bipolar
cells ramified 50—80% and 80-100%, respectively (Ichinose et al., 2005).

The voltage-clamp or current-clamp recordings were made with an
Axopatch 200A Patch Clamp Amplifier (Axon Instruments, Foster City,
CA). Data were digitized and stored with a personal computer using a
TL-1 data acquisition system (Axon Instruments). Patchit software
(White Perch Software, Somerville, MA) was used to generate voltage
command outputs, acquire data, control the light stimuli, and operate
the drug perfusion system. Data were filtered at 1 kHz with a four-pole
Bessel filter and were sampled at 1-10 kHz.

Light stimulation. The bipolar or ganglion cell receptive field center
was activated by a small spot of light (180 um diameter) from a light-
emitting diode (LED) light source [peak, 630 nm; unattenuated light
intensity (0 log), 1.33 X 10'° photons + um ~? - s ~']. The background
and spot stimuli were projected through a 40X objective lens. For
scotopic conditions, animals were dark adapted for =12 h, and dissec-
tions and recordings were performed under infrared (IR) illumination.
For dim conditions, animals were dark adapted for 1 h, and retinas were
either dissected in dim red light and recorded with no background illu-
mination or dissected in IR and recorded with dim background illumi-
nation (—4 to —5log). For bright conditions, animals were dark adapted
for 1 h, and retinas were dissected in IR and recorded with bright back-
ground (—2 to —3 log) illumination. For some experiments, dissections
and sodium current recordings were performed in “room light” (1.6 X
10° photons - um ~2+s~1).

To obtain light-evoked responses (L-EPSPs or L-EPSCs), the light
stimulus was presented for 1-3 s every 30— 60 s. To adapt the preparation,
background illumination was presented for >5 min continuously after
whole-cell configuration was achieved, followed by a perfusion of recep-
tor blockers. Background illumination was maintained through the ex-
periment. The retina was stimulated with an increment of luminance
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above the background illumination. Light intensity was varied by chang-
ing the LED current.

For sodium current recordings in bipolar cells, the slices were prepared
in dim conditions. Background illumination was present for >5 min
after whole-cell recordings were obtained, followed by a perfusion of
receptor and channel blockers. The voltage dependence of the sodium
channel was determined either in dim conditions or in room light, which
was equivalent to unattenuated background illumination.

Pharmacology. Bipolar cells were pharmacologically isolated to avoid
indirect, network effects when bath applying tetrodotoxin (TTX) (0.5
um). For L-EPSP recordings from bipolar cells, GABA ,, GABA, glycine,
NMDA, and non-NMDA receptors were blocked with a mixture of
strychnine (5 um), bicuculline (200 um), imidazole-4-acetic acid (I4AA;
20 uMm), picrotoxin (200 um), CNQX (30 um), and p-AP5 (50 um). For
sodium current recordings from bipolar cells, a calcium channel blocker,
CoCl, (2 mm), a potassium channel blocker, TEA (10 mm both for intra-
cellular and extracellular solutions), and a metabotropic glutamate re-
ceptor 6 (mGluR6) agonist, L-AP4 (2 uM), were used in addition to the
mixture of receptor blockers for L-EPSP recordings. When investigating
the effects of light adaptation on bipolar cell L-EPSPs or sodium current,
the retina was first adapted to background illumination, followed by
application of the antagonist mixture to measure the L-EPSPs or sodium
currents, because some of the blockers directly affect the release of dopa-
mine. For the dopamine receptor experiments, dopamine receptor an-
tagonist was applied before bright-light background illumination, and
dopamine agonist was applied in dim-light conditions, and then, as
above, the antagonist mixture was applied just before response record-
ing. For L-EPSC recordings from ganglion cells, only strychnine (5 um)
was used for blocking glycine receptors to isolate the steady surround
from the change-sensitive surround (Cook et al., 1998).

Voltage-gated bipolar cell currents. To activate voltage-gated currents,
bipolar cells were voltage clamped at —60 mV and then prepulsed at —80
mV for 500 ms to remove inactivation, followed by a test pulse to —10
mV for 50 ms every 15 s, which fully activated sodium channels. The
TTX-sensitive, inward current was obtained by subtracting the averaged
TTX current from the averaged control current. To determine the acti-
vation and inactivation properties of the sodium current, we varied ei-
ther test pulse or prepulse (500 ms), for the activation and inactivation
experiments, respectively.

Data analysis. The voltage dependence of sodium channel inactivation
and activation was analyzed as described previously (Ichinose et al.,
2005). Normalized sodium currents (I) were plotted for inactivation,
whereas normalized conductance (G) was plotted for activation, and
data points were fit by Boltzmann equation: I = I, /(1 + exp[(V —
Vi)/k]) for inactivation, and G = G,,,, /(1 + exp[(V — V,)/k]) for acti-
vation, where V} is the half-inactivation or activation voltage, and k is the
slope factor.

Light intensity—response relationships were obtained from individual
ganglion cells. We plotted the light-evoked charge transfer (R) versus
stimulus light intensity (L). The Naka—Rushton equation was used to fit
the relationship: R = al/(Ls, + L), where a is the maximum charge
transfer, and L, is the light intensity at the half-maximum response.

The sensitivity of mean intensity and contrast was calculated for indi-
vidual ganglion cells (Shapley and Enroth-Cugell, 1984). The sensitivity
of mean intensity (S,,) is defined as “the ratio of the magnitude of the
physiological response to the stimulus magnitude” (Shapley and Enroth-
Cugell, 1984) and was calculated from the following equation: S,, =
dR/dAL = aLsy/(Lsy + L)* The ratio of S,,,-control to S,,,-TTX was plotted
in Figure 6 E.

The contrast sensitivity was calculated in two ways. Charge transfer of
L-EPSCs in dim- and bright-light conditions was plotted as a function of
contrast (see Fig. 6G,H ), and contrast sensitivity was calculated from the
slopes of low-contrast linear portions of the curves, in control and TTX
solutions. Also, contrast sensitivity AR(AL/L;)~" (where Ly is back-
ground illumination) was obtained from the intensity-response curves
using the following equation: S.,,, = dR/dlogL = aLs,L/(Ls, + L)* =
AR(AL/L)™". S, at the half-maximum EPSC was calculated for each
cell in the absence and in the presence of TTX, and the ratio (control/
TTX) was plotted in Figure 6 F.
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Figure2. Voltage-gated sodium channels amplified light-evoked synaptic responses only in

dim-light conditions. A, B, L-EPSPs recorded from ON bipolar cells in dim conditions (A) were
reduced by TTX, but those recorded in bright conditions (B) were not affected by TTX. C, TTX
shifted and compressed the intensity—response relationship in dim ( p < 0.01; n = 5) but not
in bright conditions ( p > 0.1;n = 5). D, The intensity—response relationship in ON sustained
bipolar cells, which do not possess sodium channels, were shifted to the right compared with
the curve in transient bipolar cells in dim-light conditions (curves for the transient cells are the
same as (). The shift of the sustained bipolar cell curves from dim to bright light is attributable
to cone and OPL adaptation.

Most statistical comparisons were made using a paired ¢ test. Sodium
current data were compared using the unpaired ¢ test. Spearman’s rank
test was used to evaluate correlation between sodium current amplitude
or charge transfer and background light intensity. Differences were con-
sidered significant if p < 0.05. Data are presented as mean *+ SE.

Results

Sodium channels in bipolar cells differentially modulated
L-EPSPs in dim and bright conditions

We investigated whether sodium channels in bipolar cells affect
network adaptation by assessing the sodium channel contribu-
tions to light-evoked synaptic responses in different background
light conditions. L-EPSPs were recorded in whole-cell configura-
tion from transient ON bipolar cells in retinal slices. When retinal
slices were adapted to dim light, the sodium channel blocker TTX
(0.5 um) reduced L-EPSPs (Fig. 2A). Because these bipolar cells
are cone dominant (Wu et al., 2000), this result suggested that
bipolar cell sodium channels amplified cone-mediated synaptic
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inputs. TTX shifted and compressed the bipolar cell intensity—
response curve (Fig. 2C), suggesting that sodium channels en-
hanced the light sensitivity and the maximal response in dim
light. TTX did not alter the bipolar cell resting membrane poten-
tial (control, —59.0 = 0.7 mV; TTX, —59.3 = 0.9 mV; p > 0.1;
n = 7), indicating that the reduction of L-EPSPs was not attrib-
utable to changes in the resting membrane potential.

When the retina was adapted to bright light, TTX did not
reduce the L-EPSPs (Fig. 2B) or affect the intensity—response
curve (Fig. 2C), although the resting membrane potential was
adjusted with current injection to ensure that voltage-gated
channels were similarly activated (dim, —57.7 = 1.8 mV; bright,
—56.0 £ 2.7mV; p = 0.30). Because bright background light can
depolarize salamander ON bipolar cells (3-5 mV) (Werblin,
1974; Fahey and Burkhardt, 2001), the sodium current contribu-
tions in bright-light conditions were probably overestimated be-
cause of sodium channel inactivation at more positive potentials
(Ichinose et al., 2005). These findings indicate that sodium chan-
nels did not boost L-EPSPs in bright conditions (Fig. 1) and
suggest that the ambient light regulates the ability of the sodium
channels to boost synaptic responses.

The rightward shift of the intensity—response curve by bright
light was only partially attributable to the suppression of bipolar
cell sodium channels, as illustrated by comparing the control and
TTX curves in dim conditions (Fig. 2C). Comparisons of the TTX
curves in dim and bright conditions indicate that the remainder
of the shift by bright light was independent of bipolar sodium
channels and was likely attributable to adaptation occurring in
the cone photoreceptor outer segments and in the outer plexi-
form layer (OPL) (Normann and Werblin, 1974; Werblin, 1974).
The intensity—response curves for ON sustained bipolar cells,
which do not possess sodium channels (Ichinose et al., 2005),
were also shifted to right by increasing background (Fig. 2D),
supporting the idea that the TTX-insensitive shift of the intensi-
ty—response curves was attributable to adaptation in cones and
the OPL.

Bright background illumination reduced the activity of
voltage-gated sodium channels

We recorded voltage-gated sodium currents from bipolar cells
(evoked by voltage steps from —80 to —10 mV) in dim- and
bright-light conditions to determine how ambient illumination
affected the TTX sensitivity of bipolar cell L-EPSPs. We found
that sodium current magnitudes varied with background illumi-
nation levels. The sodium current was the largest in dim condi-
tions (Fig. 3A, top). When retinal slices were exposed to brighter
background illumination, the sodium currents were reduced
(Fig. 3A). Sodium current peak amplitude (Fig. 3B) and charge
transfer (Fig. 3C) were reduced by background illumination in an
intensity-dependent manner ( p < 0.01).

To investigate how background illumination affected sodium
currents, we determined the voltage dependence of activation
and inactivation of the sodium channel in dim- and bright-light-
adapted conditions. In dim light (Fig. 3D, closed circles), sodium
channels inactivated with a half-inactivation voltage of —36.4
mV (Ichinose etal., 2005) (Fig. 3D, solid line, filled circles). How-
ever, in bright light, the sodium channels inactivated at more
negative potentials, with a half-inactivation voltage of —51.6 mV
(Fig. 3D, dashed line, open circles) (n = 6). Thus, bright light
reduced sodium currents by shifting the inactivation curve to
negative potentials ( p < 0.05), resultingin a decreased “availabil-
ity” of the sodium channels.

The voltage dependence of sodium channel activation was
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Figure3. Brightbackgroundillumination attenuated bipolar cell sodium currents by chang-
ing the channel voltage dependence. 4, TTX-sensitive sodium currents recorded from bipolar
cells at different background illuminations were obtained by subtracting the current responses
tovoltage stepsin TTX from those obtained in control conditions. Each record was obtained from
a different cell. B, C, The peak amplitude (B) and the charge transfer (measured at 050 ms; ()
of sodium currents were decreased with background light in an intensity-dependent manner
(p < 0.01; no background, n = 7; —4log, n = 2; —2log, n = 3;0log, n = 4). D, Sodium
channelinactivation curves in dim (solid circles) and bright (open circles) conditions. Bright light
shifted the curve to the left (half-maximum inactivation voltage, bright, —51.6 mV, n = 6;
dim, —36.4mV, n = 5; p < 0.05). E, Conductances in each condition was normalized to the
maximum dim condition value and plotted. Bright light (open triangles) also shifted and com-
pressed the activation curves for sodium currents in bipolar cells compared with dim light (solid
triangles; half-maximum activation voltage, bright, —2.95 = 4.7 mV; dim, —19.2 = 5.9mV;
p << 0.05). Dotted line represents scaled bright-light curve.

also examined. Figure 3E shows the voltage dependence of the
sodium channel conductance when normalized to the maximum
conductance of sodium channels in dim light (closed triangles).
Compared with dim-light conditions, the maximum conduc-
tance was reduced in bright conditions (Fig. 3E, open triangles)
(0.38 = 0.08 vs 0.84 nS in dim light; p < 0.01; n = 4). In addition,
the half-maximal activation voltage was shifted to right in bright-
compared with dim-light conditions ( p < 0.05). Thus, the re-
duction in sodium channel activation may also contribute to the
decrease in sodium current observed in bright-light conditions.
We previously estimated the magnitude of the Na™ conduc-
tance in dim-light conditions during the L-EPSPs (depolariza-
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tion from —62 to —54 mV) to be 0.04 nS (Ichinose et al., 2005).
This conductance enhances the L-EPSPs by 7.4 mV, in agreement
with the observed enhancement of 7.1 mV. In bright-light con-
ditions, the activation curve was shifted to the right (Fig. 3), and
the estimated Na™ conductance during a similar magnitude of
L-EPSP is 0 nS, which produces no enhancement. However, if
bright-light conditions depolarize the bipolar cell to a resting
potential of —50 mV (Werblin, 1974; Fahey and Burkhardt,
2001), then the estimated magnitude of the Na ™ conductance
during an L-EPSP (depolarization from —50 to —40 mV) is
0.0025 nS, attributable to more activation and inactivation of the
Na ™ channels (Fig. 3). This small conductance only enhances the
L-EPSP, at most, by 0.4 mV (assuming a 1 G(2 input resistance).
These findings explain why we observed little or no amplification
of bipolar cell L-EPSPs in bright conditions (Fig. 2 B).

Dopamine mimicked the effects of light on voltage-gated
sodium currents and L-EPSPs

Dopamine is a known mediator of light adaptation (Witkovsky,
2004) that is released from amacrine cells by cone-dependent
signals (Myhr et al., 1994). Extracellular dopamine levels are low
in dim conditions and are high in bright conditions (Boatright et
al., 1989). Because the activity of voltage-gated sodium channels
in other parts of the CNS is modulated by dopamine (Cantrell et
al., 1997; Hayashida and Ishida, 2004), and dopamine receptors
are present on bipolar cells (Veruki and Wassle, 1996; Nguyen-
Legros et al., 1997; Mora-Ferrer et al., 1999), we investigated
whether dopamine mediated the light-dependent modulation of
the sodium channel activity by activating dopamine receptors in
dim light with agonist applications.

A nonspecific dopamine receptor agonist, 2-amino-6,7-
dihydroxy-1,2,3,4-tetrahydro-naphthalene (ADTN; 20-50 um),
mimicked the effects of bright conditions. In dim conditions,
ADTN markedly reduced the sodium currents, compared with
control conditions (Fig. 4 A), decreasing both the peak amplitude
(Fig. 4D) and the charge transfer (Fig. 4E). The specific D, an-
tagonist R-(+)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-
tetrahydro-1 H-3-benzazepine (SCH23390; 50 uM) reversed the
suppressive effects of ADTN (Fig. 4 B, D,E), and sodium currents
were now similar to those in control conditions, suggesting that
they were mediated by D, receptors. In bright-light conditions,
dopamine levels are postulated to be high, which should attenu-
ate sodium currents. If dopamine levels are high, then the D,
receptor antagonist SCH23390 should block the suppressive ef-
fect of bright light. When SCH23390 was applied before light
adaptation, the sodium currents were no longer attenuated in
bright light (Fig. 4C-E), suggesting that dopamine release in
bright conditions diminishes sodium channel activity in bipolar
cells.

We then determined whether dopamine modulated the light-
evoked synaptic responses in bipolar cells by recording L-EPSPs
in dim- and bright-light-adapted conditions, in the presence of
D, receptor agonists or antagonists. In dim conditions, the D,
agonist 1-phenyl-2,3,4,5-tetrahydro-1 H-3-benzodiazepine-7,8-
diol hydrochloride (SKF38393; 20 um) mimicked the effects of
bright illumination, reducing the L-EPSPs and occluding the
suppressive effects of TTX (Fig. 54, B). In contrast, pretreatment
with D, receptor antagonist SCH23390 (50 uM) blocked the ef-
fects of bright illumination, and TTX now reduced the L-EPSPs
in bright conditions (Fig. 5C,D). In dim conditions, D, agonist
application did not reduce L-EPSPs in sustained ON bipolar cells
thatlack sodium currents (97 = 1% of control amplitude; n = 2).
These findings suggest that the D; agonist did not reduce
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L-EPSPs in ON transient bipolar cells by
acting upstream of the sodium channels,
either on cone photoreceptors or mGluR6
receptors. Together, our data suggest that
dopamine, released in bright light, attenu-
ates the sodium channel-dependent
amplification of L-EPSPs.

A Dim, ADTN

Bipolar cell sodium channels boost
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ganglion cell light responses only in
dim-light conditions

Distinct subtypes of bipolar cells provide
excitatory drive to different classes of gan-
glion cells. Bipolar cells that possess
voltage-gated sodium currents make con-
tacts with ON-OFF ganglion cells with
dendrites that ramified in the mid-IPL
(Ichinose et al., 2005). To determine how
bipolar cell sodium channels affected ret-
inal information processing in different il-
lumination conditions, we recorded light-
evoked EPSCs (L-EPSCs) at light onset 0
from ON-OFF ganglion cells that were
adapted to different light levels (Fig.
6A—C, black traces). L-EPSCs were iso-
lated by voltage clamping the cell at —60
mV (Es) to null inhibitory synaptic
inputs. Lidocaine N-ethyl bromide
(QX-314; 10 mm) was included in the
pipette to block sodium channels in the
recorded ganglion cell. L-EPSCs recorded
from ganglion cells in dark-adapted reti-
nas (>12 h in darkness, scotopic) were
mediated by rods, as suggested by their
slow times to peak (905 £ 106 ms) and low thresholds (5.1 X
10 ™", relative attenuation) (Schnapfand Copenhagen, 1982). In
contrast, L-EPSCs recorded in retinas exposed to dim back-
ground illumination showed shorter times to peak (147 = 7.9 ms;
p < 0.01 vs scotopic) and higher thresholds (1.3 X 10 ~; relative
attenuation), consistent with cone-mediated signaling (Schnapf
and Copenhagen, 1982). Brighter background illumination fur-
ther accelerated the L-EPSC kinetics (time to peak, 120 = 6.0 ms;
p < 0.01 vs scotopic and dim; threshold intensity, 9.4 X 10 3,
relative attenuation).

In scotopic conditions, TTX did not reduce rod-mediated
L-EPSCs (Fig. 6 A), consistent with the notion that sodium chan-
nels are only found in cone-dominant transient ON bipolar cells
(Ichinose et al., 2005). Instead, TTX enhanced the L-EPSCs, most
likely attributable to the blockade of GABA-mediated inhibition
in the IPL (Cook and McReynolds, 1998; Bloomfield and Xin,
2000), because TTX did not affect rod-mediated L-EPSCs when
GABA, and GABA receptors were blocked by bicuculline (200
uM), [4AA (20 uMm), and picrotoxin (200 uM; p = 0.2; n = 8)
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). In contrast, cone-mediated L-EPSCs recorded
in dim conditions were reduced by TTX (Fig. 6 B). The TTX-
mediated reduction of the L-EPSCs was attributed to its direct
actions at ON bipolar cells because ganglion cell sodium channels
were blocked by including QX-314 (10 mMm) in the recording
pipette and because we previously showed that this reduction was
not mediated by amacrine cell transmission (Ichinose et al.,
2005). In bright conditions, TTX did not affect L-EPSCs (Fig.
6C), as expected from bipolar cell L-EPSP results (Fig. 2C). These
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agonist, ADTN (20 rum), reduced the sodium currents in dim conditions (n = 5) compared with control currentin dim light (dotted
line, same as Fig. 34, top). B, A D, receptor blocker, SCH23390 (SCH; 50 um), blocked the ADTN effect (n = 3). The dotted line is
control currentin dim light from Figure 34 (top). €, Bright illumination did not reduce the sodium current when D, receptors were
blocked (50 um SCH23390; n = 3). The dotted line s the control currentin bright conditions from Figure 34 (bottom). D, E, Effects
of agonists and antagonists on peak amplitude (D) and charge transfer (E). *Significant differences from control ( p < 0.05);
*significant differences from ADTN (dim; p < 0.05).

results suggest that bipolar cell sodium channel activity increases
ganglion cell L-EPSCs exclusively in cone-mediated, dim-light
conditions.

Bipolar cell sodium channels enhance ganglion cell sensitivity
to mean intensity and contrast

Light adaptation occurs by adjusting retinal network sensitivity
to mean light intensity and contrast (the range of intensities
around the mean luminance) in different ambient light condi-
tions (Shapley and Enroth-Cugell, 1984; Smirnakis et al., 1997;
Dunn and Rieke, 2006). The retinal network increases its sensi-
tivity in low-light conditions to detect small visual inputs and
decreases its sensitivity in bright-light conditions to prevent sat-
uration. Sodium channels in bipolar cells may contribute to net-
work light adaptation by increasing light sensitivity in dim con-
ditions but not in bright conditions.

The ganglion cell sensitivity to mean light intensity was calcu-
lated for each cell (see Material and Methods) to determine
whether it was affected by bipolar cell sodium channels. In dim-
light-adapted conditions, TTX shifted the intensity—response
curve for ganglion cell L-EPSCs to brighter intensities and re-
duced the maximum response (Fig. 6 D, Dim). In bright-light-
adapted conditions, TTX did not affect the intensity—response
curve (Fig. 6D, Bright), whereas in scotopic conditions TTX
shifted the intensity—response curve to dimmer intensities (Fig.
6D, Scotopic), attributable to blocking IPL inhibition, as noted
above. The ratio of the sensitivity in the absence and the presence
of TTX in each light condition is plotted in Figure 6. In dim
conditions, bipolar cell sodium channels strikingly enhanced the
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Figure 5. D, dopamine receptor agonist and antagonist mimic light and darkness, respec-
tively. 4, In dim conditions, a D, agonist, SKF38393 (20 uum), reduced the peak amplitude of
L-EPSPs, mimicking bright conditions. The D, agonist occluded the TTX (0.5 wum) effect on peak
amplitude. B, Graph summarizes effects of D, agonist and TTX on L-EPSP peak amplitude (n =
6). C, Cells were pretreated with D, receptor antagonist [50 um SCH23390 (SCH)], and then the
preparation was exposed to bright light for 10 min. TTX reduced the L-EPSP, indicating that the
D, receptor mediated the suppressive effect of background illumination on sodium currents in
bipolar cells. D, Summary of TTX effects on L-EPSPs in bright conditions, pretreated with D,
antagonist (n = 4). *p < 0.01, different from control level.

sensitivity, whereas in bright conditions, as well as scotopic con-
ditions, the sensitivity was not affected, demonstrating that the
sodium channels only boosted the sensitivity to dim cone signals.

The ganglion cell sensitivity to contrast, or the range of inten-
sities around the mean luminance (Demb, 2002), was calculated
in two ways (see Material and Methods): response/log intensity
ratio from the intensity—response curve (Fig. 6 F) or the slope of
the contrast—response curve (Fig. 6G,H ). We found that the con-
trast sensitivity was increased by bipolar cell sodium channels in
dim-light-adapted conditions (Fig. 6 F, G) but not in bright-light-
adapted or scotopic conditions (Fig. 6 F, H), suggesting that so-
dium channels also enhanced contrast sensitivity in dim, cone
conditions.

Discussion

Light adaptation occurs in the retina to optimize its performance
over a wide range of ambient light conditions (Dunn and Rieke,
2006). The pupil, photoreceptors, and retinal network all con-
tribute to light adaptation. The retina adapts by adjusting its
sensitivity to mean light intensity and contrast. Adaptation to
mean light intensity occurs in both photoreceptors and the reti-
nal network, whereas contrast adaptation only occurs in the ret-
inal network (Green et al., 1975; Naka et al., 1979; Green and
Powers, 1982; Shapley and Enroth-Cugell, 1984; Smirnakis et al.,
1997; Pugh et al., 1999; Fain et al., 2001; Page-McCaw et al., 2004;
Dunn and Rieke, 2006). Bipolar cells have been implicated as sites
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Figure 6.  Bipolar cell (BC) sodium currents enhanced ganglion cell light sensitivity. A—C,
Ganglion cell (GC) L-EPSCs (black lines) were reduced by TTX (red lines) in dim (B) but not bright
(€) or scotopic (A) conditions. D, Intensity—response curves in dim light but not in scotopic or
bright conditions were shifted ( p < 0.05) and compressed ( p << 0.01) by TTX, suggesting that
BC sodium currents only boosted GC responses in dim conditions. E-H, The sensitivities for
mean intensity (E) and contrast (F~H) were enhanced by bipolar cell sodium currents in dim
but not scotopic or bright conditions [mean sensitivity, p << 0.01 (E); contrast sensitivity, p <
0.05 (F-H); scotopic, n = 6; dim, n = 11; bright, n = 11]. ctrl, Control.

of network adaptation to both mean light intensity and contrast
(Green et al., 1975; Naka et al., 1979; Shapley and Enroth-Cugell,
1984; Smirnakis et al., 1997; Rieke, 2001; Baccus and Meister,
2002; Page-McCaw et al., 2004); however, the cellular mecha-
nisms that mediate these forms of adaptation are poorly under-
stood. Our findings suggest that sodium channels, found in a
subset of bipolar cells, regulate network adaptation by increasing
retinal sensitivity to both mean intensity and contrast in dim-
light conditions but not in bright conditions when they were
inactivated by light-evoked dopamine release. This allows bipolar
cell sodium channels to dynamically control retinal signal gain.

Dopamine and bright light contribute to network adaptation
by reducing sodium currents in bipolar cells

Dopamine is “a messenger of light adaptation” that is released
from amacrine cells by illumination and is likely a key factor in
network adaptation (Witkovsky, 2004). Dopamine reduces rod-
mediating signaling and enhances cone-mediated signaling in
dim-light-adapted conditions (Witkovsky, 2004). Recent molec-
ular studies suggest that dopamine reduces light sensitivity in
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Figure7. The enhancement of ganglion cell (GC) light sensitivity is decreased by increasing
adaptation levels. The enhancement of ganglion cell sensitivity to meanillumination attributed
tobipolar cell (BC) sodium channels was plotted as a function of background light (same dataset
asin Fig. 6 £). In scotopic conditions, light sensitivity in ganglion cells was not affected by bipolar
cell sodium channels. In mesopic, dim-light-adapted conditions, light sensitivity was dramati-
cally enhanced. The enhancement was decreased by increased ambient light levels and was not
observed in photopic conditions. The decrease in light sensitivity was attributed to decreased
bipolar cell sodium channel contributions and may be correlated with dopamine release by light
adaptation (see Discussion).

bright-light conditions. Retinal network adaptation is perturbed
in mutant zebrafish that cannot synthesize dopamine, and, unlike
control fish, bright conditions do not reduce light sensitivity
(Page-McCaw et al., 2004).

Our findings demonstrate that light-evoked dopamine release
modulates bipolar cell sodium channel activity. First, we found
that application of the dopamine agonist ADTN mimicked the
effect of light adaptation in dim conditions. ADTN and bright
conditions both reduced sodium currents and L-EPSPs in tran-
sient ON bipolar cells. Second, a D, receptor antagonist reduced
the effects of light adaptation (Figs. 4, 5). When D, antagonists
were applied before light adaptation, bipolar cell L-EPSPs and
sodium currents were similar to those in dark-adapted condi-
tions. These findings suggest that bright illumination caused do-
pamine release from amacrine cells that modulated bipolar cell
sodium channels. L-EPSPs in sustained ON bipolar cells, which
do not have sodium currents, were not affected by dopamine
agonists, suggesting that dopamine reduced L-EPSPs in transient
ON bipolar cells by acting on sodium channels and not on cones
or mGluR6 receptors, which mediate responses in both bipolar
cell classes.

In agreement with our results, Myhr et al. (1994) show that
dopamine release in salamander retina is increased when illumi-
nation that predominantly affects cones is increased from dim to
bright levels, consistent with biochemical experiments demon-
strating that dopamine levels are two to four times higher in light,
compared with dark levels (Godley and Wurtman, 1988;
Boatright et al., 1989; Puppala et al., 2004). Our preliminary re-
sults show that the suppressive effects of bright light on bipolar
sodium currents developed over several minutes, similar to other
forms of dopamine-dependent light adaptation (Myhr et al.,
1994). Figure 7 summarizes how bipolar cell sodium channels
contribute ganglion cell light sensitivity at different background
light levels. The TTX-sensitive changes in ganglion cell sensitivity
are greatest when dopamine levels are thought to be low (dim
mesopic) and lowest when dopamine levels are thought to be
high (photopic). Ganglion cell light sensitivity during cone sig-
naling conditions decreases as a function of background light
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intensity (Fig. 7). These findings, along with our observations
that dopamine agonists mimic bright-light conditions, suggest
that increases in dopamine release with increasing light levels are
responsible for decreasing ganglion cell sensitivity, modulated by
bipolar cell sodium channels.

Dopamine acted directly on bipolar cell sodium channels
Dopamine receptors are found on other types of retinal neurons
in addition to bipolar cells, but the effects that we observed were
not attributable to the activation of dopamine receptors on other
cell types. This is because we eliminated the polysynaptic effects
of dopamine on L-EPSPs by pharmacologically isolating the re-
corded bipolar cell from the network. Our results also suggest
that dopamine affected bipolar cell L-EPSPs by acting directly on
sodium channels, because calcium and potassium channels,
which can be affected by dopamine (Pfeiffer-Linn and Lasater,
1993; Liu and Lasater, 1994; Fan and Yazulla, 1999), were phar-
macologically blocked during the sodium current recordings.

It is possible that other modulatory substances in addition to
dopamine were released and modulated sodium channels, be-
cause we adapted to bright light or perfused dopamine before
applying a mixture of receptor antagonists to block network ef-
fects. Acetylcholine (ACh) release in the retina might be affected
by dopamine or bright light (Yeh et al., 1984; Hensler and Dubo-
covich, 1986; Hensler et al., 1987). ACh could reduce sodium
currents by activating muscarinic receptors, as reported for hip-
pocampal neurons (Cantrell et al., 1996). Muscarinic receptors
are present on a subset of bipolar cells in chick and primate reti-
nas (Fischer et al., 1998; Yamada et al., 2003). However, our
preliminary experiments showed that the muscarinic receptor
antagonist atropine did not alter the effects of bright illumination
on sodium currents, ruling out this possibility. Nitric oxide (NO)
may also be released by light and/or dopamine application in the
retina (Eldred and Blute, 2005; Sekaran et al., 2005) and could
have modulated the bipolar cell sodium currents. However, in
other parts of the CNS, NO increases voltage-gated sodium cur-
rents (Hammarstrom and Gage, 1999), which is opposite to our
results. This suggests that bipolar cell sodium channels were not
affected by nitric oxide.

The function of voltage-gated sodium channels can be
modulated by dopamine
Voltage-gated sodium channels that are located on the dendrites
and soma boost synaptic responses in the CNS. Sodium channels
nonlinearly increase the amplitude of EPSPs in cerebral cortex
pyramidal neurons and hippocampal cells (Schwindt and Crill,
1995; Stuart and Sakmann, 1995; Lipowsky et al., 1996; Gonzalez-
Burgos and Barrionuevo, 2001). We previously reported that so-
dium channels in a subset of retinal bipolar cells boost light-
evoked synaptic responses (Ichinose et al., 2005). Voltage-gated
sodium channels are regulated by G-protein-coupled receptor
(GPCR)-mediated phosphorylation (for review, see Cantrell and
Catterall, 2001). Dopamine (Surmeier etal., 1992; Ma et al., 1994;
Cantrell et al., 1997; Cantrell et al., 1999) and serotonin (Carr et
al., 2003) modulate the generation of sodium spikes. However, it
was not known whether EPSP amplification by sodium channels
is affected by GPCR activation. Our results show that D, dopa-
mine GPCR activation in bright-light conditions reduced the ac-
tivity of sodium channels in bipolar cells, attenuating the ampli-
fication of L-EPSPs.

Dopamine modulates voltage-gated sodium channels
through diverse mechanisms. In retinal ganglion cells, dopamine
accelerates the rate of entry of sodium channels into an inacti-
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vated state and slows their recovery from the inactivated state
(Hayashida and Ishida, 2004). In cortical neurons, sodium
currents are reduced by a reduction in the peak open proba-
bility and also by a negative shift in the voltage dependence of
steady-state inactivation (Maurice et al., 2001). In hippocam-
pal neurons, dopamine reduces sodium currents but did not
affect channel inactivation (Cantrell et al., 1997). We found
that dopamine reduced bipolar cell sodium currents by shift-
ing the steady-state inactivation and activation of sodium
channels, which reduced the availability of the channel at the
resting membrane potential and also reduced the peak ampli-
tude when activated (Fig. 3).

Our findings demonstrate that sodium channels in bipolar
cells dynamically control retinal sensitivity to mean light and to
contrast over a wide range of ambient light conditions. In dim-
light-adapted conditions, the sodium channels boost retinal sen-
sitivity, whereas in bright-light-adapted conditions, our results
strongly suggest that dopamine suppresses the excitatory effect of
the sodium channels to avoid saturation. We propose that bipolar
cell sodium channels contribute to a novel mechanism of net-
work light adaptation.
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