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Abstract

Nitric oxide (NO) is involved in retinal signal processing, but its cellular actions are

only partly understood. An established source of retinal NO are NOACs, a group of

nNOS-expressing amacrine cells which signal onto bipolar, other amacrine and

ganglion cells in the inner plexiform layer. Here, we report that NO regulates

glutamate responses in morphologically and electrophysiologically identified type 4

OFF cone bipolar cells through activation of the soluble guanylyl cyclase-cGMP-

PKG pathway. The glutamate response of these cells consists of two components,

a fast phasic current sensitive to kainate receptor agonists, and a secondary

component with slow kinetics, inhibited by AMPA receptor antagonists. NO

shortened the duration of the AMPA receptor-dependent component of the

glutamate response, while the kainate receptor-dependent component remained

unchanged. Application of 8-Br-cGMP mimicked this effect, while inhibition of

soluble guanylate cyclase or protein kinase G prevented it, supporting a

mechanism involving a cGMP signaling pathway. Notably, perfusion with a NOS-

inhibitor prolonged the duration of the glutamate response, while the NO precursor

L-arginine shortened it, in agreement with a modulation by endogenous NO.

Furthermore, NO accelerated the response recovery during repeated stimulation of

type 4 cone bipolar cells, suggesting that the temporal response properties of this

OFF bipolar cell type are regulated by NO. These results reveal a novel cellular

mechanism of NO signaling in the retina, and represent the first functional evidence

of NO modulating OFF cone bipolar cells.
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Introduction

Nitric oxide (NO) is a volatile, freely diffusible molecule that exerts multiple

functions within the central nervous system [1]. Under physiological conditions,

the canonical NO receptor is the enzyme soluble guanylate cyclase (sGC), whose

activation causes an increase of intracellular cyclic GMP (cGMP) [2].

Subsequently, cGMP may directly activate cyclic nucleotide-gated channels,

depolarizing the cells by influx of sodium and calcium ions [3], or activate cGMP-

dependent protein kinase (PKG), which phosphorylates diverse proteins [4]. An

alternative signaling pathway of NO involves the S-nitrosylation of cysteine

residues on specific target proteins [5]. In the retina, NO is synthesized among

others by a subset of amacrine cells (AC) termed NI, NII and displaced NOACs

[6, 7] and has been shown to amplify the flash electroretinogram in rat [8], but at

the cellular level, its effects on retinal signal processing are only partially

understood [9]. Some of the reported actions of NO include an increase of light

responses in rod bipolar cells (RBC) [10], the modulation of bipolar cell (BC)

output through protein S-nitrosylation in goldfish [11], the inhibition of electrical

coupling between AII ACs and ON CBCs [12], the regulation of GABA and

glycine release from ACs [13], and the activation of cyclic nucleotide-gated

channels in retinal ganglion cells (GC) [14]. In addition, NO has been shown to

differentially modulate GC ON and OFF responses, which is reflected by a

decrease in ON spike responses by about 40%, while OFF responses are abolished

completely [15]. However, it remains unclear at which level of retinal processing

NO exerts this effect on the OFF response. In turtle, previous evidence indicates

that NO increases cGMP levels in OFF CBCs [16], but to date no study has

addressed the putative regulation of OFF CBC signaling by NO in mammals. The

aim of the present study was to analyze the cellular mechanism by which NO

affects the retinal OFF pathway in BCs, using patch clamp recordings and

pharmacological stimulation of OFF CBCs. We investigated a putative NO action

on OFF BCs selecting the type 4 CBC, because this cell type is easily distinguished

from other OFF BC types in rat by its characteristic morphology, since it is the

only BC whose axonal endings span both substrata 1 and 2 of the IPL.

Recent reviews have summarized the anatomical and functional characteristics

of retinal BCs, and shown that each cell type has specific properties that serve to

encode information regarding polarity, time course, intensity and spectral identity

of the visual stimulus in a distinct signaling channel [17, 18]. OFF CBCs express

sign-conserving ionotropic glutamate receptors in their dendrites [19, 20] and

relay complex phasic-tonic responses to GCs [21]. Initial response characteristics

of OFF CBCs are shaped by the composition of dendritic glutamate receptors, and

mouse type 4 CBCs have been shown to express both the GluA1 and GluK1

subunits of AMPA and kainate receptors, respectively [22]. A similar expression

pattern of glutamate receptors in type 4 CBCs can be expected in rat, but needs to

be confirmed. Here, we tested the hypothesis that retrograde NO signaling from

NOACs affects the glutamate response of rat type 4 CBCs. To this end, type 4

CBCs in rat retinal slices were stimulated with glutamate in the outer plexiform
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layer (OPL), while superfusing their axonal endings in the inner plexiform layer

(IPL) with the NO donor NOC-12. Our results suggest that the temporal

properties of the glutamate response in type 4 CBCs are modulated by

endogenous NO, acting through the stimulation of sGC, cGMP synthesis and

activation of PKG.

Materials and Methods

Animals

All experiments were performed on 3–4 week-old Sprague Dawley rats irrespective

of sex or weight. The rats, born and raised in the animal facility of the University

of Valparaiso (Animal Welfare Assurance NIH A5823-01), were held at 20–30 C̊

under a 12 h photoperiod with water and food ad libitum. The experimental

procedures were approved by the bioethics committee of the University of

Valparaiso, in accordance with the bioethics regulation of the Chilean Research

Council (CONICYT) and complied with the ARVO Statement for the Use of

Animals in Ophthalmic and Vision Research.

Retinal slice preparation

Rats were anesthetized by halothane (Sigma, St. Louis, MO, USA) inhalation and

sacrificed by decapitation. Eyes were quickly removed and submerged in

extracellular solution containing (in mM): 119 NaCl, 23 NaHCO3, 1.25 NaH2PO4,

2.5 KCl, 2.5 CaCl2, 1.5 MgSO4, 20 glucose and 2 sodium pyruvate. The solution

was continuously aerated with 95% O2 and 5% CO2, reaching a pH of 7.4. Eyes

were enucleated and the retina was carefully separated from the sclera. A small

piece of retina was embedded in type VII agarose (Sigma) dissolved in a solution

containing (in mM): 119 NaCl, 24 HEPES, 1.25 NaH2PO4, 2.5 KCl, 2.5 CaCl2,

1.5 MgSO4, pH 7.4, and was glued to the vibratome stage. Retinal slices of

200 mm thickness were made with a vibrating blade microtome (VT1000S, Leica

Microsystems, Nussloch, Germany) and maintained in a chamber with

oxygenated extracellular solution at room temperature (20 C̊) and photopic

background illumination (100 lux). Retinal slices were then transferred to the

recording chamber, held by a U-shaped platinum wire, and superfused with

oxygenated extracellular solution at a rate of 1 ml/min, controlled by a peristaltic

pump (Masterflex C/L, Cole-Parmer Instruments, Illinois, USA).

Electrophysiology and stimulation

Patch clamp recordings were made from type 4 OFF CBCs visualized with an

Olympus microscope (BX51WI, Olympus, Japan) equipped with a 40x water-

immersion objective, infrared differential interference contrast and a cooled CCD

camera (DS-2MBWc, Nikon, Japan) for brightfield and fluorescence image

capture. Type 4 OFF CBCs were identified by their characteristic voltage-

dependent currents, a conspicuous inhibitory basal activity and lack of Ih currents
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present in other OFF CBC types [23] (Figure 1A–C). Dialysis of Lucifer yellow

through the patch pipette allowed us to observe axon terminal stratification of

type 4 CBCs within the OFF sublamina of the IPL, to confirm the cell identity.

Cells were voltage clamped at –60 mV in the whole-cell configuration. Signals

were amplified with an EPC7-plus amplifier (HEKA Elektronik, Lambrecht,

Germany), filtered at 3 kHz, digitized and sampled at 10 kHz with an A/D board

(PCI-6221, National Instruments, Austin, TX, USA) and recorded using custom-

made software written in IGOR PRO (Wavemetrics, Lake Oswego, OR, USA).

Electrodes were fabricated using borosilicate glass capillaries (1,5 mm OD,

0,84 mm ID, WPI, Sarasota, FL, USA) and pulled to resistances between 10–15

MV on a Flaming/Brown electrode puller (Sutter P-97, Sutter Instruments,

Figure 1. The glutamate response of type 4 CBCs consists of a fast, kainate receptor-, and a slow, AMPA receptor-dependent component. (A) Type
4 CBCs were identified by morphology, notably the position of their axonal endings in substrata 1 and 2 of the IPL, and by their characteristic voltage-gated
currents (B, C). These cells lack hyperpolarization-activated cyclic nucleotide-gated (HCN) currents [23]. (D) Glutamate stimuli (500 mM), applied as puffs to
the OPL, triggered biphasic inward currents at –60 mV, consisting of a fast peak followed by a slowly decaying tail. At longer stimulus durations, the
response current becomes separated into a fast initial peak and a slow secondary component, carrying the bulk of the transferred charge. (E) Kainate stimuli
(100 mM) of increasing durations triggered monophasic responses of larger amplitude and longer duration, without development of a separate slow
response component. (F) AMPA (300 mM), which activates both AMPA and kainate receptors [32], elicits a two-component response at longer stimulus
durations, similar to glutamate. The fast component is present at all stimulus durations. (G) At concentrations adjusted for comparable electrical charge
transfer, glutamate (1 s,) and AMPA (2 s,) triggered similar biphasic responses, contrary to kainate (100 ms). (H) The kainate receptor-selective agonist
SYM 2081 (50 mM) [63] abolished the fast component of the glutamate response in type 4 CBCs, while the slow component remained unaffected. (I) GYKI
52466 (30 mM), a selective AMPA receptor antagonist [64], blocked the slow component of the glutamate response, without affecting the fast, kainate
receptor-dependent component.

doi:10.1371/journal.pone.0114330.g001
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Novato, CA, USA). Recording electrodes were filled with an internal solution

composed of (in mM): 125 potassium gluconate, 10 KCl, 10 HEPES, 2 EGTA, 2

Na2ATP, 2 NaGTP, and 1% Lucifer yellow. pH was adjusted to 7.4 with KOH. To

investigate the function of kainate and a-amino-3-hydroxy-5-methyl-4-isoxazo-

lepropionic acid (AMPA) receptors on the dendrites of type 4 CBCs, these

agonists were applied at a concentration of 100 mM and 300 mM, respectively. For

experiments involving NO, cells voltage-clamped to –60 mV were stimulated with

a puff (1 s) of glutamate (500 mM, Sigma) to the OPL, applied from a single-

barrel glass pipette with a 1 mm inner tip diameter, using a custom-made

picospritzer operating at 2–3 psi of pressure. Before, during and after the

glutamate puff, the axonal arbors in the IPL were superfused with a long puff

(10 s) of the NO donor NOC-12 (200 mM, Calbiochem), the NO synthesis

precursor L-arginine (1 mM, Sigma), or the cGMP analogue 8-bromo-cGMP (8-

Br-cGMP, 1 mM, Sigma), applied from single or triple-barrel glass pipettes. The

AMPA and kainate receptor blockers GYKI 52466 (30 mM, Tocris Bioscience) and

SYM 2081 (50 mM, Tocris), were applied from glass puffer pipettes directed at the

OPL. For some experiments, the sGC inhibitor ODQ (100 mM, Sigma) or the

PKG inhibitor KT-5823 (1 mM, Sigma) were added to the internal solution of the

recording pipette. The NOS-inhibitor 7-NI (100 mM, Calbiochem) as well as the

GABA and glycine receptor blockers TPMPA (50 mM, Tocris), SR 95531 (10 mM,

Tocris) and strychnine (2 mM, Tocris) were added to the bath solution. NOC-12

was dissolved in 1 M NaOH, while ODQ, KT-5823, GYKI 52466 and 7-NI were

dissolved in DMSO and stored at –80 C̊. All other drugs were dissolved in water

except for glutamate, which was prepared as stock solution in PBS.

nNOS immunohistochemistry

To confirm nNOS expression in NOACs and the IPL, retinal slices were fixed for

20 minutes in 4% paraformaldehyde in PBS. The sections were washed two times

for 5 minutes in PBS and then blocked for 1 hour with a solution containing: 1%

BSA, 1% horse serum and 0.3% Triton X-100 in PBS, pH 7.4. The primary anti-

nNOS antibody (Invitrogen, Santiago, Chile) was diluted 1:250 in the blocking

solution and applied overnight at 4 C̊. The secondary antibody, donkey anti-

rabbit Cy3 (Jackson ImmunoResearch) was diluted 1:800 in PBS and applied for 1

hour at room temperature. Finally, the slices were rinsed and mounted on

microscope slides for inspection and imaging on a confocal microscope (Nikon

C1plus, Japan).

Data analysis and statistics

The maximum amplitude of the glutamate response was measured at the peak of

the fast component compared to baseline, using IgorPro. The total charge transfer

of the glutamate response was calculated by integrating the area under the curve

by a trapezoidal method using Origin Pro Software (www.originlab.com).

Quantitative results are shown as bar graphs indicating the mean ¡ SEM, and
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statistical significance was evaluated using paired two-tailed Students t-test, using

Graph Pad InStat software (La Jolla, CA, USA). In the figures, * and **indicate a

significance levels of p,0.05 and p,0.01 respectively.

Results

Type 4 OFF CBC glutamate responses display two distinct

components

To date, four to five types of OFF CBCs have been described in rodent retina

[20, 24, 25]. The light response of each type presents distinct temporal properties,

which is reflected in the signal transmitted to GC, as elegantly analyzed recently by

2-photon imaging of calcium signals in their axon terminals [21] and of the

responses elicited by OFF CBCs in postsynaptic amacrine and GC dendrites [26].

While it has been reported that the glutamate response of OFF CBCs depends on

the activation of AMPA and kainate receptors [19, 27], the kinetic response

properties are defined by the combination of different subunits of these receptor

classes [22, 28]. Unlike most OFF CBC responses shown to date, which generally

exhibit fast (millisecond) kinetics [19, 29, 30, 31], we found that the glutamate

response of type 4 CBCs consists of two components, a fast phasic component

sensitive to kainate receptor agonists, and a second component with slow kinetics,

inhibited by AMPA receptor antagonists. The fast component of the glutamate

response could be elicited by short (100 ms and 200 ms) stimuli of glutamate,

kainate and also AMPA (Figure 1D–G, n53), which has been shown to activate

both types of receptors [32]. On the other hand, the distinct slow component of

the glutamate response was prominent only at longer glutamate or AMPA

stimulus durations (.200 ms), suggesting an elevated response threshold

compared to the fast, kainate receptor-dependent component (Figure 1D, F, G).

The contribution of distinct receptor types to the biphasic glutamate response was

confirmed by application of selective kainate (SYM 2081) and AMPA (GYKI

52466) receptor blockers, which only abolished the fast or the slow component of

the glutamate response, respectively (Figure 1H, n53; I, n53). In summary,

glutamate triggers a biphasic response in type 4 CBCs, whose secondary, slow

component depends on AMPA receptor activation.

NO modulates the duration of the AMPA receptor-dependent

component of the glutamate response in type 4 CBCs

To analyze NO modulation of glutamate responses in type 4 CBCs, the cells were

voltage clamped at –60 mV and recorded under light adapted conditions, in

absence or presence of the NO donor NOC-12 (Figure 2). Application of NOC-12

caused a prominent change in the temporal properties of the glutamate response,

reducing the duration of the slow AMPA receptor-dependent component of the

electrical response (Figure 2A3). In the presence of this NO donor, electrical

charge transferred during the complete response was reduced by 46.1% compared

Nitric Oxide and Type 4 OFF Bipolar Cell
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to control conditions (307¡77 to 166¡38 pC; n55; p50.03) (Figure 2A4), while

the amplitude of the glutamate response remained unchanged (64¡13 to 65¡14

pA; n55; p50.92) (Figure 2A5). These results indicate that NO selectively

modulates the slow component of the glutamate response. To rule out stimulus

artifacts, the NO donor was replaced by extracellular solution in the stimulus

puffs, which did not have any significant effect on the fast (86¡7 to 85¡8 pA;

n53; p50.47) or the slow component (317¡25 to 319¡17 pA; n53; p50.9) of

the glutamate response (Figure 2B).

It has been widely reported that NO participates in the regulation of inhibitory

signaling in the retina [9]. To verify if NO modulation of the glutamate response

involves an inhibitory feedback from horizontal or amacrine cells, glutamate and

the NO donor NOC-12 were applied under bath perfusion with GABAA, GABAC

and glycine receptor blockers (Figure 2C). However, under these conditions, the

glutamate response remained sensitive to NO (412¡46 to 268¡40 pC; n53;

Figure 2. NO modulation of glutamate responses in type 4 CBCs. (A) Representative recordings of glutamate responses of a type 4 OFF CBC, clamped
to –60 mV. The experimental setup (A1) and an image of the lucifer yellow-filled recorded cell (A2) are shown to the left. (A3) Application of NO donor NOC-
12 (200 mM) only affected the slow component of the glutamate response, by shortening the duration of the electrical response. Bars indicate the stimulus
duration. (A4) Bar diagrams displaying the mean ¡ SEM of the total charge transferred during the glutamate response, with and without NO stimulation. (A5)
The maximum amplitude of the glutamate response, measured at the peak of the fast component, remained unaffected by NO. (B) Control experiments with
puffs of extracellular solution instead of NOC-12 were ineffective, demonstrating the absence of stimulus or pressure artifacts. (C) Bath application of the
GABAA and GABAC receptor antagonists SR-95531 and TPMPA, and the glycine receptor blocker strychnine did not affect the modulation of the glutamate
response by NO in type 4 CBCs. Image scale bars510 mm; ns5not significant.

doi:10.1371/journal.pone.0114330.g002
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p50.04), suggesting that inhibitory synaptic transmission is not involved in the

NO modulation of the glutamate response in CBC 4 cells.

The effect of NO on type 4 CBC responses depends on cGMP

The canonical receptor for NO under physiological conditions is the enzyme sGC,

whose activation causes an increase of intracellular cGMP levels [1, 2]. However,

reactive nitrogen species derived from NO may also modify cysteine and tyrosine

residues, affecting the function of a variety of target proteins [33, 34]. To analyze if

the effect of NOC-12 on the slow component of the glutamate response involved

cGMP signaling, the permeable cGMP-analog 8-Br-cGMP was applied to the IPL

(Figure 3A). 8-Br-cGMP reduced the electrical charge transferred during the

glutamate response by 38.2% compared to controls (335¡34 to 207¡33 pC,

Figure 3A4), a significant change (n54; p50.016) that mimics the effect of

exogenous NO. Again, the fast glutamate response component remained

unchanged (73¡12 to 69¡13 pA; n54; p50.09) (Figure 3A5). To verify if the

effect of NO involves activation of sGC in type 4 CBCs, ODQ, a potent and

specific inhibitor of this enzyme, was added to the internal solution of the

recording pipette (Figure 3B). Indeed, presence of ODQ in the intracellular

solution prevented the action of NO on the slow component of the glutamate

response (272¡50 to 251¡48 pC; n54; p50.32). This supports the notion that

the mechanism by which NO inhibits the slow component of the glutamate

response is mediated by activation of intracellular sGC in type 4 OFF CBCs and

dependent on cGMP synthesis. To test if the classical cGMP target PKG was also

involved in the NO effect, patch clamped type 4 CBCs were dialyzed with KT-

5823, a selective inhibitor of this enzyme (Figure 3C). As with ODQ, the

reduction of the duration of the slow component of the glutamate response by

NO was prevented by this drug (252¡43 to 242¡44 pC; n54; p50.074).

Interestingly, both ODQ and KT-5823 in the intracellular solution had a

shortening effect on the glutamate response independent from NO (Figure 3B3

and 3C3, respectively), suggesting alternative intracellular mechanisms regulating

the slow, AMPA receptor-dependent component of the glutamate response.

Endogenous NO modulates the slow component of the glutamate

response

To investigate the contribution of endogenous NO synthesis to the modulation of

glutamate responses in type 4 CBCs, the NO-precursor L-arginine (1 mM) was

applied by local perfusion to the IPL (Figure 4A). L-arginine, presumably

elevating endogenous NO synthesis, shortened the duration of the slow

component of the glutamate response, reducing the charge transferred during the

response by 37% (297¡25 to 186¡33 pC; n54; p50.003). On the other hand,

the NOS inhibitor 7-NI was applied via bath perfusion to retinal slices

(Figure 4B). As opposed to the effect of NO donors, application of 7-NI caused an

increase in the duration of the slow component of the glutamate response in type

Nitric Oxide and Type 4 OFF Bipolar Cell
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4 CBCs, significantly amplifying the electrical charge transferred during the

response by 58% (323¡77 to 511¡93 pC; n53; p50.036). These data support

the hypothesis that endogenous local NO synthesis modulates the slow

component of the glutamate response in type 4 OFF CBCs in the same way as

exogenous NO applied through NO donors.

The time course of the response recovery during repetitive

stimulation in type 4 CBCs is controlled by NO

To understand the physiological significance of NO modulation of the glutamate

response in type 4 CBCs, its effect on the response recovery during repetitive

stimulation was evaluated. To this end, consecutive glutamate stimuli (100 ms)

were applied at distinct interstimulus intervals (2–10 s). At shorter intervals (2–

5 s), the amplitude of the fast, kainate receptor-dependent component of the

glutamate response decreased by up to 75% (Figure 5), recovering fully only after

Figure 3. The effect of NO on the slow component of the glutamate response depends on cGMP. (A) Application of the cGMP analog 8-Br-cGMP
(1 mM) to the axonal endings of type 4 CBCs (A1) reduced the duration of the slow component of the glutamate response (A3). (A4, A5) While the charge
transferred during the response was significantly reduced by 8-Br-cGMP, this cGMP analog did not affect the maximum amplitude of the glutamate
response. (B) Addition of the sGC inhibitor ODQ (100 mM) to the internal solution of the recording pipette prevented the action of NO on the slow component
of the glutamate response in type 4 CBCs (B3). Note the previously recorded ON CBC to the left (B2). (B4, B5) Neither the charge transferred during the
glutamate response nor the maximum response amplitude were significantly affected by NOC-12 application in presence of ODQ. (C) Similar to ODQ,
addition of the PKG inhibitor KT-5823 (1 mM) to the internal solution abolished any effect of NO on the slow component of the glutamate response (C3, C4).
Note that dialysis of ODQ and KT-5823 had a shortening effect on the slow component of the glutamate response by itself. Image scale bars510 mm;
ns5not significant.

doi:10.1371/journal.pone.0114330.g003
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an interstimulus interval of 10 s. To analyze if NO modulation affects the recovery

of the glutamate response, NOC-12 was applied together with glutamate stimuli at

different interstimulus intervals (Figure 5B). Indeed, the response recovery during

repetitive stimulation was accelerated by NO (n53), producing a statistically

significant increase of the amplitude of the fast glutamate response component at

intermediate interstimulus intervals (4–8 s). These data suggest that NO

modulates glutamate response adaptation in type 4 OFF CBCs.

Discussion

This study presents a novel modulatory mechanism of glutamate responses by NO

in a specific OFF CBC type. Type 4 CBC was first identified by morphological

characterization [20, 35], and later its immunohistochemical [36, 37, 38, 39] and

light response characteristics [21, 40] were described. Studies of the glutamate

response in OFF CBCs of rodents revealed the expression and function of

dendritic AMPA and kainate receptors in these cells, which do however not co-

localize at the cone pedicle base [20, 22, 41]. CBC AMPA receptors are commonly

considered ‘‘faster’’ than kainate receptors due to a quicker recovery from

desensitization, mediating a more phasic response [19]. Here, we show that the

glutamate response of rat CBC 4 consists of two components, a fast and a distinct

slow component. The first has similar kinetics to classical OFF CBC responses

reported in other studies [29, 31]. The slow component has not been specifically

identified previously to our knowledge, although new evidence indicates that type

4 CBCs have slower response kinetics than other BCs [21, 22]. While a response

Figure 4. Endogenous NOmodulates the time-course of the slow component of the glutamate response. (A) Perfusion of the axonal terminals of type
4 CBCs with the NO precursor L-arginine (1 mM) significantly shortened the slow component of the glutamate response (A3) and reduced the overall charge
transferred during the response (A4), while the maximum response amplitude was unaffected (A5). (B) On the other hand, bath perfusion of retinal slices with
the NO synthase inhibitor 7-NI (100 mM) significantly increased the charge transferred during the response (B4), but did not have an effect on the maximum
response amplitude (B5) in type 4 CBCs. Image scale bars510 mm; ns5not significant.

doi:10.1371/journal.pone.0114330.g004
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Figure 5. Response recovery during repetitive stimulation is accelerated by NO. (A) Comparison of the
recovery of the amplitude of the fast, kainate receptor-dependent component of the glutamate response after
two consecutive stimuli (100 ms) with a 5 s interstimulus interval. While reducing the duration of the slow
component of the glutamate response, NOC-12 strongly amplified the fast response to the second glutamate
stimulus. (B) Amplitude changes of the fast component of the glutamate response at different inter-stimulus
intervals in absence and presence of NO donor. The recovery of the kainate receptor-dependent response is
significantly accelerated by exogenous NO at intermediate interstimulus intervals (4–8 s).

doi:10.1371/journal.pone.0114330.g005
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with a time course of several seconds can hardly contribute directly to image

formation in the retina, it is conceivable that it represents an adaptive mechanism

responding to different levels of glutamate concentration at the photoreceptor-

bipolar cell synapse, setting the threshold for fast, kainate receptor-dependent

responses (Figure 5). A recent report revealed the involvement of AMPA receptors

in the ground squirrel retina predominantly in type 2 CBCs (nomenclature of this

species), suggesting that the bulk of synaptic transmission through the remaining

OFF CBC types is mainly carried by kainate receptors [28]. Another recent study

in mice suggested that the light response of OFF CBCs may be mediated almost

exclusively by kainate receptors [26]. It is therefore possible and warrants further

investigation that AMPA receptors of OFF CBCs activate only at higher glutamate

concentrations, having a modulatory or light/dark adaptive function rather than a

fast signal transmitting role.

It has been reported that type 4 CBCs receive inhibitory signaling mediated by

GABAA, GABAC and glycine receptors [42, 43], and retinal inhibitory signaling is

modulated by NO [13, 44, 45]. However, the possibility that the inhibition of the

glutamate response by NO is the result of an inhibitory feedback mediated by

GABA or glycine, which may be released by glutamate stimulation of horizontal

cells or indirect activation of amacrine cells, is not supported by our data, since

blockage of GABAA, GABAC and glycine receptors did not abolish the effect

(Figure 2C).

Few studies have analyzed the cellular basis for the role of NO in the

modulation of the retinal OFF pathway [15, 46], but the presence of sGC in OFF

CBCs [47] suggests that NO might modulate this pathway at the BC level.

However, a direct effect of NO on BC responses has only been reported for RBCs

[10]. Our data represent novel evidence for a modulatory role of NO in the inner

retina, and support a proposed mechanism for the temporal regulation of OFF

CBC responses by NO (Figure 6). To our knowledge, this specific mechanism of

glutamate response modulation by NO has not been described in other cells or

systems, and similar or identical mechanisms might operate in other circuits of

the nervous system.

Activation of sGC in BCs has been shown in several species through an increase

of cGMP immunoreactivity after NO donor application [16, 48, 49, 50, 51, 52].

However, only a few studies have specified if the labeled cells correspond to OFF

CBCs [16, 49]. Here, we demonstrate that the effect of NO on the slow component

of the glutamate response is also dependent on cGMP and can be blocked by

addition of the sGC inhibitor ODQ to the intracellular solution. Previous studies

reported different aspects of retinal NO signaling, involving pathways sensitive to

ODQ, inferring a cGMP-dependent mechanism leading to PKG activation

[9, 10, 44, 53, 54]. Our data suggest that in the mechanism described here, NO acts

through activation of sGC and subsequent stimulation of PKG in type 4 OFF

CBCs, as in the NO signaling pathways proposed by the aforementioned studies.

While the established source of NO in the retina are NOACs [6, 7, 55], expression

of NO synthase in BC has also been reported in several species

[6, 55, 56, 57, 58, 59, 60]. Furthermore, assays with the NO-indicators DAF-2 or

Nitric Oxide and Type 4 OFF Bipolar Cell

PLOS ONE | DOI:10.1371/journal.pone.0114330 December 2, 2014 12 / 16



DAF-FM indicated that an unidentified and possibly variable subgroup of BCs

synthesize NO [46, 57, 61]. Our data are consistent with the idea of endogenous

retrograde NO signaling from NOACs to type 4 OFF CBCs (Figure 6), but we

cannot exclude the possibility of additional or alternative NO sources among the

different BC types [9], including autocrine NO signaling in BCs.

In summary, we describe a system in which NO participates as modulator of

temporal properties of the glutamate response, and propose a working model to

Figure 6. Scheme of proposed NO signaling onto type 4 OFF CBCs in the inner retina. The profiles of a
nNOS-positive NOAC (red) and a type 4 OFF CBC (green) are projected onto the nNOS-labeled IPL (purple).
The substrata of the IPL are indicated to the right. nNOS is most concentrated in the substrata 2–3 and 5 and
largely absent from substratum 4. NOACs mainly ramify in sublayer 3 of the IPL [7]. Glutamate (Glu) from
cones or exogenous stimulation activates kainate and AMPA receptors (KaR and AMPAR), whose responses
can be blocked by SYM-2081 (SYM) and GYKI-52466 (GYKI), respectively. NO, liberated by NOACs or the
NO donor NOC-12, diffuses into CBCs, activating sGC, leading to cGMP elevation which stimulates protein
kinase G (PKG). This pathway can be emulated by 8Br-cGMP application and inhibited by ODQ or KT-5823.
Endogenous NO synthesis is stimulated by L-arginine and inhibited by 7-NI. The mechanism by which the
AMPA-dependent glutamate response is inhibited via PKG remains to be shown.

doi:10.1371/journal.pone.0114330.g006
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explain NO regulation of a specific OFF cone BC type, which depends on

endogenous synthesis of NO, activation of sGC and production of cGMP. The

slow time-course of the glutamate response component regulated by NO makes it

an attractive candidate for a light adaptational mechanism within the OFF

pathway, in line with mounting evidence that NO is involved in retinal light/dark

adaptation [9, 62].

Author Contributions

Conceived and designed the experiments: AHV OS. Performed the experiments:

AHV. Analyzed the data: AHV. Contributed reagents/materials/analysis tools:

AGP OS. Contributed to the writing of the manuscript: AHV AA JV OS.

References

1. Garthwaite J (2008) Concepts of neural nitric oxide-mediated transmission. Eur J Neurosci 27: 2783–
2802.

2. Garthwaite J (2005) Dynamics of cellular NO-cGMP signaling. Front Biosci 10: 1868–1880.

3. Kaupp UB, Seifert R (2002) Cyclic nucleotide-gated ion channels. Physiol Rev 82: 769–824.

4. Hofmann F, Feil R, Kleppisch T, Schlossmann J (2006) Function of cGMP-dependent protein kinases
as revealed by gene deletion. Physiol Rev 86: 1–23.

5. Hess DT, Stamler JS (2012) Regulation by S-nitrosylation of protein post-translational modification.
J Biol Chem 287: 4411–4418.

6. Kim IB, Lee EJ, Kim KY, Ju WK, Oh SJ, et al. (1999) Immunocytochemical localization of nitric oxide
synthase in the mammalian retina. Neurosci Lett 267: 193–196.

7. Pang JJ, Gao F, Wu SM (2010) Light responses and morphology of bNOS-immunoreactive neurons in
the mouse retina. J Comp Neurol 518: 2456–2474.

8. Vielma A, Delgado L, Elgueta C, Osorio R, Palacios AG, et al. (2010) Nitric oxide amplifies the rat
electroretinogram. Exp Eye Res 91: 700–709.

9. Vielma AH, Retamal MA, Schmachtenberg O (2012) Nitric oxide signaling in the retina: What have we
learned in two decades? Brain Res 1430: 112–125.

10. Snellman J, Nawy S (2004) cGMP-dependent kinase regulates response sensitivity of the mouse on
bipolar cell. J Neurosci 24: 6621–6628.

11. Tooker RE, Lipin MY, Leuranguer V, Rozsa E, Bramley JR, et al. (2013) Nitric oxide mediates activity-
dependent plasticity of retinal bipolar cell output via S-nitrosylation. J Neurosci 33: 19176–19193.

12. Mills SL, Massey SC (1995) Differential properties of two gap junctional pathways made by AII
amacrine cells. Nature 377: 734–737.

13. Yu D, Eldred WD (2005) Nitric oxide stimulates gamma-aminobutyric acid release and inhibits glycine
release in retina. J Comp Neurol 483: 278–291.

14. Ahmad I, Leinders-Zufall T, Kocsis JD, Shepherd GM, Zufall F, et al. (1994) Retinal ganglion cells
express a cGMP-gated cation conductance activatable by nitric oxide donors. Neuron 12: 155–165.

15. Wang GY, Liets LC, Chalupa LM (2003) Nitric oxide differentially modulates ON and OFF responses of
retinal ganglion cells. J Neurophysiol 90: 1304–1313.

16. Blute TA, Velasco P, Eldred WD (1998) Functional localization of soluble guanylate cyclase in turtle
retina: modulation of cGMP by nitric oxide donors. Vis Neurosci 15: 485–498.

17. Euler T, Haverkamp S, Schubert T, Baden T (2014) Retinal bipolar cells: elementary building blocks of
vision. Nat Rev Neurosci 15: 507–519.

Nitric Oxide and Type 4 OFF Bipolar Cell

PLOS ONE | DOI:10.1371/journal.pone.0114330 December 2, 2014 14 / 16



18. Masland RH (2012) The neuronal organization of the retina. Neuron 76: 266–280.

19. DeVries SH (2000) Bipolar cells use kainate and AMPA receptors to filter visual information into separate
channels. Neuron 28: 847–856.

20. Hartveit E (1997) Functional organization of cone bipolar cells in the rat retina. J Neurophysiol 77:
1716–1730.

21. Baden T, Berens P, Bethge M, Euler T (2013) Spikes in mammalian bipolar cells support temporal
layering of the inner retina. Curr Biol 23: 48–52.

22. Puller C, Ivanova E, Euler T, Haverkamp S, Schubert T (2013) OFF bipolar cells express distinct types
of dendritic glutamate receptors in the mouse retina. Neuroscience 243: 136–148.

23. Ivanova E, Muller F (2006) Retinal bipolar cell types differ in their inventory of ion channels. Vis
Neurosci 23: 143–154.

24. Helmstaedter M, Briggman KL, Turaga SC, Jain V, Seung HS, et al. (2013) Connectomic
reconstruction of the inner plexiform layer in the mouse retina. Nature 500: 168–174.

25. Wassle H, Puller C, Muller F, Haverkamp S (2009) Cone contacts, mosaics, and territories of bipolar
cells in the mouse retina. J Neurosci 29: 106–117.

26. Borghuis BG, Looger LL, Tomita S, Demb JB (2014) Kainate receptors mediate signaling in both
transient and sustained OFF bipolar cell pathways in mouse retina. J Neurosci 34: 6128–6139.

27. Saito T, Kaneko A (1983) Ionic mechanisms underlying the responses of off-center bipolar cells in the
carp retina. I. Studies on responses evoked by light. J Gen Physiol 81: 589–601.

28. Lindstrom SH, Ryan DG, Shi J, DeVries SH (2014) Kainate receptor subunit diversity underlying
response diversity in retinal Off bipolar cells. J Physiol 592: 1457–1477.

29. Maguire G, Werblin F (1994) Dopamine enhances a glutamate-gated ionic current in OFF bipolar cells
of the tiger salamander retina. J Neurosci 14: 6094–6101.

30. Li W, Chen S, DeVries SH (2010) A fast rod photoreceptor signaling pathway in the mammalian retina.
Nat Neurosci 13: 414–416.

31. DeVries SH, Schwartz EA (1999) Kainate receptors mediate synaptic transmission between cones and
‘Off’ bipolar cells in a mammalian retina. Nature 397: 157–160.

32. Jane DE, Lodge D, Collingridge GL (2009) Kainate receptors: pharmacology, function and therapeutic
potential. Neuropharmacology 56: 90–113.

33. Hess DT, Matsumoto A, Kim SO, Marshall HE, Stamler JS (2005) Protein S-nitrosylation: purview and
parameters. Nat Rev Mol Cell Biol 6: 150–166.

34. Miyagi M, Sakaguchi H, Darrow RM, Yan L, West KA, et al. (2002) Evidence that light modulates
protein nitration in rat retina. Mol Cell Proteomics 1: 293–303.

35. Euler T, Schneider H, Wassle H (1996) Glutamate responses of bipolar cells in a slice preparation of
the rat retina. J Neurosci 16: 2934–2944.

36. Ghosh KK, Bujan S, Haverkamp S, Feigenspan A, Wassle H (2004) Types of bipolar cells in the
mouse retina. J Comp Neurol 469: 70–82.

37. Haverkamp S, Specht D, Majumdar S, Zaidi NF, Brandstatter JH, et al. (2008) Type 4 OFF cone
bipolar cells of the mouse retina express calsenilin and contact cones as well as rods. J Comp Neurol
507: 1087–1101.

38. Hilgen G, von Maltzahn J, Willecke K, Weiler R, Dedek K (2011) Subcellular distribution of connexin45
in OFF bipolar cells of the mouse retina. J Comp Neurol 519: 433–450.

39. Lu Q, Ivanova E, Pan ZH (2009) Characterization of green fluorescent protein-expressing retinal cone
bipolar cells in a 5-hydroxytryptamine receptor 2a transgenic mouse line. Neuroscience 163: 662–668.

40. Arman AC, Sampath AP (2012) Dark-adapted response threshold of OFF ganglion cells is not set by
OFF bipolar cells in the mouse retina. J Neurophysiol 107: 2649–2659.

41. Haverkamp S, Ghosh KK, Hirano AA, Wassle H (2003) Immunocytochemical description of five
bipolar cell types of the mouse retina. J Comp Neurol 455: 463–476.

Nitric Oxide and Type 4 OFF Bipolar Cell

PLOS ONE | DOI:10.1371/journal.pone.0114330 December 2, 2014 15 / 16



42. Euler T, Wassle H (1998) Different contributions of GABAA and GABAC receptors to rod and cone
bipolar cells in a rat retinal slice preparation. J Neurophysiol 79: 1384–1395.

43. Ivanova E, Muller U, Wassle H (2006) Characterization of the glycinergic input to bipolar cells of the
mouse retina. Eur J Neurosci 23: 350–364.

44. Wexler EM, Stanton PK, Nawy S (1998) Nitric oxide depresses GABAA receptor function via
coactivation of cGMP-dependent kinase and phosphodiesterase. J Neurosci 18: 2342–2349.

45. Andrade da Costa BL, de Mello FG, Hokoc JN (2001) Comparative study of glutamate mediated
gamma-aminobutyric acid release from nitric oxide synthase and tyrosine hydroxylase immunoreactive
cells of the Cebus apella retina. Neurosci Lett 302: 21–24.

46. Blom J, Giove T, Deshpande M, Eldred WD (2012) Characterization of nitric oxide signaling pathways
in the mouse retina. J Comp Neurol 520: 4204–4217.

47. Ding JD, Weinberg RJ (2007) Distribution of soluble guanylyl cyclase in rat retina. J Comp Neurol 502:
734–745.

48. Mastrodimou N, Kiagiadaki F, Hodjarova M, Karagianni E, Thermos K (2006) Somatostatin receptors
(sst2) regulate cGMP production in rat retina. Regul Pept 133: 41–46.

49. Gotzes S, de Vente J, Muller F (1998) Nitric oxide modulates cGMP levels in neurons of the inner and
outer retina in opposite ways. Vis Neurosci 15: 945–955.

50. Baldridge WH, Fischer AJ (2001) Nitric oxide donor stimulated increase of cyclic GMP in the goldfish
retina. Vis Neurosci 18: 849–856.

51. Johansson K, Bruun A, deVente J, Ehinger B (2000) Immunohistochemical analysis of the developing
inner plexiform layer in postnatal rat retina. Invest Ophthalmol Vis Sci 41: 305–313.

52. Koistinaho J, Swanson RA, de Vente J, Sagar SM (1993) NADPH-diaphorase (nitric oxide synthase)-
reactive amacrine cells of rabbit retina: putative target cells and stimulation by light. Neuroscience 57:
587–597.

53. Borda E, Berra A, Saravia M, Ganzinelli S, Sterin-Borda L (2005) Correlations between neuronal nitric
oxide synthase and muscarinic M3/M1 receptors in the rat retina. Exp Eye Res 80: 391–399.

54. Savchenko A, Barnes S, Kramer RH (1997) Cyclic-nucleotide-gated channels mediate synaptic
feedback by nitric oxide. Nature 390: 694–698.

55. Kim IB, Oh SJ, Chun MH (2000) Neuronal nitric oxide synthase immunoreactive neurons in the
mammalian retina. Microsc Res Tech 50: 112–123.

56. Cao L, Eldred WD (2001) Subcellular localization of neuronal nitric oxide synthase in turtle retina:
electron immunocytochemistry. Vis Neurosci 18: 949–960.

57. Giove TJ, Deshpande MM, Eldred WD (2009) Identification of alternate transcripts of neuronal nitric
oxide synthase in the mouse retina. J Neurosci Res 87: 3134–3142.

58. Oh SJ, Kim HI, Kim IB, Kim KY, Huh W, et al. (1999) Morphology and synaptic connectivity of nitric
oxide synthase-immunoreactive neurons in the guinea pig retina. Cell Tissue Res 297: 397–408.

59. Perez MT, Larsson B, Alm P, Andersson KE, Ehinger B (1995) Localisation of neuronal nitric oxide
synthase-immunoreactivity in rat and rabbit retinas. Exp Brain Res 104: 207–217.

60. Haverkamp S, Eldred WD (1998) Localization of nNOS in photoreceptor, bipolar and horizontal cells in
turtle and rat retinas. Neuroreport 9: 2231–2235.

61. Blute TA, Lee MR, Eldred WD (2000) Direct imaging of NMDA-stimulated nitric oxide production in the
retina. Vis Neurosci 17: 557–566.

62. Walter LT, Higa GS, Schmeltzer C, Sousa E, Kinjo ER, et al. (2014) Functional regulation of neuronal
nitric oxide synthase expression and activity in the rat retina. Exp Neurol 261C: 510–517.

63. Donevan SD, Beg A, Gunther JM, Twyman RE (1998) The methylglutamate, SYM 2081, is a potent
and highly selective agonist at kainate receptors. J Pharmacol Exp Ther 285: 539–545.

64. Paternain AV, Morales M, Lerma J (1995) Selective antagonism of AMPA receptors unmasks kainate
receptor-mediated responses in hippocampal neurons. Neuron 14: 185–189.

Nitric Oxide and Type 4 OFF Bipolar Cell

PLOS ONE | DOI:10.1371/journal.pone.0114330 December 2, 2014 16 / 16


	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Figure 1
	Section_6
	Section_7
	Section_8
	Section_9
	Section_10
	Figure 2
	Section_11
	Section_12
	Section_13
	Figure 3
	Section_14
	Figure 4
	Figure 5
	Figure 6
	Section_15
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43
	Reference 44
	Reference 45
	Reference 46
	Reference 47
	Reference 48
	Reference 49
	Reference 50
	Reference 51
	Reference 52
	Reference 53
	Reference 54
	Reference 55
	Reference 56
	Reference 57
	Reference 58
	Reference 59
	Reference 60
	Reference 61
	Reference 62
	Reference 63
	Reference 64

