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ABSTRACT  38 

 The membrane guanylate cyclase, ROS-GC, that synthesizes cyclic GMP for use as a second 39 

messenger for visual transduction in retinal rods and cones, is stimulated by bicarbonate. Bicarbonate 40 

acts directly on ROS-GC1, because it enhanced the enzymatic activity of a purified, recombinant 41 

fragment of bovine ROS-GC1 consisting solely of the core catalytic domain. Moreover, recombinant ROS-42 

GC1 proved to be a true sensor of bicarbonate, rather than a sensor for CO2. Access to bicarbonate 43 

differed in rods and cones of larval salamander, Ambystoma tigrinum, of unknown sex. In rods, 44 

bicarbonate entered at the synapse and diffused to the outer segment, where it was removed by Cl- 45 

dependent exchange. In contrast, cones generated bicarbonate internally from endogenous CO2 or from 46 

exogenous CO2 that was present in extracellular solutions of bicarbonate. Bicarbonate production from 47 

both sources of CO2 was blocked by the carbonic anhydrase inhibitor, acetazolamide. Carbonic 48 

anhydrase II expression was verified immunohistochemically in cones but not in rods. In addition, cones 49 

acquired bicarbonate at their outer segments as well as at their inner segments. The multiple pathways 50 

for access in cones may support greater uptake of bicarbonate than in rods and buffer changes in its 51 

intracellular concentration. 52 

 53 

SIGNIFICANCE STATEMENT  54 

 Bicarbonate accentuates the role of the membrane guanylate cyclase, ROS-GC, in 55 

phototransduction.  In current research, bicarbonate rather than gaseous CO2 is proven to be the ligand 56 

for ROS-GCs. Bicarbonate may be preferred because its movements are subject to tighter control. In 57 

rods, membrane impermeant bicarbonate gains entry at the synaptic zone and is cleared by Cl--58 

dependent exchange at the outer segment. A novel insight is that while cones are similar, they also 59 

obtain bicarbonate at their outer segments and express an enzyme for making their own bicarbonate 60 
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from endogenous together with exogenous CO2. Multiple pathways for access in cones indicate a need 61 

for greater uptake of bicarbonate and better buffering of its intracellular concentration than in rods.  62 

 63 

INTRODUCTION  64 

 Bicarbonate is ubiquitous in the body; it is essential for pH regulation and it provides a means 65 

for the disposal of CO2, a metabolic waste product. A third, emerging role is to accelerate the synthesis 66 

of cyclic nucleotides by soluble adenylate cyclase and by at least some membrane guanylate cyclases 67 

(reviewed in Steegborn, 2014; Tresguerres et al., 2014; Sharma et al., 2016). ROS-GCs in the outer 68 

segments of retinal rods and cones are stimulated by bicarbonate and given their critical role in 69 

phototransduction, bicarbonate must affect vision.  70 

 In darkness, relatively high levels of cGMP maintain cyclic nucleotide gated (CNG) ion channels 71 

in an open configuration. Influx of predominantly Na+ but also some Ca2+ through the CNG channels 72 

depolarizes the membrane to support a steady release of neurotransmitter at the synapse. The entry of 73 

Na+ into the outer segment is matched by the exit of K+ through voltage-gated channels in the inner 74 

segment. This flow of ions, known as the circulating current or the "dark" current, is blocked when 75 

photon absorption by visual pigment in the outer segment activates a biochemical cascade that leads to 76 

cGMP hydrolysis and closure of CNG channels. The resultant hyperpolarization reduces 77 

neurotransmitter release at the synapse. Response recovery depends upon cascade shutoff, but 78 

ultimately requires the restoration of cGMP and the reopening of CNG channels. The basal rate of cGMP 79 

synthesis in darkness is relatively low, but during the course of the photocurrent response, ROS-GC is 80 

subject to Ca2+-dependent regulation. The resting [Ca2+]i in darkness is set by an equilibrium between 81 

entry of the ion through the CNG channels and its removal by Na+/K+,Ca2+ exchange. CNG channel 82 

closure in response to light upsets the balance allowing continued activity of the Na+/K+, Ca2+ exchanger 83 
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to lower [Ca2+]i. GCAPs, neuronal calcium sensing subunits of the ROS-GC complex, stimulate cGMP 84 

synthesis by ROS-GCs at low [Ca2+] and by doing so, restrict the size and accelerate the recovery of the 85 

electrical response to photons (reviewed in Wen et al., 2014).  86 

 Bicarbonate is abundant in the retina, generated from CO2 by carbonic anhydrases as a 87 

byproduct of the extremely high metabolic activity sustained by rods and cones, particularly in darkness 88 

(reviewed in Hurley et al., 2015; Narayan et al., 2017). Bicarbonate accentuates the role of ROS-GC in 89 

phototransduction. By stimulating the synthesis of cGMP by ROS-GC in darkness, it opens a greater 90 

fraction of CNG channels to confer a larger saturated response to light (Hare and Owen, 1998; Donner et 91 

al., 1990; Koskelainen et al., 1993; Duda et al., 2015). After photon absorption, bicarbonate amplifies the 92 

Ca2+-mediated, negative feedback control over the photoresponse provided by ROS-GC (Duda et al., 93 

2015), affecting response kinetics and sensitivity (Lamb et al., 1981; Lamb, 1984; Baylor et al., 1984).  94 

 The relatively low affinity of ROS-GCs for bicarbonate, with EC50s in the tens of mM range (Duda 95 

et al., 2015), raises the question: could gaseous CO2, which is always present with bicarbonate in 96 

aqueous solutions, actually be the more physiologically relevant modulator of ROS-GCs? If bicarbonate is 97 

the modulator, how does it access the ROS-GC inside the outer segments of rods and cones? The two 98 

questions are related, because CO2 can freely pass through membranes but as a charged molecule, 99 

bicarbonate cannot. At least some cones but not rods express carbonic anhydrase (Musser and Rosen, 100 

1973a, 1973b; Parthe, 1981; Nork et al., 1990) to interconvert CO2 and bicarbonate either to control 101 

[CO2]i if CO2 is the modulator or to form bicarbonate if it is the modulator. Immunohistological 102 

localization at the outer plexiform layer of sodium dependent, bicarbonate transporters, NBCn1 (Bok et 103 

al., 2003; Boedtkjer et al., 2008) and possibly NBCe2 (Kao et al., 2011; but see Hilgen et al., 2012), 104 

provide for additional bicarbonate uptake at the synapses of photoreceptors, if bicarbonate is the 105 

modulator. Bicarbonate might also enter and exit through gap junctions or through Cl- channels (Qu and 106 

Hartzell, 2000). Bicarbonate is cleared from photoreceptors by Cl--dependent exchange (Koskelainen et 107 
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al., 1993; 1994; Kalamkarov et al., 1996).  In the present study, CO2 was tested as a modulator for ROS-108 

GC in a reconstituted system and in salamander rods and cones. We further localized spatially the points 109 

of entry and egress for bicarbonate in salamander rods and cones and characterized their expression of 110 

carbonic anhydrase.  111 

 112 

METHODS 113 

Animals 114 

 Larval tiger salamanders (Ambystoma tigrinum, Charles Sullivan, Nashville, TN and Wadelco, 115 

Corpus Christi, TX), approximately 6-10 inches in length, were kept at 12 °C and fed earthworms every 116 

10 to 14 days. Sex of the salamanders was not determined. All care and use conformed to the 117 

Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic 118 

and Vision Research and to a protocol approved by the Institutional Animal Care and Use Committee. 119 

For physiological experiments, retinas from salamanders that were dark adapted overnight were 120 

isolated under infrared illumination and stored in a MOPS-buffered Ringer's solution on ice. In the initial 121 

experiments, the MOPS-buffered Ringer's contained (mM): NaCl, 58; KCl, 2.5; MgCl2, 1; CaCl2, 1.5; 122 

HEPES, 5; EDTA, 0.02; glucose, 10; MOPS, 55; pH 7.6. The [Cl-] in these experiments was ~65.5 mM. 123 

Later, the [MOPS] was reduced in some experiments with a concomitant increase in [Cl-] to ~90.5 mM: 124 

NaCl, 83; KCl, 2.5; MgCl2, 1; CaCl2, 1.5; HEPES, 5; EDTA, 0.02; glucose, 10; MOPS, 30; pH 7.6. 125 

 126 

Electrical recordings 127 

After shredding a piece of retina, photocurrent responses to flashes were recorded from 128 

individual rods and cones  (or from pairs of cones in a few special cases, see below) using the suction 129 

electrode technique with either outer segment (OS-in) or inner segment (IS-in) inside the pipette (Baylor 130 

et al., 1979; Makino et al., 1999). Except where expressly specified otherwise, all results are from green-131 
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sensitive rods or from red-sensitive cones. The pipette was filled with one of the MOPS-buffered Ringers 132 

or with a corresponding low [Cl-] version in which NaCl and KCl were replaced with methanesulfonate 133 

salts (Sigma); pH 7.6. Records were low pass filtered at 30 Hz with an 8-pole Bessel filter (Frequency 134 

Devices, Haverhill, MA) and digitized online at 400 Hz (Patchmaster v2x53, Heka, Holliston, MA). Traces 135 

were not adjusted for the delay introduced by low pass filtering. The records shown in the figures were 136 

subjected to additional digital filtering at 8 Hz (Igor Pro v7.02, Wavemetrics, Inc., Lake Oswego, OR). 137 

Recordings were made at room temperature, 19-22 °C.  138 

Bicarbonate buffered Ringer's contained 25 mM or 50 mM HCO3
- in place of an equimolar 139 

amount of MOPS; pH 7.6. Although the solutions were kept in covered reservoirs, pH sometimes 140 

changed over a time scale of hours, so pH was measured after the recording session. A working range of 141 

7.5 to 7.8 was deemed acceptable. Bicarbonate, bicarbonate plus carbonic anhydrase inhibitor, or 142 

carbonic anhydrase inhibitor alone were gradually introduced to cells by bath perfusion. Circulating 143 

current changed over the subsequent 10 to 15 min and was typically measured 20 min after switching 144 

the perfusate. Two carbonic anhydrase inhibitors were used: acetazolamide (Sigma) and dorzolamide 145 

HCl (Tokyo Chemical Industry Company, Ltd., Tokyo, Japan). Reversibility of treatment-induced changes 146 

in flash responses was generally expected except in experiments with low [Cl-] in the pipette, so for a 147 

given parameter, a ratio was taken of the magnitude during perfusion with bicarbonate divided by the 148 

average of the pretreatment and washed magnitudes. Cells for which parameters did not recover to 149 

within 20% of the starting value were generally not quantified. Flash response kinetics were determined 150 

for responses whose amplitudes were less than 0.2 of the maximum.  151 

 152 

Biochemical assays of cGMP synthesis 153 

Murine carbonic anhydrase type II and bovine ROS-GC1 cDNA were cloned into a pBudCE4.1 154 

vector (Thermo Fisher Scientific) at the NotI/XhoI sites of the EF-1a multiple cloning site and SalI/XbaI 155 
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sites of the CMV multiple cloning site, respectively. The construct was verified by sequencing. COS cells 156 

originally purchased from ATCC (cat# CRL-1651, RRID: CVCL_0224) and now maintained in the 157 

laboratory, were transfected with the vector using Lipofectamine (Thermo Fisher Scientific) according to 158 

the manufacturer’s protocol. Zn2+ at ~0.1 g/l was present in the growth medium to enhance carbonic 159 

anhydrase activity. Seventy-two hr after transfection, the cells were placed in an incubator with 160 

humidified air containing 15% CO2 for an hour. Cells were then washed with 50 mM Tris-HCl/10 mM 161 

MgCl2 buffer; pH 7.4, scraped into 0.5 ml of the buffer, gently homogenized and centrifuged at 3000 162 

rpm. The amount of cGMP in the supernatant was determined by radioimmunoassay (Nambi et al., 163 

1982). Cells were immunostained for ROS-GC1 and carbonic anhydrase II to check for co-expression of 164 

both proteins in the transfected cells, as described below.  165 

 In experiments on a core catalytic domain fragment of bovine ROS-GC1, the coding sequence for 166 

the G817-Y965 region (numbering for mature protein according to Goraczniak et al., 1994) was 167 

amplified from bovine ROS-GC1 cDNA by PCR and cloned into the BglII/NcoI site of pET30Xa/LIC vector 168 

(Novagen) for expression in bacterial cells (BL21 RIL). The ROS-GC1 fragment was purified first on a Ni-169 

NTA column and then on a Superdex 200 size exclusion column by FPLC. The effect of 30 mM 170 

bicarbonate on the rate of cGMP synthesis was assessed by radioimmunoassay (Nambi et al., 1982).  171 

 172 

Histochemical localization of carbonic anhydrase  173 

For confirmation of transfection, COS cells transfected with ROS-GC1 and carbonic anhydrase II 174 

cDNAs were grown on coverslips in Dulbecco’s Modified Eagle Medium supplemented with 10% fetal 175 

bovine serum. Seventy hr after transfection the cells were fixed in freshly prepared 4% 176 

paraformaldehyde in phosphate-buffered saline (PBS); pH 7.6, for 10 min at room temperature. The 177 

fixed cells were washed with Tris buffered saline (TBS); pH 7.6, blocked in 1% preimmune donkey serum, 178 

1% bovine serum albumin (IgG-free, protease free; Jackson ImmunoResearch Laboratories, Inc., West 179 
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Grove, PA) in TBS containing 0.5% Triton X-100 (TTBS) for 1 hr at room temperature, washed with TTBS, 180 

incubated with anti-ROS-GC1 goat polyclonal antibody (1:50 dilution in blocking solution, Santa Cruz 181 

Biotechnology, Inc.; Dallas, TX, cat# 376217, RRID: AB_10991113) overnight at 4 oC, washed with TBS 182 

containing 0.05% Tween-20 (TBST) and then incubated with Alexa Fluor 488-conjugated donkey anti-183 

goat antibody (1:200 dilution; Jackson ImmunoResearch Laboratories, Inc.) for 1 hr at room 184 

temperature, and washed with TBST. This was followed by incubation with anti-carbonic anhydrase II, 185 

mouse, monoclonal antibody conjugated with Alexa Fluor 647 (1:40 dilution; Santa Cruz Biotechnology, 186 

Inc., cat# sc-48351, RRID: AB_626796). After a final wash with TBS, the cells were examined under a 187 

confocal microscope using excitation and emission wavelengths of 493 nm and 519 nm, respectively, for 188 

Alexa Fluor 488 and 651 nm and 667 nm, for Alexa Fluor 647.  189 

For labeling of retina, salamanders were dark adapted for approximately 30 min. After 190 

euthanasia, eyecups were isolated in dim ambient lighting and fixed in freshly prepared 4% 191 

paraformaldehyde in TBS at 4 oC for 1 hr, cryoprotected in 30% sucrose at 4 oC, mounted in O.C.T. 192 

solution (Electron Microscopy Sciences, Hatfield, PA), frozen at -80 °C, and cut into 25 μm sections using 193 

a Hacker-Bright OTF5000 microtome cryostat (Hacker Instruments and Industries Inc., Winnsboro, SC). 194 

Sections were washed four times with PBS, incubated in 100% methanol at -20 oC for 5 hrs and washed 4 195 

to 5 times with PBS. Washed sections were incubated with rhodamine labeled peanut agglutinin 196 

antibody (Vector Laboratories, Burlingame, CA, cat# RL-1072, RRID: AB_2336642) in TBS containing 1% 197 

Triton X-100 for 1 hr at room temperature, washed several times with TBST and incubated overnight 198 

with the anti-carbonic anhydrase II mouse antibody (Santa Cruz Biotechnology, Inc.) in TTBS containing 199 

1% bovine serum albumin at 4 oC, washed 4 to 6 times with TBST, incubated with AlexaFluor 488 200 

conjugated secondary antibody (Jackson ImmunoResearch Laboratories) and washed with TBS. 201 

Rhodamine was excited with 550 to 555 nm light and emission was detected at 575 to 580 nm; for 202 

AlexaFluor, excitation and emission wavelengths were 493 nm and 519 nm, respectively.   203 
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 Images were acquired at 22 oC using an inverted Olympus IX81 Microscope/FV1000 Spectral 204 

Laser Confocal System outfitted with a 60x objective PLAPON 60X OTIRFM, numerical aperture = 1.45, 205 

and analyzed using Olympus FluoView FV10-ASW v01.07 software (Olympus Corp., Japan). Digital 206 

images were processed using Photoshop Elements 6 software (Adobe Systems, Inc., San Jose, CA). 207 

 208 

Experimental design and statistical analyses  209 

One-sample t tests were used to find out whether a treatment produced a change in a given 210 

parameter of a recorded cell (Stata v11.2, StataCorp LLC, College Station, TX). Statistical evaluation of 211 

the effect of cell type, recording configuration and bicarbonate concentration on physiological 212 

parameters were made with a Kruskal-Wallis nonparametric test (Stata) and Dunn's test for post-hoc 213 

comparisons (Dinno; 2015). A repeated measures linear regression with circulating current as the 214 

dependent measure was performed with XTMIXED of Stata to take into account multiple measurements 215 

on the same cell, testing separately, the treatments applied to rods and cones. P values ≤ 0.05 were 216 

considered to be significant. Curve fitting to determine relative sensitivity to flashes was carried out 217 

using Igor Pro.  218 

Biochemical assays to test for the effect of CO2 were performed in triplicate and repeated three 219 

times. The effect of different conditions on the cGMP accumulation in COS cells, relative to that in COS 220 

cells expressing ROS-GC1 in air for each assay, was evaluated by an ANOVA with subsequent Bonferroni 221 

post hoc testing (Stata).  222 

 Biochemical assays on the core catalytic domain fragment were performed in triplicate and 223 

repeated twice. The effect of bicarbonate was assessed by a t-test without assuming equal variances 224 

(Stata). 225 

 226 

RESULTS 227 
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Bicarbonate sensing by ROS-GC  228 

 Tens of mM bicarbonate are required to increase production of cGMP in biochemical assays of 229 

ROS-GC1 catalytic activity (Duda et al., 2015), calling into question the identity of its true modulator; is it 230 

indeed bicarbonate or rather its precursor, CO2? Perhaps ROS-GC1 responds to a much lower amount of 231 

CO2 that exists in equilibrium with the bicarbonate in aqueous solution. As a test, COS cells were co-232 

transfected with bovine ROS-GC1 and murine carbonic anhydrase II and assayed for cGMP synthetic 233 

activity in the presence of CO2. Co-expression of the two enzymes was verified immunohistochemically 234 

(Fig. 1). A representative experiment, repeated in triplicate, is shown in figure 2. From 4 such 235 

experiments (ANOVA, F(7,16) = 15.91, p < 0.00005), cGMP accumulation increased 3.5 ± 0.5-fold (mean 236 

± sem) in the cells co-expressing ROS-GC1 and carbonic anhydrase II when they were placed in a high 237 

CO2 atmosphere, compared to cells expressing ROS-GC1 alone and tested in air (Bonferroni post hoc 238 

test, p < 0.002). The effect was blocked by carbonic anhydrase inhibitors; in the presence of 80 M 239 

acetazolamide, cGMP accumulation was only 30% ± 10% (n=3) above the cGMP levels in cells incubated 240 

in the air only, and with 200 M dorzolamide, it was only 10% (n=1) higher. In preliminary experiments, 241 

a lower, 50 μM concentration of acetazolamide was less effective in blocking cGMP accumulation. Cyclic 242 

GMP levels in COS cells expressing ROS-GC1 alone increased non-significantly by 13% ± 2% (n=4) in the 243 

presence of high CO2. There were no significant effects in other control experiments carried out in air 244 

with either carbonic anhydrase co-expression or with carbonic anhydrase plus carbonic anhydrase 245 

inhibitor; the changes in levels were only +2% ± 1% (n=4), -1% ± 1% with acetazolamide (n=3) and +1% 246 

with dorzolamide (n=1), respectively. Since the increases in guanylate cyclase activity in cells co-247 

expressing ROS-GC and carbonic anhydrase upon exposure to CO2 were similar to those observed with 248 

membranes of transfected COS cells or with retinal membranes (Duda et al., 2015) challenged with 249 

bicarbonate, we conclude that ROS-GC was targeted directly by bicarbonate and that gaseous CO2 was 250 

its source.  251 
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 To localize the interaction between bicarbonate and ROS-GC1, a soluble fragment consisting of 252 

the core catalytic domain from G817-Y965 was expressed in bacterial cells and purified. The fragment 253 

formed a homodimer in solution, as verified by molecular weight markers during FPLC elution and gel 254 

electrophoresis performed without reducing agents. In accordance with its biochemical feature that in 255 

absence of its fusion with the plasma membrane it retains reduced catalytic activity (Ravichandran et al., 256 

2017), the fragment exhibited a low, basal activity of 9.0 ± 0.5 pmol cGMP/min/mg prot (n=2) that 257 

increased to 31.0 ± 1.6 pmol cGMP/min/mg prot (n=2) when 30 mM bicarbonate was present (two 258 

tailed t-test with unequal variances, t(1.58) = -13.12, p = 0.0133). These experiments demonstrated 259 

direct bicarbonate binding to and stimulation of the core catalytic domain of ROS-GC1, as is the case for 260 

ONE-GC (Duda and Sharma, 2010), and ruled out the need for an intermediary protein. 261 

 262 

Entry and exit of bicarbonate in rods 263 

 Given that bicarbonate is the modulator for ROS-GC and that it does not easily cross 264 

membranes, the points of entry for bicarbonate into photoreceptors were determined by mechanically 265 

dissociating retinas and making electrical recordings with either the outer segment (OS-in) or inner 266 

segment (IS-in) of a rod or cone pulled inside a tight-fitting, glass pipette. With OS-in recording, 267 

bicarbonate in the bath was accessible only to the inner segment and vice versa for IS-in recordings. The 268 

amplitude of the saturating flash response provided a measure of the circulating current in darkness. 269 

Addition of 50 mM bicarbonate to the bath increased the circulating current of 4 green-sensitive rods 270 

attached to large pieces of retina in OS-in recordings by 15% ± 3%, similar to previous reports (Lamb et 271 

al., 1981; Duda et al., 2015). Large pieces of retina contained many other rods and cones along with 272 

inner retinal neurons and Muller glia. Isolated rods, recorded with OS-in, do not typically respond to 273 

bicarbonate (Duda et al., 2015) or bicarbonate plus acetazolamide (Donner et al., 1990). To find out 274 

whether Muller cells were needed for uptake of bicarbonate into rods, 2 rods attached to small clumps 275 
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of 1 to 6 other cells were recorded with OS-in. A cone was included in both clumps; intact Muller cells 276 

were not present in either clump. Circulating current was enlarged by 50 mM bicarbonate (e.g., Fig. 3A), 277 

and flash response kinetics were faster, indicating that bicarbonate uptake was preserved in clumps. We 278 

conclude that bicarbonate uptake by rods did not depend on contact with or close proximity to Muller 279 

cells.  280 

 Reasoning that access to bicarbonate must have required the synaptic region or spherule, which 281 

was intact for rods in large pieces of retina and in small clumps of cells but was usually broken off during 282 

the mechanical dissociation, we sought rare, isolated rods that retained their spherules (e.g., Fig. 4A). 283 

Although many more rods retain their spherule when dissociated with papain (Bader et al., 1978), we 284 

wished to avoid any complications arising from the enzymatic digestion of phototransduction cascade 285 

components (e.g., Aton and Litman, 1984). With OS-in, 4 out of 4 isolated rods with spherule indeed 286 

responded reversibly to bicarbonate with a circulating current that increased by 17% ± 3%, an 287 

integration time of the dim flash response that decreased by 21% ± 4% (n=3) indicating faster flash 288 

response recovery, and a sensitivity to flashes that was reduced by 52% ± 10% (n=2) (Fig. 3B-D).  289 

 In control experiments on 15 rods recorded with OS-in (e.g., Fig. 5A) and 3 rods recorded with 290 

IS-in, 2 μM to 250 μM acetazolamide or 500 μM dorzolamide alone did not significantly change 291 

circulating current (+1% ± 2%, n=18), integration time (+1% ± 4%, n=12) or sensitivity (+7% ± 2%, n=11). 292 

The lack of effect of carbonic anhydrase inhibitor on 5 of these OS-in rods that were attached to a clump 293 

or to large pieces of retina meant that under our experimental conditions, rods did not take up 294 

appreciable quantities of bicarbonate produced endogenously by cones or Muller cells or any other 295 

retinal cells. In other control experiments, two isolated rods treated with bicarbonate plus 296 

acetazolamide at concentrations up to 32 μM (e.g., Fig. 5B) and one rod treated with bicarbonate plus 297 

100 μM dorzolamide exhibited changes in circulating current similar to those obtained for treatment 298 
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with bicarbonate alone. The results of both control experiments were consistent with the absence of an 299 

effect of carbonic anhydrase inhibitor on the phototransduction apparatus of rods (Donner et al., 1990). 300 

  Post-treatment washing of the rod with MOPS buffered Ringer's reversed the effects of 301 

bicarbonate (Figs. 3, 5B). An HCO3
-/Cl- exchanger in the outer segment couples the entry of Cl- to the 302 

extrusion of internal bicarbonate (Koskelainen et al., 1994; Kalamkarov et al., 1996). Here we show that 303 

filling the pipette with a low Cl- Ringer's solution in OS-in recordings to suppress the HCO3
-/Cl- exchanger 304 

trapped bicarbonate inside the rod and prevented circulating current from subsiding to the 305 

pretreatment level after washing (Fig. 6A). Circulating current even increased during the time it took to 306 

clear the bath of bicarbonate. However, if a portion of the OS remained outside of the electrode 307 

allowing access to the higher Cl- in the bath during the wash (n=2) or if the rod OS was partially ejected 308 

for washout and then pulled back into the pipette for recording (n=2), then the effect of bicarbonate on 309 

circulating current was fully reversible (Fig. 6B). It was typically difficult to detect changes with 25 mM 310 

bicarbonate but with OS-in and low Cl- in the pipette, this treatment increased circulating current by 8% 311 

± 1% (n=5), shortened integration time of the dim flash response by 22% ± 5%, (n=4) and reduced 312 

sensitivity by 34% ± 12% (n=3, not significant) with recovery only after exposing the outer segment to 313 

high Cl- in the bath. All rods in these experiments were attached to large pieces or clumps or if isolated, 314 

retained a synapse. We conclude that extrusion by an HCO3
-/Cl- exchanger located at the base of the OS, 315 

if not along its entire length, was the principal means for removing bicarbonate from the rod.   316 

 317 

Access to bicarbonate in cones 318 

 Isolated cones or cones in a clump responded to 50 mM bicarbonate with an increase in 319 

circulating current in OS-in recordings (Fig. 7A), consistent with previous studies (Koskelainen et al., 320 

1993; Duda et al., 2015). In the Duda et al. (2015) study, all cones were red-sensitive, single cones (e.g., 321 

Fig. 4B). Here we extend observations to twin (Fig. 4C,D) and to double (Fig. 4E-G) cones, which are also 322 
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red-sensitive (Attwell et al., 1984; Isayama et al., 2014) and to UV-sensitive cones (Fig. 4H). Twin cones 323 

consist of two members that are symmetric in morphology, whereas the two members in double cones 324 

differ in the sizes and shapes of their inner and outer segments (Walls, 1942/1963). Usually only one 325 

member of a double or twin cone was recorded but there were a few recordings with both members 326 

inside the pipette. While salamander double cones are not electrically coupled (Attwell et al., 1984), the 327 

situation for twin cones is not known. For 2 double and 5 single red-sensitive cones, current increased 328 

1.32 ± 0.07-fold with 50 mM bicarbonate and for 3 UV-sensitive cones, it increased 1.18 ± 0.08-fold. On 329 

average, the impact of bicarbonate on red-sensitive cones was greater than that on rods (p = 0.032).  330 

 Rods lacking a spherule (synaptic zone) and recorded with IS-in did not respond to 50 mM 331 

bicarbonate (n=4), as reported in Duda et al. (2015). However, the circulating current increased in 18 332 

red-sensitive cones with IS-in in the present study, including two double cones (Fig. 7B,C). In 3 of the 333 

cones, bicarbonate was applied a second time after washing with the same result. The relative increase 334 

in current brought about by bicarbonate was as large, if not larger, in cones with IS-in (1.45 ± 0.05-fold) 335 

than with OS-in (e.g., Fig. 7A,B), though the difference did not quite reach significance (p = 0.11). Halving 336 

the concentration of bicarbonate from 50 mM to 25 mM produced a smaller, 1.22 ± 0.08-fold (n=7, p = 337 

0.015) effect in IS-in recordings (e.g., Fig. 7B,C). The comparisons were made with a rank order test 338 

(Kruskal-Wallis, Chi2 = 14.08, 3 d.f., p = 0.0028) followed by Dunn's post-hoc testing. The circulating 339 

current in one cone increased from 7 pA in MOPS to 12 pA in 50 mM bicarbonate, then diminished to 9 340 

pA in 25 mM bicarbonate and returned to 12 pA in 50 mM bicarbonate — providing further support that 341 

the lower concentration of bicarbonate was less effective. 342 

 The presence of carbonic anhydrase activity in some vertebrate cones (Musser and Rosen, 343 

1973a, 1973b; Parthe, 1981; Nork et al., 1990) suggests that CO2 in equilibrium with exogenously applied 344 

bicarbonate could cross the plasma membrane and generate bicarbonate internally. To find out whether 345 

salamander photoreceptors express carbonic anhydrase, retinas were probed with peanut agglutinin 346 
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lectin, which binds with high affinity to the saccharides in the cone extracellular matrix (Blanks and 347 

Johnson, 1984) and with an antibody raised against carbonic anhydrase II. Carbonic anhydrase II 348 

antibody and peanut agglutinin binding co-localized, verifying the carbonic anhydrase II expression in 349 

salamander cones (Fig. 8). Labeling was pervasive across the cones, inclusive of double and single cones, 350 

but was absent from rods.  351 

 Next, the internal conversion of CO2 to bicarbonate in salamander cone OSs was tested by co-352 

application of bicarbonate with a carbonic anhydrase inhibitor, acetazolamide or dorzolamide. 353 

Dorzolamide at concentrations of 100 μM to 500 μM failed to block or even diminish the increase in as 354 

circulating current with bicarbonate in cones recorded with IS-in (n=5). Acetazolamide at concentrations 355 

low as 1 μM did prevent bicarbonate from increasing the circulating current in some cells (Fig. 9A), 356 

however, a reduced increase in current persisted in most cells. Upon analysis with a linear model with 357 

mixed effects (Wald Chi2 = 48.12, 65 observations, p < 0.0005), the overall effect on circulating current 358 

of 50 mM bicarbonate plus acetazolamide at concentrations ranging from 1 μM to 160 μM  was an 359 

increase of 28% ± 5% (n=17), less than the above 45% increase seen with bicarbonate alone on cones 360 

recorded with IS-in (p=0.002). In a subset of 7 cones recorded IS-in and 4 cones recorded OS-in that 361 

were treated sequentially with bicarbonate and then with bicarbonate plus acetazolamide, increasing 362 

the concentration of acetazolamide improved its efficacy in reducing the effect of bicarbonate (Fig. 9B). 363 

Internal conversion of CO2 to bicarbonate therefore contributed to the modulation of circulating current 364 

in cones.  365 

 In 3 out of 3 isolated cones recorded OS-in, treatment with 250 μM acetazolamide but no added 366 

bicarbonate reduced the circulating current by 23% ± 2% (Fig. 9C). Chloride concentration was 90.5 mM 367 

inside the electrode and in the bath for these experiments. Apparently, acetazolamide blocked the 368 

ongoing synthesis of bicarbonate from endogenous CO2 that was otherwise high enough to stimulate 369 

ROS-GC activity in the cone outer segment.  370 
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 There were no cases in which the circulating current during treatment with bicarbonate and 371 

carbonic anhydrase inhibitor fell below the pretreatment value. Therefore, some bicarbonate must have 372 

gained entry into cone OSs. One possibility may have been via reversed operation of a bicarbonate 373 

exchanger. The bicarbonate exchanger in cones imports bicarbonate when the retina is perfused with 6 374 

mM bicarbonate in a low Cl- Ringer's solution to create an inward driving force on bicarbonate and an 375 

outward driving force on Cl- (Koskelainen et al., 1993). In our IS-in recordings, cones were treated with 376 

25 mM rather than 50 mM bicarbonate to lower the inward driving force on bicarbonate and [Cl-] in the 377 

pipette was lowered to ~5 mM to reduce [Cl-] inside the cone. The [Cl-] in the bath remained high to set 378 

up an inward driving force on Cl- at the outer segment. Nevertheless, the bicarbonate-induced increase 379 

in circulating current (19% ± 5%, n=11) was unaffected by the low [Cl-] in the pipette. Experiments 380 

carried out in which [Cl-] in the bath was increased from ~65.5 mM to ~90.5 mM to make reversed 381 

bicarbonate exchange even less favorable did not seem to make a difference, nor did the addition of 382 

dorzolamide to the bath. Perhaps 25 mM bicarbonate in the bath was still high enough to overcome the 383 

Cl- gradient and allow a net inward movement of bicarbonate by the exchanger.  384 

 385 

Potency of carbonic anhydrase inhibitors  386 

 Acetazolamide was used in our early physiological recordings at concentrations as low as 0.5 387 

μM, because 5 μM blocked all carbonic anhydrase activity in histological studies on retina from a 388 

number of species (Musser and Rosen, 1973a). The increased effectiveness of acetazolamide over tens 389 

of μM in reducing the bicarbonate-induced increase in current in cones of the present study and the 390 

finding in our cell-based assays for cGMP synthesis, that 50 μM acetazolamide failed to fully inhibit CO2 391 

stimulated, ROS-GC activity were surprising. To investigate further, we determined the dose-response 392 

relations to characterize the effectiveness of acetazolamide and dorzolamide in blocking the production 393 

of bicarbonate by carbonic anhydrase II expressed in COS cells that also expressed recombinant ROS-394 
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GC1. One experiment with each inhibitor is shown in figure 10. In control experiments, ROS-GC1 activity 395 

was unaffected by inhibitors in the absence of CO2, with or without co-expression of carbonic anhydrase 396 

II (e.g., Fig. 2). Under the conditions of our experiments with COS cells, the IC50 for acetazolamide was 37 397 

± 12 μM, n=2 experiments. For dorzolamide, IC50 was 20 ± 3 μM, n=3 experiments.  398 

 399 

DISCUSSION  400 

Bicarbonate directly stimulates ROS-GC 401 

In C elegans, the membrane guanylate cyclase GY-9 functions as a CO2 detector (Smith et al., 402 

2013). The hypothesis that ROS-GC1 responds preferentially to CO2 was ruled out in biochemical assays 403 

using a recombinant system. While the possibility that CO2 had a marginal capacity to bind and stimulate 404 

ROS-GC1 cannot be ruled out, any slight increases in cGMP accumulation in ROS-GC1 expressing COS 405 

cells evoked by high CO2 were most probably due to the spontaneous formation of bicarbonate that 406 

approached an equilibrium concentration of 4 mM, by the Henderson-Hasselbalch equation. Cells co-407 

expressing carbonic anhydrase formed much more cGMP, consistent with Duda et al. (2018), except 408 

when a carbonic anhydrase inhibitor was present (Fig. 2) indicating that ROS-GC1 responded primarily to 409 

bicarbonate. Unexpectedly, dose-response determinations for COS cells (Fig. 10) yielded IC50 values for 410 

acetazolamide and dorzolamide that were considerably higher than those for cell free preparations 411 

(reviewed in Sugrue, 1996; Supuran and Scozzafava, 2007).  412 

 It may be argued that bicarbonate did not interact with ROS-GC1 directly, but instead bound to 413 

an accessory protein that then modulated the cyclase's catalytic activity. Mutagenesis experiments on 414 

an olfactory guanylate cyclase, ONE-GC, localized stimulation of enzymatic activity by bicarbonate to its 415 

core catalytic domain (Sun et al., 2009; Duda and Sharma, 2010), a segment that is highly conserved 416 

across membrane guanylate cyclases. We therefore expressed and purified a soluble fragment of ROS-417 

GC1 consisting of the core catalytic domain and tested it for sensitivity to bicarbonate. The fragment 418 
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formed a dimer with a relatively low basal rate of cGMP synthetic activity, but activity increased 3.4-fold 419 

with 30 mM bicarbonate. We conclude that bicarbonate binds directly to the core catalytic domain of 420 

ROS-GC1 to stimulate its enzymatic activity and that an accessory protein is not required. 421 

 422 

Points of bicarbonate ingress and egress in rods  423 

By varying the extent of mechanical dissociation of the retina in conjunction with suction 424 

electrode recording to restrict bicarbonate access to specific subcellular regions of rods, we localized 425 

bicarbonate uptake exclusively to the synapse. Potential pathways for entry at the spherule include 426 

electroneutral sodium bicarbonate co-transport by NBC3, also known as NBCn1 (Bok et al., 2003; 427 

Boedtkjer et al., 2008), electrogenic sodium bicarbonate co-transport by NBCe2 (Kao et al., 2011; but cf. 428 

Hilgen et al., 2012) and permeation through Ca2+ activated Cl- channels (Qu and Hartzell, 2000; MacLeish 429 

and Nurse, 2007). Ca2+ activated Cl- channels are opened by depolarization and by Ca2+, conditions 430 

favored in darkness. The identity of the channel(s) has yet to be clarified because immunolabeling for 431 

TMEM16A and TMEM16B yielded conflicting results (Yang et al., 2008; Stöhr et al., 2009; Mercer et al., 432 

2011; Dauner et al., 2013; Jeon et al., 2013; Caputo et al., 2015). Our results exclude entry of 433 

bicarbonate into isolated rods through hemi-gap-junction channels in peri-nuclear regions of the inner 434 

segment (e.g., Custer, 1973; Zhang and Wu, 2004) under our experimental conditions. 435 

Internalized bicarbonate is removed by HCO3
-/Cl- exchange at the OS because 4-4’-436 

diisothiocyanatostilbene-2,2’-disulphonic acid (DIDS), an agent that blocks Na+-independent bicarbonate 437 

transport, increases the circulating current in rods being exposed to bicarbonate. High [bicarbonate] and 438 

low [Cl-] around the OS actually cause rods to import bicarbonate by reversed action of the exchanger 439 

(Koskelainen et al., 1994; Duda et al., 2015). In the present study, bicarbonate was trapped inside rods 440 

for tens of minutes by lowering [Cl-] around the OS (Fig. 6) indicating that HCO3
-/Cl- exchange in the OS 441 

was the principal means for clearing bicarbonate from the rod. Egress of bicarbonate through Cl- 442 
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channels at the spherule or through hemi-gap-junction channels may have been very slow and reversed 443 

action of the Na+-dependent transporter may have been stymied by the low [Na+]i. The restricted 444 

location for egress at the outer segment ensures that bicarbonate would distribute throughout the cell 445 

and importantly, accumulate in a location where it would impact visual transduction by stimulating ROS-446 

GC. 447 

 448 

Additional pathways for accessing bicarbonate in cones 449 

Cones, like rods, express Ca2+ activated Cl- channels (Maricq and Korenbrot, 1988; Barnes and 450 

Hille, 1989; Mercer et al., 2011) and presumably express transporters at the synaptic zone. Unlike most 451 

rods, mechanically dissociated cones retain the synaptic zone and take up bicarbonate when recorded 452 

with OS-in (Fig. 7A). Larger effects were obtained with a lower (6 mM) dose of bicarbonate in ERG 453 

recordings (Donner et al., 1990; Koskelainen et al., 1993), perhaps because inner and outer segment 454 

pathways for uptake were invoked and removal was minimized.  455 

Carbonic anhydrase activity is present in cones of several species (Musser and Rosen, 1973a; 456 

1973b; Parthe, 1981; Nork et al., 1990). The majority of human cones, probably red- and green-sensitive 457 

but not blue-sensitive cones, express carbonic anhydrase activity (Wistrand et al., 1986; Nork et al., 458 

1990). Here we show carbonic anhydrase II immunoreactivity in single and double red-sensitive cones of 459 

salamander (Fig. 8) but remain uncertain about the blue-sensitive cones because they comprise such a 460 

minor fraction of the photoreceptor population (Sherry et al., 1998; Chen et al., 2008). Conversion of 461 

endogenous CO2 to bicarbonate inside cones was sufficient to increase ROS-GC activity in the outer 462 

segment, because circulating current was reduced by the addition of acetazolamide without added 463 

bicarbonate (Fig. 9C). While inhibition of carbonic anhydrase with acetazolamide prevented exogenously 464 

applied bicarbonate from increasing circulating current in some cones (Fig. 9A), block was incomplete in 465 

most cones (Fig. 9B, see also Koskelainen et al., 1993) even for acetazolamide concentrations as high as 466 
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160 μM. Photoreceptors are not known to express other carbonic anhydrases. Carbonic anhydrase XIV, 467 

which is included along with carbonic anhydrase II in some photoreceptor proteomes (Liu et al., 2007; 468 

Kwok et al., 2008; Skiba et al., 2013), may be a contaminant of Muller cells in which it is highly expressed 469 

(Nagelhus et al., 2005; Ochrietor et al., 2005). Regardless, acetazolamide is an effective inhibitor of both 470 

isoforms (reviewed in Supuran and Scozzafava, 2007). The smaller increase in bicarbonate induced 471 

circulating current with acetazolamide in IS-in recordings meant that cones produced bicarbonate 472 

internally from CO2 in equilibrium with bicarbonate in aqueous solution. These results help to account 473 

for the reduced photopic a-wave of the mammalian electroretinogram particularly with bright flashes 474 

upon administration of carbonic anhydrase inhibitor (Broeders et al., 1988; Odom et al., 1994; Sauvé et 475 

al., 2006) and indicate that it was not just due to acidosis. Dorzolamide inhibited recombinant murine 476 

carbonic anhydrase II in COS cells (e.g., Fig. 10B), but for reasons that are not known, it was ineffectual 477 

when applied to salamander cones. 478 

The ability of cone OSs to access bicarbonate in the presence of carbonic anhydrase inhibitor 479 

reveals the existence of yet another pathway for entry. Bathing the retina in low [Cl-] enhances 480 

bicarbonate uptake and produces an even larger circulating current in cones (Koskelainen et al., 1993), 481 

presumably by suppressing the exchanger or causing it to load bicarbonate. We lowered [Cl-] in the 482 

pipette in IS-in recordings to keep [Cl-]i low and lowered [bicarbonate] in the bath by half to reduce the 483 

driving forces for Cl- leaving the OS and for bicarbonate to enter. Somehow, bicarbonate still found its 484 

way into most cones to increase circulating current irrespective of whether carbonic anhydrase inhibitor 485 

was present. An HCO3
-/Cl- exchanger is implicated because DIDs blocks the bicarbonate uptake 486 

(Koskelainen et al., 1993). It may be that bicarbonate exchange was less dependent upon [Cl-]o in cones 487 

than in rods. We therefore propose at least 3 routes for bicarbonate entry into cone OSs (Fig. 11). The 488 

importance of each pathway may have differed across cells in our experiments in part due to variations 489 

in cone morphology and in part because mechanical dissociation led to partial loss of synaptic zones that 490 
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affected bicarbonate entry, intracellular pH and [Cl-]in. These multiple pathways may have two functional 491 

consequences. First, it may enable cone OSs to accumulate greater levels of bicarbonate than rod OSs. 492 

Second, the expression of carbonic anhydrase, which can convert bicarbonate back to CO2, and the 493 

dependence of the directionality of bicarbonate movement by the exchanger on the bicarbonate 494 

gradient could enable cones to stabilize bicarbonate levels within their OSs rather than simply remove it.  495 

Since bicarbonate influences cGMP synthesis by ROS-GC, changes in the production of 496 

bicarbonate in retina would be expected to affect visual function. Expression of carbonic anhydrase in 497 

red- and green-sensitive cones but not in blue-sensitive cones in humans (Nork et al., 1990) may explain 498 

why color vision changes after administration of a carbonic anhydrase inhibitor (Widengård et al., 1995; 499 

Leys et al., 1996). Disturbances in bicarbonate levels within the retina arising from defects in metabolism 500 

or transport would be expected to give rise to retinal disease due to dysregulation of pH and/or 501 

inappropriate ROS-GC activity. Knockout of NBC3 or NBCe2, which might block bicarbonate uptake into 502 

photoreceptors, causes a progressive decline in ERG amplitude as rods degenerate (Bok et al., 2003; Kao 503 

et al., 2011). The pathological accumulation of cGMP in retinal rods and cones caused by mutations in 504 

phosphodiesterase, ROS-GC, or GCAPs results in degenerative retinal diseases (reviewed in Iribarne and 505 

Masai, 2017). In such diseases, an overabundance of bicarbonate would be expected to accelerate the 506 

course of disease, whereas suppressed bicarbonate levels might have the opposite effect. 507 

 508 

 509 

 510 

 511 

  512 



 

23 
 

REFERENCES  513 

Aton B, Litman BJ (1984) Activation of rod outer segment phosphodiesterase by enzymatically altered 514 

rhodopsin: a regulatory role for the carboxyl terminus of rhodopsin. Exp Eye Res 38: 547-559. 515 

 516 

Attwell D, Wilson M, Wu S (1984) A quantitative analysis of interactions between photoreceptors in the 517 

salamander, (Ambystoma) retina. J Physiol (Lond) 352: 703-737. 518 

 519 

Bader CR, MacLeish PR, Schwartz EA (1978) Responses to light of solitary rod photoreceptors isolated 520 

from tiger salamander retina. Proc Natl Acad Sci USA 75: 3507-3511. 521 

 522 

Barnes S, Hille B (1989) Ionic channels of the inner segment of tiger salamander cone photoreceptors. J 523 

Gen Physiol 94: 719-743. 524 

 525 

Baylor DA, Lamb TD, Yau KW (1979) The membrane current of single rod outer segments. J Physiol 526 

(Lond)  288: 589-611. 527 

 528 

Baylor DA, Nunn BJ, Schnapf JL (1984) The photocurrent, noise and spectral sensitivity of rods of the 529 

monkey, Macaca fascicularis, J Physiol (Lond) 357: 575-607. 530 

 531 

Blanks JC, Johnson LV (1984) Specific binding of peanut lectin to a class of retinal photoreceptor cells. A 532 

species comparison. Invest Ophthalmol Vis Sci 25: 546-557. 533 

 534 

Boedtkjer E, Praetorius J, Füchtbauer EM, Aalkjaer C (2008) Antibody-independent localization of the 535 

electroneutral Na+-HCO3
- cotransporter NBCn1 (slc4a7) in mice. Am J Cell Physiol 294: C591-C603. 536 



 

24 
 

 537 

Bok D, Galbraith G, Lopez I, Woodruff M, Nusinowitz S, BeltrandelRio H, Huang W, Zhao S, Geske R, 538 

Montgomery C, Van Sligtenhorst I, Friddle C, Platt K, Sparks MJ, Pushkin A, Abuladze N, Ishiyama A, 539 

Dukkipati R, Liu W, Kurtz I (2003). Blindness and auditory impairment caused by loss of the sodium 540 

bicarbonate cotransporter NBC3. Nature Genet 34: 313-319. 541 

 542 

Broeders GCJM, Parmer R, Dawson WW (1988) Electroretinal changes in the presence of a carbonic 543 

anhydrase inhibitor. Ophthalmologia 196: 103-110. 544 

 545 

Caputo A, Piano I, Demontis GC, Bacchi N, Casarosa S, Santina LD, Gargini C (2015) TMEM16A is 546 

associated with voltage-gated calcium channels in mouse retina and its function is disrupted upon 547 

mutation of the auxiliary α2δ4 subunit. Front Cell Neurosci 9: 422. doi: 10.3389/fncel.2015.00422 548 

 549 

Chen Y, Znoiko S, DeGrip WJ, Crouch RK, Ma JX (2008) Salamander blue-sensitive cones lost during 550 

metamorphosis. Photochem Photobiol 84: 855-862. 551 

 552 

Custer NV (1973) Structurally specialized contacts between the photoreceptors of the retina of the 553 

axolotl. J Comp Neurol 151: 35-56. 554 

 555 

Dauner K, Mobus C, Frings S, Mohrlen F (2013) Targeted expression of anoctamin calcium-activated 556 

chloride channels in rod photoreceptor terminals of the rodent retina. Invest Ophthalmol Vis Sci 54: 557 

3126-3136.  558 

 559 



 

25 
 

Dinno A (2015) Nonparametric pairwise comparisons in independent groups using Dunn's test. Stata J 560 

15: 292-300. 561 

 562 

Donner K, Hemila S, Kalamkarov G, Koskelainen A, Shevchenko T (1990) Rod phototransduction 563 

modulated by bicarbonate in the frog retina: roles of carbonic anhydrase and bicarbonate exchange.  J 564 

Physiol (Lond) 426: 297-316. 565 

 566 

Duda T, Sharma RK (2010) Distinct ONE-GC transduction modes and motifs of the odorants: uroguanylin 567 

and CO2. Biochem Biophys Res Commun 391: 1379-1384. 568 

 569 

Duda T, Wen XH, Isayama T, Sharma RK, Makino CL (2015) Bicarbonate modulates photoreceptor 570 

guanylate cyclase (ROS-GC) catalytic activity. J Biol Chem 290: 11052-11060. 571 

 572 

Duda T, Pertzev A, Sharma RK (2018) CO2/bicarbonate modulates cone photoreceptor ROS-GC1 and 573 

restores its CORD6-linked catalytic activity. Mol Cell Biochem  doi: 10.1007/s11010-018-3317-9. 574 

 575 

Goraczniak RM, Duda T, Sitaramayya A, Sharma RK (1994) Structural and functional characterization of 576 

the rod outer segment membrane guanylate cyclase. Biochem J 302: 455-461. 577 

 578 

Hare WA, Owen WG (1998) Effects of bicarbonate versus HEPES buffering on measured properties of 579 

neurons in the salamander retina. Vis Neurosci 15: 263-271. 580 

 581 

Hilgen G, Huebner AK, Tanimoto N, Sothilingam V, Seide C, Garcia Garrido M, Schmidt KF, Seeliger MW, 582 

Löwel S, Weiler R, Hübner CA, Dedk K (2012) Lack of the sodium-driven chloride bicarbonate exchanger 583 



 

26 
 

NBCE impairs visual function in the mouse retina. PLoS ONE 7: e46155. doi: 584 

10.1371/journal.pone.0046155 585 

 586 

Hurley JB, Lindsay KJ, Du J (2015) Glucose, lactate, and shuttling of metabolites in vertebrate retinas. J 587 

Neurosci Res 93: 1079-1092. 588 

 589 

Iribarne M, Masai I (2017) Neurotoxicity of cGMP in the vertebrate retina: from the initial research on rd 590 

mutant mice to zebrefish genetic approaches. J Neurogenet 31: 88-101. 591 

 592 

Isayama T, Chen Y, Kono M, Fabre E, Slavsky M, DeGrip WJ, Ma JX, Crouch RK, Makino CL (2014) 593 

Coexpression of three opsins in cone photoreceptors of the salamander Ambystoma tigrinum. J Comp 594 

Neurol 522: 2249-2265. 595 

 596 

Jeon JH, Paik SS, Chun MH, Oh U, Kim IB (2013) Presynaptic localization and possible function of calcium-597 

activated chloride channel anoctamin 1 in the mammalian retina. PLoS ONE 8: e67989. 598 

doi:10.1371/journal.pone.0067989. 599 

 600 

Kalamkarov G, Pogozheva I, Shevchenko T, Koskelainen A, Hemila S, Donner K (1996) pH changes in frog 601 

rods upon manipulation of putative pH-regulating transport mechanisms. Vision Res 36: 3029-3036. 602 

 603 

Kao L, Kurtz LM, Shao X, Papadopoulos MC, Liu L, Bok D, Nusinowitz S, Chen B, Stella SL, Andre M, 604 

Weinreb J, Luong SS, Piri N, Kwong JM, Newman D, Kurtz I (2011) Severe neurologic impairment in mice 605 

with targeted disruption of the electrogenic sodium bicarbonate cotransporter NBCe2 (Slc4a5 gene). J 606 

Biol Chem 286: 32563-32574. 607 



 

27 
 

 608 

Koskelainen A, Donner K, Lerber T, Hemila S (1993) pH regulation in frog cones studied by mass receptor 609 

photoresponses from the isolated retina. Vision Res 33: 2181-2188. 610 

 611 

Koskelainen A, Donner K, Kalamkarov G, Hemila S (1994) Changes in the light-sensitive current of 612 

salamander rods upon manipulation of putative pH-regulating mechanisms in the inner and outer 613 

segment. Vision Res 34: 983-994. 614 

   615 

Kwok MCM, Holopainen JM, Molday LL, Foster LJ, Molday RS (2008) Proteomics of photoreceptor outer 616 

segments identifies a subset of SNARE and Rab proteins implicated in membrane vesicle trafficking and 617 

fusion. Mol Cell Proteomics 7: 1053-1066. 618 

 619 

Lamb TD (1984) Effects of temperature changes on toad rod photocurrents. J Physiol (Lond) 346: 557-620 

578. 621 

 622 

Lamb TD, McNaughton PA, Yau KW (1981) Spatial spread of activation and background desensitization in 623 

toad rod outer segments. J Physiol (Lond) 319: 463-496. 624 

 625 

Leys MJJ, van Slyken S, Nork TM, Odom JV (1996) Acetazolamide affects performance on the Nagel II 626 

anomaloscope. Graefe's Arch Clin Exp Ophthalmol 234: S193-S197. 627 

  628 

Liu Q, Tan G, Levenkova N, Li T, Pugh EN Jr, Rux JJ, Speicher DW, Pierce EA (2007) The proteome of the 629 

mouse photoreceptor sensory cilium complex. Mol Cell Proteomics 6: 1299-1317. 630 

 631 



 

28 
 

MacLeish PR, Nurse CA (2007) Ion channel compartments in photoreceptors: evidence from salamander 632 

rods with intact and ablated terminals. J Neurophysiol 98: 86-95. 633 

 634 

Makino CL, Groesbeek M, Lugtenburg J, Baylor DA (1999) Spectral tuning in salamander visual pigments 635 

studied with dihydroretinal chromophores. Biophys J 77: 1024-1035. 636 

 637 

Maricq AV, Korenbrot JI (1988) Calcium and calcium-dependent chloride currents generate action 638 

potentials in solitary cone photoreceptors. Neuron 1: 504-515.  639 

 640 

Mercer AJ, Rabl K, Riccardi GE, Brecha NC, Stella SL Jr, Thoreson WB (2011) Location of release sites and 641 

calcium-activated chloride channels relative to calcium channels at the photoreceptor ribbon synapse. J 642 

Neurophysiol 105: 321-335. 643 

 644 

Musser GL, Rosen S (1973a) Localization of carbonic anhydrase activity in the vertebrate retina. Exp Eye 645 

Res 15: 105-119. 646 

 647 

Musser GL, Rosen S (1973b) Carbonic anhydrase activity in primate photoreceptors. Exp Eye Res 15: 467-648 

470. 649 

 650 

Nagelhus EA, Mathiisen TM, Batemen AC, Haug FM, Ottersen OP, Grubb JH, Waheed A, Sly WS (2005) 651 

Carbonic anhydrase XIV is enriched in specific membrane domains of retinal pigment epithelium, Muller 652 

cells, and astrocytes. Proc Natl Acad Sci USA 102: 8030-8035. 653 

 654 



 

29 
 

Nambi P, Aiyar NV, Sharma RK (1982) Adrenocorticotropin-dependent particulate guanylate cyclase in 655 

rat adrenal and adrenocortical carcinoma: comparison of its properties with soluble guanylate cyclase 656 

and its relationship with ACTH-induced steroidogenesis. Arch Biochem Biophys 217: 638-646.  657 

 658 

Narayan DS, Chidlow G, Wood JPM, Casson RJ (2017) Glucose metabolism in mammalian photoreceptor 659 

inner and outer segments. Clin Exp Ophthalmol 45: 730-741. 660 

 661 

Nork TM, McCormick SA, Chao GM, Odom JV (1990) Distribution of carbonic anhydrase among human 662 

photoreceptors. Invest Ophthalmol Vis Sci 31: 1451-1458. 663 

 664 

Ochrietor JD, Clamp MF, Moroz TP, Grubb JH, Shah GN, Waheed A, Sly WS, Linser PJ (2005) Carbonic 665 

anhydrase XIV identified as the membrane CA in mouse retina: strong expression in Müller cells and the 666 

RPE. Exp Eye Res 81: 492-500. 667 

 668 

Odom JV, Nork TM, Schoeder BM, Cavender SA, Van Slycken S, Leys M (1994) The effects of 669 

acetazolamide in albino rabbits, pigmented rabbits, and humans. Vision Res 34: 829-837. 670 

 671 

Parthe V (1981) Histochemical localization of carbonic anhydrase in vertebrate nervous tissue. J 672 

Neurosci Res 6: 119-131. 673 

 674 

Qu Z, Hartzell HC (2000) Anion permeation in Ca2+-activated Cl- channels. J Gen Physiol 116: 825-844. 675 

 676 



 

30 
 

Ravichandran S, Duda T, Pertzev A, Sharma RK (2017) Membrane guanylate cyclase catalytic subdomian: 677 

structure and linkage with calcium sensors and bicarbonate. Front Mol Neurosci 10: 173. doi: 678 

10.3389/fnmol.2107.00173 679 

 680 

Sauvé Y, Karan G, Yang Z, Li C, Hu J, Zhang K (2006) Treatment with carbonic anhydrase inhibitors 681 

depresses electroretinogram responsiveness in mice. Adv Exp Med Biol 572: 439-446. 682 

 683 

Sharma RK, Duda T, Makino CL (2016) Integrative signaling networks of membrane guanylate cyclases: 684 

biochemistry and physiology. Front Mol Neurosci 9: 83. doi: 10.3389/fnmol.2016.00083 685 

 686 

Sherry DM, Bui DD, DeGrip WJ (1998) Identification and distribution of photoreceptor subtypes in the 687 

neotenic tiger salamander retina. Vis Neurosci 15: 1175-1187.  688 

 689 

Skiba NP, Spencer WJ, Salinas RY, Lieu EC, Thompson JW, Arshavsky VY (2013) Proteomic identification 690 

of unique photoreceptor disc components reveals the presence of PRCD, a protein linked to retinal 691 

degeneration.  J Proteome Res 12:3010-3018. 692 

 693 

Smith ES, Martinez-Velazquez L, Ringstad N (2013) A chemoreceptor that detects molecular carbon 694 

dioxide. J Biol Chem 288: 37071-37081.  695 

 696 

Steegborn C (2014) Structure, mechanism, and regulation of soluble adenylyl cyclases - similarities and 697 

differences to transmembrane adenylyl cyclases. Biochim Biophys Acta 1842: 2535-2547. 698 

 699 



 

31 
 

Stöhr H, Heisig JB, Benz PM, Schöberl S, Milenkovic VM, Strauss O, Aartsen WM, Wijnholds J, Weber 700 

BHF, Schulz HL (2009) TMEM16B, a novel protein with calcium-dependent chloride channel activity, 701 

associates with a presynaptic protein complex in photoreceptor terminals. J Neurosci 29: 6809-6818. 702 

 703 

Sugrue MF (1996) The preclinical pharmacology of dorzolamide hydrochloride, a topical carbonic 704 

anhydrase inhibitor. J Ocular Pharm 12: 363-376. 705 

 706 

Sun L, Wang H, Hu J, Han J, Matsunami H, Luo M (2009) Guanylyl cyclase-D in the olfactory CO2 neurons 707 

is activated by bicarbonate. Proc Natl Acad Sci USA 106: 2041-2046. 708 

  709 

Supuran CT, Scozzafava A (2007) Carbonic anhydrases as targets for medicinal chemistry. Bioorg Med 710 

Chem 15: 4336-4350. 711 

 712 

Tresguerres M, Barott KL, Barron ME, Roa JN (2014) Established and potential physiological roles of 713 

bicarbonate-sensing soluble adenylyl cyclase (sAC) in aquatic animals. J Exp Biol 217: 663-672. 714 

 715 

Walls GL (1963) The vertebrate eye and its adaptive radiation. New York, NY: Hafner Publishing. 716 

Reprinted from (1942) Bloomfield Hills, MI: Cranbrook Institute of Science.  717 

 718 

Wen XH, Dizhoor AM, Makino CL (2014) Membrane guanylyl cyclase complexes shape the 719 

photoresponses of retinal rods and cones. Front Mol Neurosci 7: 45. doi: 10.3389/fnmol.2014.00045 720 

 721 

Widengård I, Mandahl A, Törnquist P, Wistrand PJ (1995) Colour vision and side-effects during treatment 722 

with methazolamide. Eye 9: 130-135. 723 



 

32 
 

 724 

Wistrand PJ, Schenholm M, Lönnerholm G (1986) Carbonic anhydrase isoenzymes CA I and CA II in the 725 

human eye. Invest Ophthalmol Vis Sci 27: 419-428. 726 

 727 

Yang YD, Cho H, Koo JY, Tak MH, Cho Y, Shim WS, Park SP, Lee J, Lee B, Kim BM, Raouf R, Shin YK, Oh U 728 

(2008) TMEM16A confers receptor-activated calcium-dependent chloride conductance. Nature 455: 729 

1210-1215. 730 

 731 

Zhang J, Wu SM (2004) Connexin35/36 gap junction proteins are expressed in photoreceptors of the 732 

tiger salamander retina. J Comp Neurol 470: 1-12. 733 

 734 

FIGURE LEGENDS 735 

Figure 1. Immunohistochemical confirmation of ROS-GC1 and carbonic anhydrase II co-expression in 736 

COS cell cultures.  A. Anti-ROS-GC1.  B. Anti-carbonic anhydrase II. C. Composite. Scale bar, 30 μm. 737 

 738 

Figure 2. CO2-induced stimulation of cGMP accumulation in COS cells co-expressing bovine ROS-GC1 and 739 

murine carbonic anhydrase II. Co-expression of carbonic anhydrase II with or without 80 μM 740 

acetazolamide had no effect on cGMP accumulation in cells incubated in air for an hour. But when the 741 

assay was carried out in a 15% CO2 atmosphere, cGMP synthesis was much higher in the cells co-742 

expressing carbonic anhydrase II. Asterisks indicate a difference (p < 0.0005) from every other condition, 743 

based on an ANOVA, F(5,12) = 79.83 (p < 0.00005) and a Bonferroni post hoc test. CO2 had no effect on 744 

cells lacking carbonic anhydrase II expression and the invigorating effect of CO2 on cells with carbonic 745 

anhydrase II was blocked by 80 μM acetazolamide. Error bars demarcate sem, n=3.  746 
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 747 

Figure 3. Increased circulating current, faster flash response kinetics and reduced sensitivity in rods 748 

recorded with OS-in upon treatment with 50 mM bicarbonate. A. Rod attached to a clump consisting of 749 

a cone and 5 other cells. Flash strengths were: 0.32, 4.8, 17.1 and 72.4 photons μm-2 at 520 nm in MOPS 750 

(left), 0.32, 0.59, 4.8, 17.1, 72.4 and 258 photons μm-2 at 520 nm in bicarbonate (middle) and 0.59, 4.8, 751 

17.1 and 72.4 photons μm-2 at 520 nm in the MOPS wash (right). A brighter flash of 258 photons μm-2 752 

was necessary to obtain the saturating response during bicarbonate treatment (middle panel). B. 753 

Isolated rod that retained its spherule. Flash strengths were: 1.0, 2.4, 8.1, 36.2 and 124 photons μm-2 at 754 

500 nm in MOPS (left, right) and 2.4, 8.1, 36.2, 124 and 239 photons μm-2 at 500 nm in bicarbonate 755 

(middle). C. Faster flash response recovery with bicarbonate for the isolated rod in B. Dim flash 756 

responses, whose peak amplitudes were less than a fifth of the maximum, were scaled to their peak 757 

amplitudes. Integration time, given as the integrated area of the normalized dim flash response, 758 

decreased ~16% with bicarbonate. D. Loss in sensitivity to flashes of the rod in B with bicarbonate. 759 

Results were fit with a saturating exponential function: r/rmax = 1 - exp(-ki) where k is a constant equal to 760 

ln(2)/i0.5 and i0.5 is the flash strength eliciting a half-maximal response. 761 

 762 

Figure 4. Isolated rods and cones. A. Green-sensitive rod with spherule (arrow). B. Large, single, red-763 

sensitive cone. C. Twin cone with the outer segment of one member in the pipette. D. Same cone after 764 

ejection from the pipette. E. Double cone. F. "Chief" member of a double cone with thicker outer 765 

segment. A remnant of its accessory cone is still attached on the right side. G. "Accessory" member of a 766 

double cone with thinner outer segment. Images were acquired under infrared light. H. Single, UV-767 

sensitive cone. Scale bar, 20 μm. 768 

 769 
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Figure 5. Lack of effect of carbonic anhydrase inhibitors on phototransduction in rods. A. OS-in recording 770 

of an isolated rod lacking a spherule. Averaged responses to flashes of 1.1, 5.2 and 154 photons μm-2 at 771 

500 nm: pretreatment, black; during perfusion of the inner segment with 250 μM acetazolamide, violet; 772 

after extensive washing to remove the acetazolamide, gray. B. OS-in recording from an isolated rod with 773 

spherule of averaged responses to flashes of 8.1 photons μm-2 that were half-saturating in MOPS and to 774 

saturating flashes of 124 photons μm-2 at 500 nm: pretreatment, black; 50 mM bicarbonate, red; wash, 775 

gray; 32 μM acetazolamide + 50 mM bicarbonate, blue; final wash, light gray.  776 

 777 

Figure 6. Cl- dependence of bicarbonate efflux from rods. Averaged responses of 2 rods to flashes while 778 

recording OS-in with low [Cl-] in the pipette. Circulating current increased upon bath perfusion with 25 779 

mM bicarbonate. A. Circulating current in one rod continued to increase during washing with MOPS 780 

Ringer's because internal bicarbonate was denied egress. Flash strengths at 500 nm were: 0.5, 1.8, 8.2, 781 

28.0 and 125 photons μm-2. B. Partial ejection of a different rod from the pipette to allow access of its 782 

OS to higher [Cl-] during the wash restored the prolonged time in saturation of the bright flash response 783 

and enabled the circulating current to subside to pre-treatment levels. The OS was pulled back into the 784 

pipette for recording after the OS wash. Flash strength at 500 nm was 223 photons μm-2.  785 

 786 

Figure 7. Increase in circulating current with bicarbonate on two single cones recorded with OS-in (A) or 787 

with IS-in (B) and one double cone with IS-in for both cones (C). Traces obtained with IS-in have been 788 

inverted for ease of comparison with OS-in recordings: pretreatment, black; during treatment with 50 789 

mM bicarbonate (A,B) or with 25 mM bicarbonate (C) , red; after washing, gray. Flashes at 600 nm were 790 

62,500 photons μm-2 in A, 33,900 photons μm-2 in B and 43,500 photons μm-2 in C. 791 

 792 
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Figure 8. Expression of carbonic anhydrase II in salamander cones. Cones were labeled with anti- 793 

carbonic anhydrase II antibody (A) as well as peanut agglutinin conjugated with rhodamine (B). C. 794 

Composite. D. Overlay of carbonic anhydrase staining onto DIC image. E. Higher magnification of a 795 

double cone (far left) and a single cone (far right) from A. Scale bar in D applies to panels A-D. Scale 796 

bars, 30 μm.  797 

 798 

Figure 9. Reduced circulating current in the presence of the carbonic anhydrase inhibitor acetazolamide 799 

in cones. A. Acetazolamide blockade of the bicarbonate effect. Flash strengths were: 321, 597, 1300, 800 

4530, 17,900 and 33,300 photons μm-2 at 600 nm. Recorded with IS-in, but traces are inverted for ease 801 

of comparison with OS-in recordings. B. Dose-response relations for acetazolamide. Difference is given 802 

by the relative circulating current with 50 mM bicarbonate minus the relative circulating current with 50 803 

mM bicarbonate plus acetazolamide for 11 cones subjected to both treatments. IS-in, black symbols; OS-804 

in, gray symbols. Continuous line from linear regression has an r2 value = 0.41, p = 0.033 for the slope. 805 

Dashed line shows the result that would be obtained if acetazolamide were to have had no effect. C. 806 

Reduced circulating current in an isolated cone with OS-in upon treatment with acetazolamide alone. 807 

Flash strengths were: 246, 459, 1,860 and 25,600 photons μm-2 at 600 nm. 808 

 809 

Figure 10. Low sensitivity of COS cells transfected with ROS-GC1 and ROS-GC1-CAII cDNAs to carbonic 810 

anhydrase inhibitors. Approximately 70 hrs post transfection, the cells were incubated with the 811 

indicated concentrations of acetazolamide (A), or dorzolamide HCl (B), in the presence of 15% CO2. The 812 

amount of cGMP formed determined by radioimmunoassay served as a measure of ROS-GC1 activity. 813 

Each graph plots the results of one experiment carried out in triplicate. In the absence of CO2, the 814 

amount of cGMP formed (basal ROS-GC1 activity) was 190 pmol cGMP/mg protein for the experiment in 815 

A, and 160 pmol cGMP/mg protein for the experiment in B. Results were fit with: activity = (maximal 816 
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activity - basal activity)/(1 + ([inhibitor]/IC50)n) + basal activity. For acetazolamide, IC50 was 25 μM, n=1.4 817 

whereas for dorzolamide, IC50 was 19 μM, n=1.4. 818 

 819 

Figure 11. Pathways for bicarbonate trafficking through rods and cones. (1) Bicarbonate enters rods and 820 

cones at the synaptic zone through Ca2+-activated chloride channels and by Na+-dependent transporters. 821 

It diffuses through the inner and outer segments and is extruded by an HCO3
-/Cl- exchanger at the OS. 822 

(2) In cones, bicarbonate may enter the OS by a reversed action of an HCO3
- exchanger whose operation 823 

seems to be less dependent on external Cl- than the exchanger in rods. (3) Alternatively, bicarbonate can 824 

be formed inside the cone by carbonic anhydrase when CO2 crosses the membrane. CO2 will pass 825 

through rods, but the conversion to bicarbonate is slow because rods do not express carbonic 826 

anhydrase.  827 
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