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Abstract

Purpose—Changes in retinal pH may contribute to a variety of eye diseases. To study the effect 

of acidosis alone, we induced systemic metabolic acidosis and hypothesized that the retina would 

respond with altered expression of genes involved in acid/base regulation.

Methods—Systemic metabolic acidosis was induced in Long-Evans rats for up to two weeks by 

adding NH4Cl to the drinking water. After two weeks, venous pH was 7.25±0.08 (SD) and 

[HCO3
−] was 21.4±4.6 mM in acidotic animals; pH was 7.41±0.03 and [HCO3

−] was 30.5±1.0 

mM in controls. Retinal mRNAs were quantified by qRT-PCR. Protein was quantified with 

Western blots and localized by confocal microscopy. Retinal [H+]o was measured in vivo with pH 

microelectrodes in animals subject to metabolic acidosis and in controls.

Results—NH4Cl in drinking water or given IV was effective in acidifying the retina. Cariporide, 

a blocker of Na+/H+ exchange, further acidified the retina. Metabolic acidosis for two weeks led to 

increases of 40 to 100% in mRNA for carbonic anhydrase isoforms II (CA-II) and XIV (CA-XIV) 

and acid sensing ion channels 1 and 4 (ASIC1 and ASIC4) (all p<0.005). Expression of anion 

exchanger 3 (AEP-3) and Na+/H+ exchanger (NHE)-1 also increased by ≥ 50% (both p<0.0001). 

Changes were similar after one week of acidosis. Protein for AEP-3 doubled. NHE-1 co-localized 

with vascular markers, particularly in the outer plexiform layer. CA-II was located in the neural 

parenchyma of the ganglion cell layer and diffusely in the rest of the inner retina.

Conclusions—The retina responds to systemic acidosis with increased expression of proton and 

bicarbonate exchangers, carbonic anhydrase and acid-sensing ion channels. While responses to 

acidosis are usually associated with renal regulation, these studies suggest that the retina responds 

to changes in local pH presumably to control its acid/base environment in response to systemic 

acidosis
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Introduction

The outer half of the retina in mammals is more acidic than many parts of the nervous 

system, particularly in darkness (1–4), with an extracellular pH of about 7.2 in the outer 

nuclear layer, where [H+]o is highest. This acidity results from the high rate of anaerobic 

glycolysis in the photoreceptors (5) and a lack of local circulation in that region to clear the 

acid. The direction of H+ gradients indicates that H+ produced by the photoreceptors 

diffuses both toward the choroid and toward the retinal circulation. Although proton and 

lactate transporters in the RPE are required for transport into the choroid (6), less is known 

about the transport mechanisms that move H+ into the retinal circulation. Some of the H+ is 

undoubtedly also buffered by combination with bicarbonate, because the retina acidifies 

when carbonic anhydrase is blocked in cat (7, 8) or rat (A.V. Dmitriev et al., in preparation).

Acidosis increases in the outer retina during hypoxia (9, 10), when anaerobic glycolysis 

increases to compensate for decreased oxidative metabolism. Acidosis also occurs when the 

inner retina is ischemic (11), so it is likely to be present in a range of vascular occlusive 

diseases. Acute hyperglycemia also acidified the cat retina (9), which suggested that the 

retina might also be more acidic in chronic hyperglycemia, and that acidosis could 

potentially play a role in the pathogenesis of diabetes.

Studies of diabetic animals have revealed complex changes in acidosis. In diabetic cats there 

was an inversion of intraretinal pH gradients, with lower [H+]o in the outer retina than the 

inner retina of three animals with more than seven years of diabetes, and no regions that 

were more acidic than in control retinas (12). After this duration it is possible that 

photoreceptors are damaged (13) and cannot produce as much acid. Previous studies have 

identified increased acidosis in the diabetic rat retina between 1 and 3 months of diabetes 

with high variability of proton concentration (4). After 3 months there was continued high 

variability, but a return to normal average acidity (4). Among a number of potential reasons 

for this normalization over time, one possibility is that retinal acidosis may trigger 

compensatory mechanisms to allow better handling of acid, either through enhanced 

transport into the circulation or neutralization. This hypothesis is difficult to test in the 

context of diabetes, where many changes take place simultaneously and the disease 

progression is relatively slow. However, chronic acidosis can be produced without diabetes, 

which allows a test of the hypothesis that the retina itself can increase acid/base regulating 

mechanisms when challenged with acidosis in diabetes or other situations. We hypothesized 

further that such mechanisms would include changes in retinal carbonic anhydrase isoforms, 

and in acid-sensing and acid-regulating ion transporters.

Specifically, we have investigated mRNA for acid regulating genes in the retinas of Long-

Evans rats treated with NH4Cl to produce systemic metabolic acidosis. First we confirmed 

that this systemic acidosis produced retinal acidosis as well. Previous studies had shown that 

several genes of interest are expressed in the retina. The genes investigated were carbonic 

anhydrase II (CA-II), believed to be intracellular (14) in Muller cells (15) and 

photoreceptors (16), carbonic anhydrase XIV (CA-XIV), believed to be extracellular (17), 

anion-exchange protein 3 (AEP-3) (18), and the sodium-hydrogen exchanger 1 (NHE-1) (19, 
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20). The two isoforms of CA are the only ones that have been reported in the retina. We also 

investigated acid-sensing ion channels (ASICs) 1 and 4. While not directly involved in acid 

regulation, ASICs are widely distributed in the retina (21, 22), and may play a role in retinal 

responses to pH changes (21–25).

Methods

Animals

Procedures were approved by the Northwestern University Animal Care and Use 

Committee, and adhered to the ARVO Statement for the Use of Animals in Ophthalmic and 

Vision Research. The experiments were done on male Long Evans rats that were between 50 

and 57 days old with initial weights ranging between 250–300g.

Metabolic Acidosis

To induce systemic metabolic acidosis, rats were given 500mM NH4Cl and 2% sucrose in 

their drinking water for 3, 7, or 14 days (26, 27). Control rats had drinking water with no 

chemical modifications. The weight of rats and drinking water bottles were measured 

periodically. Blood samples were taken from the acidotic rats’ tails every other day in 

heparinized capillary tubes, and pH, PO2, and PCO2 were analyzed with a Siemens Rapidlab 

248 blood gas analyzer.

Dissection of retinas

Rats were deeply anesthetized with isoflurane and decapitated. Some retinas were dissected 

using curved forceps placed behind the eye and used to push the retina through an incision 

across the cornea as previously described (28). However, to ensure separation of the retina 

from the RPE, other retinas were dissected by removing the cornea, followed by extracting 

the lens, clearing the vitreous, and separating the retina from the RPE. Isolated retinas were 

frozen immediately in individual 1.8mL Nunc® CryoTube® Vials (Thermo Scientific; 

Denmark) in liquid N2 and stored at −80°C until used for RNA isolation.

RNA isolation and qRT-PCR

Total RNA was isolated using column-purification (QiaShredder & RNeasy Plus Mini Kit, 

Qiagen, Hilden Germany) according to the manufacturer’s instructions. Reverse 

transcription was performed on 800 ng of total RNA using random hexamers, Oligo dT, 

Rnase Inhibitors, and Omniscript, (Qiagen Omniscript RT kit, Qiagen, Hilden Germany). 

Real time polymerase chain reactions (RT-PCR) were done with a TaqMan® probe-based 

detection kit (TaqMan® PCR universal mastermix, Applied Biosystems, Darmstadt, 

Germany). The following FAM-primers were used: Carbonic Anhydrase II, Car2, 

#Rn01462065_m1; Carbonic Anhydrase XIV, Car14, #Rn01534442_m1; Acid Sensing Ion 

Channel 1, ASIC1,#Rn00577292_m1; Acid Sensing Ion Channel 4, ASIC4, 

#Rn01637758_m1; Anion Exchange Protein-3, Slc4a3, #Rn00436642_m1; Sodium/

Hydrogen Exchanger-1, Slc9a1, #Rn00561924_m1 and Glyceraldehyde 3-phosphate 

dehydrogenase GAPDH, Gapdh, #Rn01775763_g1, all from Applied Biosystems, 

(Darmstadt, Germany). Rat actin (ACTB) VIC primer (ThermoFisher Scientific, Waltham, 

MA, U.S.A.) was used as an endogenous control. The PCR assays were done using a real 
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time PCR system (CFX384, Bio-Rad, Hercules, California, U.S.A) with the following 

cycling conditions: 50° C for 2 min, 95° C for 10 min, 40 cycles of 95° C for 15 sec and 60° 

C for 1 min. Reaction specificity was confirmed by running appropriate negative controls. 

Cycle threshold (CT) values for each gene of interest were normalized to the corresponding 

CT values for β-actin (ΔCT). Relative gene expression in acidotic animals was calculated in 

relation to control animals (ΔΔCT).

Protein measurements

Protein was extracted from retinas and prepared for Western analysis. Lysates were applied 

to NuPAGE SDS-PAGE gels (Life Technologies, Carlsbad, CA) followed by transfer to 

nitrocellulose membranes. Membranes were blocked in 2% ECL Prime Blocking Reagent, 

5% milk or 5% BSA diluted in 1x tris-buffered saline and Tween 20. Membranes were then 

incubated with mouse anti-NHE-1 Antibody, C-terminus, clone 4E9 (1:500; Millipore, 

Billerica, MA, U.S.A.), mouse-anti-SLC4A3 (AEP-3) (1:500; Abcam), rabbit-anti CA-XIV 

(1:1000, Sigma, St Louis, MO, U.S.A.), rabbit-anti-CA-II (1:1000), and mouse anti-actin 

(1:5000; Cell Signaling). Primary antibodies were detected using goat anti-mouse or anti-

rabbit secondary antibody conjugated with horseradish peroxidase (1:10,000) and 

chemiluminescence with horseradish peroxidase substrate Lumigen TMA-6 (Lumigen, 

Southfield, MI).

Immunofluorescence of rat retinas

Eyes from separate control and acidotic animals were used to localize proteins of interest. 

They were fixed in 4% paraformaldehyde (PFA) for 2 hours at room temperature or 

overnight at 4°C. Next, the eyes were washed in phosphate buffered saline (PBS) three times 

for ten minutes each. The corneas and lenses were removed. The eye cups were suspended in 

5% sucrose solution (sucrose in PBS) for 1 hour, followed by a suspension in 10% sucrose 

for 30 minutes, and finally in 20% sucrose until the eye cups sank to the bottom of the 

solution. After that, the eye cup was taken and infiltrated in a 2:1 ratio of a mixture 20% 

sucrose solution and Tissue-Tek optimum cutting temperature (O.C.T.) medium (Sakura® 

Finetek; USA INC) until the eye cup sank into a Tissue-Tek Cryomold. The eye cup molds 

were then dropped in liquid N2 for 30 seconds to 1 minute and were stored at −80°C until 

they were ready to be sectioned. Ten μm sections were prepared using a cryostat. Sections 

were blocked in 10% goat serum with 0.3% Triton X-100. Samples were then incubated at 

4°C with rabbit anti-NHE-1 (H-160) (1:400; Santa Cruz Biotechnology),, sheep anti-CA-II 

(2ug/mL; R&D Systems), isolectin GS-IB4 Alexa Fluor 488, isolectin or GS-IB4 Alexa 

Fluor 647 (1:50; Life Technologies) for 3 days, followed with goat anti-rabbit IgG (H+L) 

Alexafluor 488, goat anti-rabbit IgG (H+L) Alexafluor 555, or goat anti-chicken IgY (H+L) 

Alexafluor 488 (1:1000; Life Technologies) secondary fluorescent antibodies and Hoescht 

(1:1000; Life Technologies). Retina samples were imaged using a confocal microscope 

(TCS SP5; Leica, Wetzlar, Germany).

Recordings of Intraretinal pH

A separate group of animals was used to evaluate the effect of NH4Cl on retinal pH. 

Recordings were made with double-barreled ion-selective pH microelectrodes, generating 

profiles of [H+]o across the retina, as described previously (4). During recordings, the 
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animals were maintained under urethane and isoflurane anesthesia and artificially respired to 

maintain normal blood gas values. Three of these animals had been acidic for two weeks. 

After surgical preparation, two were still moderately acidic (arterial pH of 7.25 and 7.3) but 

one had normal blood pH (7.35). Recordings were made from two additional animals that 

had received normal drinking water and had normal blood pH at the beginning of recording. 

After recording several [H+]o profiles across the retina from each of these five animals, all 

were given intravenous 1 M NH4Cl (2.5 to 8.5 ml/kg over an average of 80±33 min) to 

reduce arterial pH, and additional recordings were made during acidosis at an arterial pH of 

7.02 to 7.19 (average 7.11). In one of these animals, and in two animals not subjected to 

NH4Cl, 5 μl of cariporide was given intravitreally to assess the effect of blocking NHE-1 on 

retinal pH profiles. Because of uncertainty in the retinal concentration of cariporide 

following vitreal injection and the amount that would be needed to be effective, the 

cariporide concentration in the injected solution varied in different experiments between 80 

and 800 μM.

Statistics

Statistical evaluation was performed with unpaired t-tests, ANOVA, or regression analysis as 

appropriate.

Results

Intraretinal [H+] recordings

Intraretinal recordings of [H+]o were made in a separate group of animals from those used 

for molecular studies in order to assess the magnitude of changes in retinal [H+]o caused by 

metabolic acidosis. These recordings were made in dark adaptation during withdrawal of the 

microelectrode at 1 μm/sec, after penetrating the retina in steps until a change in the 

intraretinal electroretinogram signaled that the RPE had been crossed. Figure 1 shows results 

from one of the 14-day acidic animals. The lowest curve is an average of three withdrawal 

profiles when arterial pH was 7.3, lower than normal as a result of the NH4Cl in the drinking 

water for two weeks. [H+]o across the retina is plotted vs. percent retinal depth, where 0% is 

the vitreal surface of the retina and 100% is the retinal pigment epithelium. For averaging, 

each profile was segmented into bins consisting of 5% retinal depth, and the average [H+]o 

was computed in that bin. Corresponding bins were then averaged across profiles. After 

recording in the acidotic baseline condition, NH4Cl was given intravenously, and additional 

profiles were recorded. The three profiles averaged for this condition were recorded starting 

at about 2 hours after the onset of the IV infusion. The additional NH4Cl resulted in an 

almost uniform acidification of the entire retina. In this animal, an intravitreal injection of 

cariporide was given following the recordings under IV NH4Cl. Cariporide resulted in a 

further dramatic acidification, to a peak retinal [H+]o of 336 nM (pH = 6.46) (Figure 1). In 

two other animals where no IV NH4Cl was given, the peak retinal [H+]o was 157 nM (pH = 

6.80) and 178 nM (pH = 6.75) after intravitreal cariporide, an increase of 40 to 60 nM. 

These results indicate the importance of NHE-1 in retinal pH regulation.

To quantify the retinal [H+]o changes during acidification, the maximum [H+]o in profiles 

was measured and is plotted against the choroidal (arterial) [H+] in Figure 2. The choroidal 
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value is assumed to be the same as the arterial value because of the rapid choroidal blood 

flow rate. Each point represents one pH profile. The black points for the two control animals 

(not subjected to NH4Cl in the drinking water, left panel) and those with 14 days of oral 

NH4Cl (n=3 animals; right panel) were recorded before any IV NH4Cl (baseline), and the 

red points were recorded after IV NH4Cl. The means and standard deviations of the profiles 

under each condition are also shown. Comparison of the baseline retinal [H+]o in control 

animals (left panel) and chronically acidotic animals (right panel) shows the acidification of 

the retina after chronic metabolic acidosis, with the retinal maximum being 70.2 ± 3.6 nM 

(mean ± SD) in control animals and 89.9 ± 8.8 nM in the 14-day acidotic animals (p<0.001). 

The blood pH in the baseline condition for the metabolic acidosis animals was higher than 

that in the animals used for molecular measurements, so NH4Cl was given intravenously to 

lower the blood pH to a level approximating the value in the animals used for the molecular 

measurements. This was successful, and red points are generally above and to the right of 

black points, showing that both the blood and retina were acidified by IV NH4Cl in both 

groups. The regressions for both panels are significant at p < 0.001. If two weeks of chronic 

metabolic acidosis had made the retina better able to deal with the subsequent acute acidic 

challenge of IV NH4Cl, then one might have expected the regression line in the right panel 

to be flatter, although in the discussion we consider why this is not a strong prediction. The 

slope of the regression line was in fact smaller in the right panel (1.26 vs 1.43 nM/nM), but 

the 95% confidence intervals for the regression slopes overlapped, so the difference was not 

significant.

Changes in gene and protein expression in acidosis

For the purpose of investigating the retinal response to altered pH, it was necessary to 

maintain acidosis for an extended time in order to determine whether gene expression was 

altered. Consequently, we induced metabolic acidosis by adding NH4Cl to the drinking 

water for up to two weeks (26, 27). Retinas were collected from rats at 3 days (6 control; 6 

acidotic), 7 days (a total of 9 control and 12 acidotic in two separate experiments) and 14 

days (a total of 9 control and 12 acidotic in two separate experiments). Treated rats became 

acidotic over the first two to three days, and then maintained a similar level of acidosis for 

the duration of the experiment. At the end of 14 days, just before euthanasia, the average pH 

of control rats’ tail blood (n=9) was 7.41 ± 0.03 (mean ± SD) and the pH of acidotic rats 

(n=12 in two groups) was 7.25 ± 0.08, (p<0.01) (Figure 3). There was a tendency for treated 

rats to be more acidotic in the second of the two 14 day experiments, but the difference was 

not significant (t-test; p = 0.06). The PCO2 in these venous samples was similar for controls 

(50.0 ± 3.3 mmHg) and acidotic rats (49.7 ± 5.0 mmHg). Bicarbonate concentration, 

calculated from pH and PCO2, was lower in the acidotic rats (21.4 ± 4.6 mM) than in 

controls (30.5 ± 1.0 mM), consistent with metabolic acidosis.

Time course analysis using qRT-PCR revealed that the mRNA of six genes potentially 

involved in regulation of H+ and known to be present in the retina were significantly 

upregulated by metabolic acidosis (Figure 4). The mRNAs tested were two isoforms of 

carbonic anhydrase (CA-II and CA-XIV), two isoforms of the acid-sensing ion channel 

(ASIC1 and ASIC4), the anion exchanger AEP-3, and the sodium-hydrogen exchanger 

NHE-1. Gene expression was measured by qRT-PCR using Taqman primers, normalized to 
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actin and quantified by the ΔΔCt method. For the 7 and 14 day experiments, changes in 

mRNA expression were similar in the two experiments done at each time point, so results 

are combined (Figure 4). No significant change was observed at day 3, although ASIC1 

tended to be higher in acidotic rats. At day 7, CA-II, CA-XIV, ASIC1, AEP-3 and NHE-1 

were significantly higher in acidotic rats than in controls. By 14 days significant changes of 

40 to 100% were observed in all mRNAs tested. A GAPDH primer was used as a separate 

control and did not change.

Protein changes were also analyzed in the 14 day experiments for genes where an antibody 

was available (Figure 5). For CA-XIV, AEP-3, and NHE-1, Western blots revealed multiple 

bands near the expected molecular weights, and each band was quantified separately. CA-II 

exhibited just a single band. Protein for all four tended to increase, as predicted by the 

mRNA findings, but only AEP-3, which increased two fold, was statistically different during 

acidosis.

Immunohistochemistry

Antibodies that were successful for immunofluorescence microscopy could only be 

identified for CA-II and NHE-1, and these were used to localize proteins in control and 

acidotic conditions. Controls in which the primary antibodies were omitted did not show any 

labeling (not shown). As shown in Figure 6, CA-II labeled the ganglion cell layer most 

strongly, with additional labeling in the inner nuclear layer. CA-II was roughly co-localized 

with isolectin B4 (IB4), a label for blood vessels, but was not identified closely enough to 

attribute the CA-II labeling to blood vessels, and it may be associated more prominently 

with astrocytes or pericytes instead. Figure 7 shows that NHE-1 labeled the inner retina, but 

the most striking and consistent labeling was in the outer plexiform layer (OPL), where 

NHE-1 was very closely associated with isolectin B4, suggesting that NHE-1 in the OPL 

was associated with blood vessels rather than neural or glial elements. This is the region of 

the deepest capillaries of the retinal circulation, which are well-positioned to help regulate 

the highly acidic outer nuclear layer.

Changes in mRNA in diabetes

Because the retina in Long-Evans rats becomes more acidic between 1 and 3 months of 

diabetes (4), we hypothesized that there might be similar changes in mRNA in diabetic 

animals as in acidotic animals. Consequently, mRNA for the same genes was measured in a 

group of 1 month Long-Evans streptozotocin diabetic animals in two separate experiments 

(total n=11), and corresponding age-matched controls (total n=12), treated and maintained 

as described previously (4) and having blood glucose values averaging about 500 mg/dl. 

ASIC-1 tended to be higher in the diabetics, but mRNA was not significantly different for 

any genes in these two groups (Figure 8). The same experiment was performed to compare a 

group of 6 month diabetic animals (n=5) to age-matched controls (n=6). Again, no 

difference between diabetics and controls was observed, but there was the same tendency for 

ASIC-1 to be higher. The standard error of the measurements of each gene in 6-month 

diabetics was higher than in the age-matched controls by at least a factor of 2 for all genes 

except ASIC-4, which had high variability in the controls as well as the diabetics. The 

variability was not higher in 1-month diabetics than in controls. This greater variation as 
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diabetes progresses, despite similar blood glucose values in all animals, was also observed in 

intraretinal pH recordings from diabetics (4).

Discussion

The current studies show that the retina expresses genes that are important in pH regulation, 

and that their expression changes in response to systemic acidosis. Metabolic acidosis by 

providing NH4Cl in the drinking water. It would have been ideal to produce chronic acidosis 

with CA inhibitors, which are known to produce retinal acidification after intravenous 

injection (7, 8), but it was not possible to produce chronic acidosis with CA inhibitors in the 

drinking water. Attempts to have rats drink water containing CA inhibitors failed, even when 

sucrose was added, evidently because all CA inhibitors are bitter, and this is aversive to rats. 

Producing metabolic acidosis with NH4Cl is more complicated. When NH4Cl is given in 

situations with isolated cells, NH4
+ itself does not easily penetrate the membrane, and 

instead NH3 enters the cell and combines with H+, causing an alkalinization rather than 

acidification (6, 29). Thus, it was necessary to show that NH4Cl would acidify the retina as 

well as the blood, which was verified with intraretinal recordings of [H+]o (Figures 1 and 2). 

We do not know whether the acidification of the retina was due to NH4
+ somehow crossing 

the blood-retinal barrier and entering retinal extracellular space, or whether the blood 

acidosis caused changes in RPE and endothelial cell transport that led to acidification. 

Nevertheless, it was possible to verify that NH4Cl led to a pan-retinal acidosis, both acutely 

with IV injections, and chronically, with oral NH4Cl. Chronic NH4Cl allowed us to keep the 

retina acidic and investigate molecular responses, which are discussed further below. The 

observed changes in gene expression were not capable of preventing further increases in 

retinal [H+]o but this may be expected as the chronic NH4Cl already increased [H+]o beyond 

the physiological range and saturated the ability of the retina to compensate. A true test of 

compensation would require targeted local inhibition of gene expression and measures of 

retinal responses to change in proton concentration at different levels of acidosis.

Changes in Gene Expression

Responses to systemic metabolic acidosis are usually associated with the kidney, where 

many genes are upregulated and some are downregulated (27). The results obtained here 

show for the first time that the retina itself can upregulate acid-handling and acid-sensing 

systems. At the message level, all the genes involved in pH regulation that were investigated 

revealed significant upregulation by 14 days. These genes were chosen because they are 

expressed in the retina as discussed in the introduction, and were expected to be directly 

related to H+ regulation or sensing. Other isoforms of these or other transporters (e.g. the 

sodium-bicarbonate cotransporter, NBC1) may change as well. In addition, the expression of 

some of these genes or related ones could change in the RPE or choroid, which were not 

studied due to our interest in identifying mechanisms in the neural retina.

In the mouse kidney, 2 or 7 days of metabolic acidosis produced with NH4Cl significantly (> 

2 fold) altered the expression of hundreds of genes on a genome-wide screen (27). A key 

element of the renal response to acidosis involves metabolic processing of glutamine to 

release ammonia into the renal tubule. The retinal response probably mainly involves local 
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buffering and transport of protons, so the genes involved in the kidney would not be 

expected to be the same as those in the retina. Indeed, none of the genes shown to change 

here were observed to be altered in the mouse kidney (27), but in rabbit kidney CA-II 

mRNA (30) and activity (31) increased during metabolic acidosis produced with NH4Cl. It 

is possible that a genome-wide screen of the retina would reveal many more changes than 

were found here, some related to regulation, and potentially some related to acidosis-related 

damage.

Protein quantification and immunohistochemistry

The work on retinal proteins corresponding to the identified genes was limited by the 

available probes, and by the greater difficulty in quantifying protein changes of a modest 

degree by Western analysis compared to the highly quantifiable mRNA changes measured 

by qRT-PCR. Nevertheless, CA-II, CA-XIV and NHE-1 tended to change in the expected 

direction, and the change in AEP-3 was highly significant.

We confirmed the previous localization of the intracellular form of carbonic anhydrase, CA-

II, to the innermost retina, but it did not appear to be in Muller cells (15) as has previously 

been reported, but had a distribution more consistent with astrocytes or pericytes. Perhaps 

surprisingly, because of the importance of pH buffering, there was only faint expression in 

any other cell layer, and no other intracellular CA has been found in the retina (17, 32, 33). 

CA-XIV has been associated with Muller cells and RPE cells in mouse retina (17, 33). Prior 

work shows that CA is important to retinal pH regulation. The retina is acidified by non-

selective block of CA with acetazolamide in cat (8) or dorzolamide in rat (A.V. Dmitriev et 

al., in preparation and (34)), or blocking CA-XIV with benzolamide, which does not 

penetrate cells, in chick (35) or cat (7). In addition, knockout of CA-XIV decreases the 

amplitude of the ERG (32).

NHE-1 had its major retinal expression in the deep capillary plexus in the outer plexiform 

layer, with a very strong correlation to blood vessels, suggesting that in this region, near 

where [H+]o is near its maximum in the retina, H+ clearance from the retina is at least partly 

achieved by transport across the apical membrane of endothelial cells into the capillaries. 

Consistent with this, the NHE blocker cariporide acidified the retina. An unknown form of 

NHE was previously implicated in photoreceptor H+ transport (36). NHE-1 has been 

localized to blood vessels in both the inner and outer retina, where its expression has been 

found to increase at 6 and 12 weeks of diabetes in Sprague-Dawley rats (19), a finding that 

we were not able to replicate in Long-Evans rats at 1 month. In general, NHE-1 is activated 

by PKC, hyperglycemia, growth factors, oxidative stress, and advanced glycation end-

products, with all but the first of these acting through MAPK (37), although whether these 

stimuli also increase NHE-1 expression is not clear from the literature. In addition to its 

well-established role in preventing intracellular acidosis, NHE-1 appears to play a role in 

vascular smooth muscle cell proliferation in at least some tissues (37), and it may mediate 

the effects of endothelin on the retinal vasculature (19). We could not demonstrate changes 

in the immunohistochemistry of either CA-II or NHE-I during acidosis, but this was 

expected to be difficult given the modest mRNA changes and the less quantitative nature of 

immunohistochemistry in relation to qRT-PCR.
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While we did not find suitable antibodies to study the localization of the other proteins of 

interest, the literature suggests that subtle modulations of them could influence retinal 

function, and it is worth reviewing the relevant observations. One isoform of AEP-3 is found 

in Muller cells and another is in horizontal cells in rat retina (18). It has been suggested that 

CO2 generated by photoreceptors is converted into bicarbonate in Muller cells, using CA-II, 

and then AE3 moves the bicarbonate out of Muller cells to allow further buffering (18), but 

regulation of Muller cell pH or Cl−, independent of photoreceptor activity, is also possible. 

Knockout of the gene for AE3 (Slc4A3) in mice leads to a retinal dysfunction that begins in 

the inner retina with selective loss of the b-wave, and then proceeds to cause photoreceptor 

degeneration, and this occurs even though CA-II and CA-XIV and the Na+-bicarbonate 

transporter NBC1 are upregulated in the knockout animals (38). A mutation of Slc4A3 also 

causes photoreceptor degeneration in dogs (39).

Similarly the acid-sensing ion channels (ASICs) may have a variety of functions. ASICs are 

non-classical, H+-gated cation channels (40). Several isoforms (ASIC1a and ASIC1b, 

ASIC2a and ASIC2b, ASIC3 and ASIC4) are found in inner and outer retinal neurons as 

well as Muller cells (41, 42). Their roles are not completely understood, but they appear to 

play a role in cell survival and other functions. Deletion of ASIC2a (24) or ASIC3 (23) 

increases the amplitude of the ERG, but either knockout leads to subsequent retinal 

degeneration. On the other hand, the presence of ASIC1 leads to degeneration under some 

conditions, as noted below, and its upregulation in acidosis may be detrimental, in contrast to 

the upregulation of CA, AE3 and NHE-1, which are more likely protective. Acidosis opens 

ASIC1, allowing Ca+2 entry into cultured mouse hippocampal cells, an effect that is 

significantly reduced in ASIC1 knockouts (43). Ca+2 entry is not associated with other 

ASICs (43). Blocking ASIC1a with a specific antagonist prevents ganglion cell damage 

caused by hypoxia (25) or by chloroquine (44). Similarly, ganglion cell death due to optic 

nerve ligation was prevented by amiloride (45), another blocker of ASICs, but amiloride 

blocks NHE-1 as well, so this was a less specific test. However, increased ASIC1 appears 

from the existing evidence to be detrimental, so the increase in ASIC1 message in this study 

may suggest a damaging effect of acidosis. Many questions remain about ASICs and their 

functions, and whether longer-term acidosis would cause the protein levels to increase.

The outer retina is relatively acidic even without imposed acidosis. In acute metabolic or 

respiratory acidosis the retina further acidifies and the ERG is affected, indicating that 

acidosis leads to functional consequences (46–48). The expression of acid regulating 

transporters suggests the ability to regulate the retinal pH environment locally in response to 

chronic metabolic acidosis by increasing expression of a number of mechanisms related to 

local pH control. Acidosis is also expected during any ischemic disease when the retina is 

forced to rely on anaerobic glycolysis. In retinal artery occlusion, for instance, the inner 

retina becomes much more acidic (11). Acidosis may also occur if hyperglycemia causes 

tissues to increase glycolysis, as is the case in acute hyperglycemia in cats (9) and early 

diabetes in rats (4) and probably cats (12). The current studies suggest the retina may 

respond to local pH changes in an attempt to maintain retinal homeostasis.
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Figure 1. 
[H+]o gradients across the retina in one 14-day acidotic animal (rat 323). The blue curve is 

the average of three profiles prior to any further manipulation of systemic pH. The red curve 

is the average of three profiles following intravenous NH4Cl. The green curve is for a profile 

obtained after intravitreal injection of cariporide. Data points represent the average [H+]o 

over each 5% segment of the profile. Zero % retinal depth is the border between the vitreous 

and the retina; 100% represents the RPE. The arrow indicates the amplitude of the profile.
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Figure 2. 
Maximum [H+]o in profiles as a function of choroidal [H+] for control rats (left panel) and 

14-day acidotic rats (right panel), before (black symbols) and after (red symbols) 

intravenous NH4Cl. Each symbol represents one profile. Regression lines are shown for each 

condition along with the mean and SD for the pre- and post-IV-NH4Cl data. R2 = 0.65 for 

control rats; 0.76 for acidotic rats.
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Figure 3. 
pH of tail blood samples from control and acidotic rats after 14 days of metabolic acidosis, 

just before euthanasia (mean ± SD). Control and acidotic groups were significantly different 

(p<0.001). Converted to nM, the control average [H+] was 39 nM and the acidotic average 

was 56 nM.

Dreffs et al. Page 16

Curr Eye Res. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Retinal mRNA (mean ± SEM) expression after 3, 7 and 14 days of metabolic acidosis 

normalized to control expression for each gene. The genes were carbonic anhydrase II and 

XIV (CA-II and CA-XIV), acid-sensing ion channels 1 and 4 (ASIC-1 and ASIC-IV), anion 

exchange protein 3 (AEP-3) and Na+/H+ exchanger 1 (NHE-1). Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was a control gene that was not expected to change. One asterisk: 

significantly different at p<0.05. Two asterisks: significantly different at p <0.01.; three 

asterisks: significantly different at p ≤ 0.001.
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Figure 5. 
Retinal protein levels measured by Western blot in control animals (gray) and after 14 days 

of metabolic acidosis (black). The expected sizes of protein for AEP-3, NHE-1, CA-XIV 

and CA-II are 136 kDa, 90 kDa, 37kDa and 28 kDa respectively. The difference between 

controls and acidotic animals was significant for AEP-3 at p < 0.01.
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Figure 6. 
Immunohistochemistry for CA-II. Retinal sections were treated with antibodies and 

counterstains for isolectin B4 (pink) and CA-II (green). Sections were also stained with 

DAPI (blue) to show cellular layers. Left column: control rat; right column: 14 day acidotic 

rat.
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Figure 7. 
Immunohistochemistry for NHE-1. Retinal sections were treated with antibodies and 

counterstains for for isolectin B4 (pink) and NHE-1 (green). Sections were also stained with 

DAPI to show cellular layers. Left column: control rat; right column: 14 day acidotic rat.
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Figure 8. 
Retinal mRNA (mean ± SEM) expression in rats made diabetic with streptozotocin for 1 

month or 6 months, compared to age-matched controls treated only with the citric acid 

vehicle used for the streptozotocin injections. No differences between diabetics and controls 

were significant.
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