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Abstract

Background The sodium hydrogen exchanger (NHE) is a transmembrane
protein responsible for alkalinization and control of intracellular acidosis
by the removal of hydrogen and the subsequent influx of sodium. Our
investigation attempts to determine the role of NHE-1 in the pathogenesis of
early retinal microangiopathy due to diabetes.

Methods Diabetes was induced in male Sprague–Dawley rats with a single
intravenous streptozotocin injection (65 mg/kg). To examine the duration-
dependent changes in NHE-1 expression, retinas from 1-, 6- and 12-week
diabetic animals were analyzed. To examine the functional consequences of
NHE-1 inhibition in comparison with good blood glucose control, diabetic
rats were randomly assigned to poorly controlled diabetic, well-controlled
diabetic, poorly controlled diabetic with cariporide groups and were compared
with nondiabetic controls after six weeks. Cariporide is an orally active
inhibitor of NHE-1 (6000 ppm in rat chow). At the end of the treatment
period, color Doppler ultrasound was used to determine the resistivity index
(RI) of the central retinal artery. The mRNA expression of endothelin (ET)
isoforms 1 and 3, inducible and endothelial nitric oxide synthase (iNOS
and eNOS respectively) and NHE-1 were examined. NHE-1 distribution was
localized with immunohistochemistry.

Results All diabetic animals showed hyperglycemia, increased glycated
hemoglobin and lower body weight gain compared to nondiabetic controls.
Diabetes caused an increased RI, indicative of retinal vasoconstriction, which
was corrected by both cariporide treatment and good glucose control. NHE-1
was localized in the endothelium of the retinal microvasculature and the
neuronal and glial components. NHE-1 mRNA expression was unchanged
after 1 week and increased after 6 and 12 weeks of diabetes. Furthermore, a
diabetes-induced upregulation of ET-1 and ET-3 mRNA expression after six
weeks was corrected with cariporide treatment. NHE-1 inhibition of diabetic
animals upregulated iNOS mRNA levels, although expression of eNOS and
iNOS mRNA were not altered in poorly controlled diabetes. Improved blood
glucose control with higher doses of insulin also corrected diabetes-induced
increased RI by upregulating eNOS and iNOS mRNA expression.

Conclusions The results of the study suggest that NHE-1 may be involved in
the regulation of several vasoactive modulators that contribute to functional
alterations in diabetic retinal microangiopathy. Copyright  2004 John Wiley
& Sons, Ltd.
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Introduction

The sodium hydrogen exchanger (NHE) represents a
family of eight proteins responsible for the removal
of intracellular hydrogen ions and concomitant influx
of sodium ions [1–3]. The 815 amino acid residue
protein, of approximately 110 kDa is made up of an
N-terminus transmembrane channel and a C-terminus
regulatory region [4]. Isoform 1 (NHE-1) is considered
to be ubiquitously expressed and is found in virtually
all tissues [5]. Intracellular hydrogen ion concentration
is one of the main stimuli leading to NHE activation.
However, other factors that act as important mediators of
chronic diabetic complications, such as Protein Kinase C
(PKC) and endothelins (ETs) may act as NHE activators
[4,6,7]. Along with pH maintenance, NHE-1 is involved in
several other physiological processes such as cell adhesion
and cell growth [8].

Diabetic retinopathy is a disease involving the
microvasculature of the retina [9]. Several biochemical
pathways are activated, which lead to tissue damage.
These systems include activation of PKC, activation of
the polyol pathway, formation of advanced glycation end
(AGE) products, oxidative stress and the upregulation
of proinflammatory cytokines and vascular modulators
[10]. Two early vascular modulators are ETs and nitric
oxide (NO) [11]. Both ET and NO are involved in the
regulation of retinal blood flow in diabetes [12]. We have
previously demonstrated that diabetes-induced retinal
vasoconstriction is mediated by ETs [13,14]. We have
shown that ETs are involved with increased fibronection
and collagen production [15] and capillary basement
membrane thickening in the retina, heart and kidney via
NF kappa B and AP-1 activation [15–17].

In the heart, we found that some of the effects of
ETs may be mediated via NHE-1 [18,19]. NHE-1 may
modulate blood flow by virtue of its regulatory interaction
with ET-1 [20–23]. We have further demonstrated
an amelioration of diabetic cardiomyopathy with the
use of a specific NHE-1 inhibitor cariporide [18].
Furthermore, it has been demonstrated that NHE-1
plays an important role in the pathogenesis of diabetic
nephropathy [24–26]. Although NHE-1 activity has
previously been demonstrated in the retinal photoreceptor
and pigment epithelium [27–29], a possible alteration of
NHE-1 and its functional consequences in diabetes has
not been studied in the retina.

Exogenous insulin may act as a growth factor leading
to the activation of cellular pathways like mitogen-
activated protein kinase (MAPK), and the upregulation
of several molecules like ETs, NO Synthase (NOS) and
NHE-1 [30–32]. With respect to the diabetic heart,
insulin has been demonstrated to increase both the
expression and activity of NHE-1 [33]. However, NHE-1
expression has not been studied in the diabetic retina.
Hence, in this study, we investigated the diabetes-
induced changes of NHE-1 in the rat retina, its effects on
vasoactive factors and their functional consequences. We

used a specific NHE-1 inhibitor cariporide to investigate
diabetes-induced transcriptional changes and blood flow
alterations and compared its effects with animals either
with poor or improved glucose control with higher doses
of insulin.

Materials and methods

Animals

All animals were cared for under the conditions and
rules designated by the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research with
approval by the University of Western Ontario Animal
Care and Ethics Committee. Male Sprague Dawley rats
of approximately 200 g received a single intravenous
injection of streptozotocin (65 mg/kg in citrate buffer,
pH = 5.6). Control animals received an equal volume
injection of citrate buffer. After confirmation of diabetes
(blood glucose >20 mmol/L on two consecutive days),
animals were randomized to the various treatment groups
(n = 5): Poorly controlled diabetes, poorly controlled
diabetes treated with cariporide (6000 ppm in rat chow)
and well-controlled diabetes. To examine the duration-
dependent alterations of NHE-1 mRNA expression in
the retina in diabetes, nondiabetic and poorly controlled
diabetic animals were sacrificed after 1, 6 and 12 weeks of
follow-up. The functional effects of cariporide treatment
were compared with good blood glucose control after six
weeks of diabetes due to the upregulation of NHE-1 at this
time point. Animals were fed with rat chow and water ad
libitum. Animals were monitored for body weight changes,
glucosuria and ketouria. All diabetic rats were implanted
with slow release insulin implants to prevent ketosis
(approx 2 U/day) (LinShin. Scarborough, ON, Canada).
Well-controlled diabetic animals were implanted with
two slow release implants (approx 4 U/day). Cariporide,
(courtesy Dr. A. Busch, Aventis Pharma, Frankfurt
Germany) is a selective NHE-1 inhibitor [34]. Cariporide
treatment started after the confirmation of diabetes
and was continued for the whole treatment period.
The animals were killed and the retinal tissue was
either snap frozen in liquid nitrogen or preserved in
10% buffered formalin solution. Blood was collected for
glucose (LifeScan, Burnaby, BC, Canada) and glycated
hemoglobin (Sigma Aldrich Canada, Oakville ON Canada)
measurements.

Color Doppler ultrasound

Prior to sacrifice, color Doppler ultrasound analysis of the
right eye was performed in animals with six weeks of
follow-up using previously described techniques. Briefly,
following ketamine and xylazine anesthesia, the central
retinal vasculature was located with an 8L5, 80-MHz
color Doppler ultrasound probe (Acuson Mountainview,
CA, USA). Doppler waveforms were examined and
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color images were obtained in real time with Doppler
spectral analysis using the arterial tracings. At least three
measurements were recorded for each animal and the
mean was calculated. The resistivity index (RI) of the
central retinal artery was calculated by subtracting the
diastolic velocity (DV) from the peak systolic velocity (SV)
and dividing by the systolic velocity [(SV − DV) ÷ SV].
An increased central retinal artery RI value is indicative
of vasoconstriction at the capillary or pre-capillary level
within the retina.

RNA isolation

Using TRIZOL reagent (Invitrogen Inc. Burlington, ON,
Canada), RNA was extracted as previously described [18].

First-strand cDNA synthesis

Using the Superscript-II system (Invitrogen Inc.), first-
strand cDNA was made using four micrograms of RNA as
previously described [18].

Competitive RT PCR

Owing to its quantitative capabilities, competitive RT
PCR was used to quantify the expression of the

specific mRNAs as previously described [18]. Briefly,
heterologous competitors were created with the TaKaRa
DNA Competitor Construction Kit (Panvera, Madison WI,
USA) as per manufacturer’s instructions. Amplification
was performed with the sense (S) and anti-sense (AS)
primers found in Table 1. For all primer sets, 1× PCR
buffer, 1.0 µL RT product, 2.5 µL of the appropriate
dilution of competitor, 500 nM of sense and anti-sense
primer, 0.25 mM of dNTP and 2.5 U of Platinum Taq

(Invitrogen Inc.) along with 2.0 mM MgCl2 for NHE-1,
ET-1, ET-3 or 1.5 mM MgCl2 for eNOS, iNOS to a final
volume of 25 µL. 35 cycles of amplification were used
for ET-3 amplification and all other genes amplified with
30 cycles; 92 ◦C for 45 s, 60 ◦C for 45 s and 72 ◦C for
1 min, followed by a final extension of 72 ◦C for 10 min.
Preliminary experiments confirmed that amplification was
in the linear phase of the PCR reaction.

Quantification

The PCR products were analyzed on a 3% agarose gel in a
1× TRIS borate EDTA (TBE) buffer. The gels were stained
with ethidium bromide and visualized with ultraviolet
light. For quantification, the ratio of density and area
of the target gene band and its competitor band were
assessed using Mocha densitometry software (Jandel
Scientific, CA, USA). As the target and competitor DNA

Table 1. Primer sequences and LightCycler parameters

Primer sequence
Sense: 5′ → 3′
Anti-sense: 5′ → 3’

PCR parameters
(temperature & time, ramp rate)

Denaturation (D), Annealing (A), Extension (E),
Signal Acquisition (S), # of cycles (#)

Melting curve analysis
(temperature & time, ramp rate)

ET-1 D: 95 ◦C (0 s) 20 ◦C/s Step 1: 95 ◦C (0 s) 20 ◦C/s
A: 58 ◦C (5 s) 20 ◦C/s Step 2: 63 ◦C (15 s) 20 ◦C/s

S: GCTCCTGCTCCTCCTTGATG E: 72 ◦C (20 s) 20 ◦C/s Step 3: 95 ◦C (0 s) 0.1 ◦C/s
AS: CTCGCTCTATGTAAGTCATGG S: 84 ◦C (1 s) 20 ◦C/s Signal: Continuous

#: 40
ET-3 D: 95 ◦C (0 s) 20 ◦C/s Step 1: 95 ◦C (0 s) 20 ◦C/s

A: 58 ◦C (5 s) 20 ◦C/s Step 2: 65 ◦C (15 s) 20 ◦C/s
S: GCACTTGCTTCACTTATAAGG E: 72 ◦C (17 s) 20 ◦C/s Step 3: 95 ◦C (0 s) 0.1 ◦C/s
AS: CAGAAGCAAGAAGCATCAGTTG S: 84 ◦C (1 s) 20 ◦C/s Signal: Continuous

#: 55
eNOS D: 95 ◦C (0 s) 20 ◦C/s Step 1: 95 ◦C (0 s) 20 ◦C/s

A: 57 ◦C (5 s) 20 ◦C/s Step 2: 67 ◦C (15 sec) 20 ◦C/s
S: CAAGACCGATTACACGACA E: 72 ◦C (9 s) 20 ◦C/s Step 3: 95 ◦C (0 s) 0.1 ◦C/s
AS: GTCCTCAGGAGGTCTTGCAC S: 85 ◦C (1 s) 20 ◦C/s Signal: Continuous

#: 45
iNOS D: 95 ◦C (0 s) 20 ◦C/s Step 1: 95 ◦C (0 s) 20 ◦C/s

A: 57 ◦C (5 s) 20 ◦C/s Step 2: 67 ◦C (15 s) 20 ◦C/s
S: ATGGAACAGTATAAGCGAAACACC E: 72 ◦C (9 s) 20 ◦C/s Step 3: 95 ◦C (0 s) 0.1 ◦C/s
AS: GTTTCTGGTCGATGTCATGAGCAAAGG S: 84 ◦C (1 s) 20 ◦C/s Signal: Continuous

#: 45
NHE-1 D: 95 ◦C (0 s) 20 ◦C/s Step 1: 95 ◦C (0 s) 20 ◦C/s

A: 57 ◦C (5 s) 20 ◦C/s Step 2: 67 ◦C (15 s) 20 ◦C/s
S: TCTGTGGACCTGGTGAATGA E: 72 ◦C (9 s) 20 ◦C/s Step 3: 95 ◦C (0 s) 0.1 ◦C/s
AS: GTCACTGAGGCAGGGTTGTA S: 84 ◦C (1 s) 20 ◦C/s Signal: Continuous

#: 45
β Actin D: 95 ◦C (0 s) 20 ◦C/s Step 1: 95 ◦C (0 s) 20 ◦C/s

A: 58 ◦C (5 s) 20 ◦C/s Step 2: 67 ◦C (15 s) 20 ◦C/s
S: CCTCTATGCCAACACAGTGC E: 72 ◦C (8 s) 20 ◦C/s Step 3: 95 ◦C (0 s) 0.1 ◦C/s
AS: CATCGTACTCCTGCTTGCTG S: 83 ◦C (1 s) 20 ◦C/s Signal: Continuous

#: 35
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to be amplified use the same primers, the ratio between
the two amplified products reflects the original amounts
of target DNA and competitor.

Real-time PCR

To confirm results obtained using competitive PCR, real-
time quantitative PCR with the Roche LightCycler system
(Roche Diagnostics Canada, Lavalle PQ Canada) was
used. By using the SYBR green detection system, the
products’ amplification and detection occurred in a single
reaction tube. PCR reactions were performed in micro
capillary tubes (Roche Diagnostics Canada) to a final
volume of 20 µL. The reaction mixture was made from
2.0 µL DNA-SYBR mix [Lightcycler FastStart enzyme and
Reaction Mix SYBR green I] (Roche Diagnostics Canada),
1.6 µL of 25 mM MgCl2, 1.0 µL of 10 µM sense and
antisense primers, 13.4 µL of PCR grade water and
1.0 µL of cDNA template. All primers’ sequences and
PCR profiles are listed in Table 1. For all genes listed,
prior to the initiation of the PCR cycles, 1 cycle of
94 ◦C for 10 min was used to activate the FastStart DNA
polymerase. To optimize the amplification of the genes,
melting curve analysis (MCA) was used to determine the
melting temperature (Tm) of specific products and primer-
dimers. According to the Tm value of specific products,
an additional step (signal acquisition step, 2–3 ◦C below
Tm) was added following the elongation phase of RT
PCR. This additional step in the PCR reactions allowed
for signal acquisition from specific target products. mRNA
was quantified with the standard curve method. Standard
curves were constructed using different amounts of
standard template. The cycle number, Cp (crossing point),
which produces a significantly different fluorescence
signal from baseline was used to compute the relative
concentration of the target genes from the standard
curves. The data was normalized to ß-actin in order to
account for differences in reverse transcription efficiencies
and template amounts within each sample.

Immunocytochemistry

Five-micrometer tissue sections from formalin-fixed,
paraffin-embedded blocks that were transferred to
positively charged slides were used for staining. A
polyclonal rabbit antirat NHE-1 antibody (Chemicon

International Inc, Temecula CA, USA) (1 : 50) was used
along with the streptavidin biotin reaction (Vectastain
Elite Kit, Vector Laboratories. Burlingame, CA, USA).
Diaminobenzidine was used as a chromogen. Slides were
counterstained with hematoxylin. For negative controls,
the primary antibody was replaced with nonimmune
rabbit serum. The experiments were repeated in triplicate
with slides analyzed in a masked fashion by two
investigators. Slides were described specifically to the
localization of staining within the retinal layers.

Statistical analysis

All values are displayed as mean ± SEM. Values were
analyzed with ANOVA and Fisher’s exact test. A p-value
of 0.05 or less was considered significant.

Results

Clinical monitoring

Poorly controlled diabetic animals demonstrated in-
creased blood glucose levels, decreased weight gain and
high glycated hemoglobin levels (Table 2). Treatment
with cariporide did not affect any of these parameters. Ani-
mals with improved blood glucose control demonstrated
better body weight gain, yet the weights were lower than
nondiabetic control animals. With respect to both blood
glucose and glycated hemoglobin, well-controlled dia-
betic animals demonstrated levels significantly different
from both poorly controlled diabetes and nondiabetic con-
trol animals suggesting that a partial effect was achieved
(Table 2).

Diabetes-induced increased retinal
resistivity index is associated with
higher ET and NHE-1 mRNA expression

Poorly controlled diabetes demonstrated an increased
resistivity index as compared to nondiabetic control
animals (Figure 1). The increases in RI are associated with
an increase in both ET-1 and ET-3 mRNA levels (Figure 2)
as well as increased NHE-1 mRNA (Figure 3(b)). Analysis
of NHE-1 mRNA in a duration-dependent manner
determined that NHE-1 mRNA was not upregulated

Table 2. Clinical monitoring of data after six weeks of diabetes

Treatment
Body weight

(g)
Blood glucose

(mmol/L)
Glycated hemoglobin

(%)

Nondiabetic control 526 ± 11.11 4.87 ± 0.17 6.70 ± 0.77
Poorly controlled diabetes 458 ± 14.95∗ 19.67 ± 1.37∗ 13.78 ± 0.63∗
Well-controlled diabetes 482 ± 18.38∗ 9.40 ± 1.61∗a 8.83 ± 0.55∗a

Poorly controlled diabetes with cariporide 443 ± 19.14∗ 15.43 ± 1.55∗ 12.13 ± 0.45∗

Data is displayed as mean ± SEM.
∗Denotes significant difference from nondiabetic control.
aDenotes significant difference from poorly controlled diabetes.
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Figure 1. Resistivity index (RI) of the central retinal artery. The upper panel represents the analysis of the mean RI values ± SEM.
The lower panel is a representative color Doppler ultrasound image. RI is calculated from the arterial tracing (please see materials
and methods) (* significantly different from nondiabetic control, † significantly different from poorly controlled diabetes. n = 5 for
all groups)

at one week. However, NHE-1 mRNA was elevated
at 6 weeks and remained elevated after 12 weeks of
diabetes (Figure 3(a)). Both ET-1 and ET-3 can act as
vasoconstrictor peptides through an interaction with the
ET type A receptor [11,12]. NOS, on the other hand,
through the production of NO may stimulate vasodilation
[11]. It should be noted that eNOS and iNOS mRNA levels
were not altered because of diabetes (Figure 4).

NHE-1 inhibition with cariporide
prevented a diabetes-induced
increased RI and ET expression

Treatment of poorly controlled diabetic animals with
cariporide prevented the diabetes-induced increased RI

(Figure 1). NHE-1 mRNA expression was significantly
increased in the retina of poorly controlled diabetic
animals (Figure 3(a)). To further confirm our data, we
used real-time PCR, which agreed with the data obtained
by competitive PCR. A diabetes-induced increase in ET-
1 and ET-3 mRNA transcription was attenuated with
cariporide treatment (Figure 2). NHE-1 inhibition also
increased the transcription of iNOS mRNA whereas eNOS
remained unchanged (Figure 4).

Well-controlled diabetes prevents RI
increases via NOS

Good glucose control improved the diabetes-induced
increase in the resistivity index (Figure 1). The
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Figure 2. Endothelin 1 and 3 mRNA expression. (a) Endothelin-1 (ET-1) mRNA expression showing that diabetes-induced increased
expressions were corrected by cariporide treatment. (b) Endothelin-3 (ET-3) mRNA expression in the retina. The upper panels of
both parts (a) and (b) are representative gel pictures obtained from competitive RT PCR. Similar data were obtained with real-time
PCR analysis. (∗ significantly different from nondiabetic control. n = 5 for all groups)

improvement in RI was associated with increased eNOS
and iNOS mRNA levels (Figure 4). However, no effect
of good glucose control was seen on diabetes-induced
increased ET-1 and ET-3 mRNA transcription (Figure 2).
On the other hand, good blood glucose control increased
NHE-1 mRNA expression (Figure 3(b)).

NHE-1 is localized in the retina

Immunocytochemically, NHE-1 was seen in the ganglion
cells, photoreceptor outer segments as well as in the
endothelial cells of the microvasculature. The arborizing
fibers of the inner plexiform layer also stained positively,
suggesting possible immunoreactivity in the glial fibers
(Figure 5). Localization was predominantly at the cell
membrane. No immunoreactivity was seen in the negative

controls (Figure 5). Immunoreactivity was increased in
the retina of diabetic animals in keeping with mRNA
expression (Figure 5).

Discussion

The present study demonstrates that NHE-1 plays a role
in diabetes-induced vasoconstriction in the retina. Such
changes may be mediated through ET and NOS. We
found that NHE-1 is present in the retina, both in the
neuronal tissue as well as in the endothelial cells. No
NHE-1 immunoreactivity was seen within the pericytes.
Previous reports have documented the presence of NHE-1
within the retinal pigment epithelium, the ciliary body,
the cornea and cultured endothelial cells isolated from
large vessels [35–39].
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Figure 3. NHE-1 mRNA expression. (a) Represents duration-dependent alteration of NHE-1 mRNA expression after 16 and 12 weeks
of diabetes in the retina. (b) Represents NHE-1 mRNA levels in various treatment groups after six weeks of diabetes and (c) is a
representative competitive PCR gel picture of the treatment groups described in (b). Similar data were obtained with real-time PCR.
(d) Represents melting curve analysis, demonstrating the specificity of amplification where all samples showed a specific product
with Tm of 88 ◦C. (∗ = significantly different from nondiabetic controls † = significantly different from poorly controlled diabetes,
n = 5 for all groups)

This is the first demonstration of increased NHE-1
mRNA expression in the retina in diabetes. In this study,
two sets of PCR techniques (real time and competitive)
were used to confirm the increased retinal expression
of NHE-1 mRNA. Several factors may lead to increased
retinal NHE-1 mRNA expression in diabetes including
AGE accumulation, MAPK activation, PKC activation, and
oxidative stress as previously demonstrated by other
investigators [7,40–42]. Increased NHE-1 mRNA has

been demonstrated in the kidney of diabetic animals
[43] and increased erythrocyte NHE activity has been
correlated with the development of nephropathy in type
1 diabetes [44]. Lymphocytes from diabetic patients
with nephropathy and hypertension show increased NHE
activity [45]. In this study, short-term diabetes did not
elevate NHE-1 mRNA expression, which was elevated
after 6 weeks and remained so after 12 weeks. In animal
diabetes, the aorta from diabetic rats show increased
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diabetes on the transcription level. However, good glycemic control with increased insulin upregulated eNOS mRNA. Treatment of
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NHE-1 mRNA expression [46,47]. Similarly, vascular
smooth muscle cells cultured in high glucose show
increased NHE-1 mRNA expression [40]. On the other
hand, it appears that these changes may be organ specific.
In the heart of streptozotocin (STZ)-induced diabetic
rats, we did not find an alteration of NHE-1 mRNA during
short-term diabetes [18]. In contrast, a recent report by
Feuvray et al. suggests that NHE activity is increased in
cardiomyocytes isolated from a type 2 diabetes animal
model [48].

This report further demonstrates that improved
glycemic control leads to an improvement of RI, which
was associated with an increase in both eNOS and iNOS
mRNA expression. It is to be noted that we were unable
to achieve a euglycemic level and ET mRNA remained
elevated. However, relative lowering of blood glucose as
well as higher insulin levels may have led to increased
NOS expression and vasodilatation counteracting the
effects of ETs. Previous work has demonstrated an insulin-
dependent increase in both ET and NOS expressions
[49–51]. In spite of increased ET expression, the
increased NOS expression may have caused a vasodilatory
effect and improved the RI. Interestingly, cariporide
treatment also increased iNOS mRNA expression.

Our data suggests that in diabetes, NHE-1 is involved
in the regulation of both ETs and NOS. We have

previously demonstrated a relationship between NHE-1
and ET-1 expression in the heart due to diabetes [18].
Further experiments are required to elucidate whether
the regulation occurs directly through protein–protein
interactions or indirectly by changes in intracellular H+,
Na+, or Ca2+ concentrations [52,53]. Conceptually, NHE-
1 inhibition may lead to PKC inhibition or attenuated
activation via reduced Na+/Ca2+ exchanger and reduced
Ca2+ [54–56]. A reduction in PKC activation via NHE
blockade leads to diminished ET expression [57,58]. In
addition, NHE-1 inhibition may modulate endothelin-
converting enzyme activity by disrupting actin networks
[59–61]. Reduced ET mRNA levels may cause an NOS
upregulation counteracting an ET-mediated increased
RI. However, these notions require direct confirmation.
Similarly, in good glucose controlled diabetic animals,
increased NOS expression appears to be the main
mechanism leading to the prevention of diabetes-induced,
ET-mediated increased RI. This phenomenon may be
in part due to the reciprocal relationship that exists
between ET and NO [62]. Because blood glucose levels
were not reduced to the level of nondiabetic control
animals, we believe some of the effects of hyperglycemia
persisted. Along with increased NHE-1 mNRA, both ET-
1 and ET-3 levels remained higher in these animals,
similar to the level of animals with poorly controlled
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Figure 5. Immunocytochemical analysis of retinal NHE-1. (a) Negative control. (b) NHE-1 immunostain of the retina from poorly
controlled diabetic animals. (c) NHE-1 immunostain from the retina of nondiabetic control animals. (d) Higher magnification of
the enclosed area of (c) demonstrating with arrows the NHE-1 localization within the endothelial cells of a capillary. (ILM = inner
limiting membrane. Magnification of (a), (b), (c) = ×225, magnification of (d) = ×975)

diabetes. It is possible that ET-1 and ET-3 mRNA levels
might have reached the upper limit and did not increase
further in spite of higher NHE-1 mRNA expression. On
the other hand, high systemic insulin levels may have
further led to NOS and NHE-1 upregulation, since insulin
is a known stimulator of these transcripts [41,49]. As
expected, owing to the inhibitory effect of cariporide
with respect to NHE-1 activity and not NHE-1 gene
transcription, cariporide did not decrease NHE-1 mRNA
expression.

In summary, the present data suggests that NHE-1 may
regulate retinal ET and NOS expression. NHE-1 inhibition
may improve blood flow by modulating such vasoactive
factors. Whether the effect is by direct protein–protein
interaction or through an indirect mechanism like
attenuated PKC activation remains to be investigated.
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