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 Glaucoma is a major blinding disease that is principally
characterized by the loss of retinal ganglion cells [1,2]. Re-
cently, there has been growing interest in the effects of glau-
coma on the outer retina, particularly photoreceptors. The ear-
liest indication that glaucoma affected the outer retina origi-
nated from observations that this optic neuropathy behaves
like an outer retinal disease with respect to Köllner’s Law for
color vision defects. Essentially, the law states that deficits in
color vision arising from optic nerve disease result in red-green
confusion, whereas outer retinal disease results in blue-yel-
low confusion. Glaucoma is an exception to this rule, as blue-
yellow contrast sensitivity is compromised early in the dis-
ease [3,4]. Morphometric studies examining for outer retinal
changes in glaucomatous eyes have yielded conflicting results.
Panda and Jonas reported photoreceptor loss in eyes with
trauma-induced secondary glaucoma [5]. Counts of nuclei in
the outer nuclear layer of human retinas with primary open-

angle glaucoma, however, failed to find any significant loss
of cells relative to age-matched controls [6]. Similarly, counts
of cone pedicles in the outer plexiform layer showed no sig-
nificant cone loss in eyes from glaucomatous monkeys [7].
These studies all assumed that outer retinal effects would
present as a loss of photoreceptors. Although photoreceptor
cell loss may not be a consistent feature of glaucomatous eyes,
these studies do not preclude the possibility that these cells
exhibit physiological and potentially damaging effects related
to the disease. A more recent study showed that abnormalities
in the outer retina, including swollen photoreceptors, were
common in human eyes diagnosed with glaucoma and in mon-
key eyes with experimental ocular hypertension [8]. Using a
histochemical stain for carbonic anhydrase activity, the ma-
jority of these cells were identified as the red and green wave-
length sensitive cones (red/green cones, also known as the
long and medium-wavelength cones, respectively). It has been
suggested that because equal stimulation of the red/green cones
produces the sensation of “yellow” equal loss of both red and
green cone function could lead to confusion along the blue-
yellow axis [9]. Last, electrophysiological testing also sup-
ports the hypothesis that the outer retina is affected in experi-
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mental ocular hypertension in monkeys. Multifocal electrore-
tinogram (mfERG) studies have found both changes in ampli-
tude and an increase in latency that are produced by both in-
ner and outer retinal components [10-12]. Another indication
of outer retinal injury is an exaggerated or supranormal mfERG
response, which has been observed in both acute [13] and
chronic [14] experimental glaucoma in preliminary studies.

Considering these morphometric and electrophysiologic
findings, we hypothesized that the physiological levels of cer-
tain mRNAs would be altered in glaucoma. Opsin mRNA is a
suitable marker for these experiments because (1) opsin gene
expression is cell-type specific and therefore probes compli-
mentary to the corresponding mRNAs act as cell-specific mark-
ers, (2) opsin is an abundant mRNA and therefore easy to de-
tect in conventional quantitative and qualitative assays [15],
and (3) opsin mRNA steady state levels are highly regulated
and linked to a diurnal or circadian rhythm [16-20], where
nearly 70-80% of the opsin mRNA is degraded and synthe-
sized daily. In an injured cell, it is possible that the steady
state mRNA levels will be affected due to the changes in the
rate of synthesis or degradation. In addition, because opsin
mRNA levels are turned over at a high rate, adverse effects on
turnover will occur rapidly, making quantitative and qualita-
tive examination opsin mRNAs a sensitive assay for damaged
photoreceptors.

METHODS
Handling of animals and the development of experimental
glaucoma:  All experimental methods and techniques adhered
to the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research, and were approved by our institutional
animal care and use committee. Two separate groups of mon-
keys were used in this study. The first group of animals con-
sisted of 3 control (no glaucoma in either eye) cynomolgus
monkeys (Macaca fascicularis), 4 cynomolgus monkeys with
experimental glaucoma, and 2 rhesus monkeys (Macaca
mulata) with experimental glaucoma. All the animals were
approximately 8 years of age. Chronic experimental glaucoma
was produced in one eye of each of the animals by laser de-
struction of the trabecular meshwork as described by
Gaasterland and Kupfer [21]. A Kaufman-Wallow single mir-
ror monkey gonioscopy lens (Ocular Instruments, Inc.,
Bellevue, WA) was used to deliver the laser to the trabecular
meshwork over 1 to 3 treatment sessions spaced over a 2-4
week period [22]. During each treatment session, either 270°
or 360° of the anterior (non-pigmented) meshwork was
photocoagulated with a 532 nm diode laser (Oculight GL,
Iridex Corp., Mountain View, CA) using 75 µm spots of 1.0
watt intensity and 0.5 s duration. Intraocular pressures were
measured with applanation tonometry (Tono-Pen, Medtronic
Solan Ophthalmic Products, Inc., Jacksonville, FL), while the
animals were anesthetized with ketamine (10 mg/kg, intra-
muscular). The monkeys exhibited variable degrees of elevated
IOPs over the course of the experiment (Table 1).

Monkeys enrolled in a glaucoma surgery study:  In addi-
tion to the group of monkeys with chronic experimental ocu-
lar hypertension, retinal samples were collected from eyes of

16 cynomolgus monkeys previously used in a glaucoma sur-
gery study [23]. In this study, ocular hypertension was induced
in one eye of each animal using the methods indicated above.
The elevated IOP was then reduced using a partial thickness
trabeculectomy procedure. The purpose of the study was to
test the efficacy of a novel antiproliferative agent (human p21
gene therapy transduced into cells of the conjunctiva and
Tenon’s layer using replication-deficient adenovirus) in pre-
venting wound healing for a prolonged period of time after
surgery (approximately 260 days). A complete description of
the surgical protocol, dosing regiment of antiproliferative and
control reagents, and follow-up procedures are described else-
where [23]. Of note, this group of monkeys had IOPs mea-
sured under ketamine anesthesia every 7-10 days by ‘minifield’
Goldman applanation tonometry using a Haag-Streit slit lamp
[24], rather than by a hand held Tonopen. Each animal in this
study was killed by perfusion fixation of 4% paraformalde-
hyde in PBS under deep anesthesia. The eyes were enucleated
and a region of the sclera and conjunctiva was dissected away
for separate analysis. The remaining parts of the eye were
stored in PBS at 4 °C.

Human eyes:  The tenets of the Declaration of Helsinki
were followed and approval by our institutional human sub-
jects committee was granted for this study. Human donor eyes
from individuals with no history of ocular disease were ob-
tained as a gift from the Lions Eye Bank of Wisconsin and
eyes from individuals with diagnosed glaucoma were obtained
as a gift through the Glaucoma Research Foundation eye do-
nor program. A more complete description of this collection
is given elsewhere [8]. For this study, we screened glaucoma
specimens for which we had been able to obtain clinical his-
tories, particularly visual field results. Only in situ hybridiza-
tion studies were conducted on the human specimens.

Harvesting of retinal tissue for analysis:  To isolate fresh
unfixed retinal tissue, animals were killed by overdose of in-
travenous anesthetic. The eyes were then removed and placed
in 100 mM phosphate buffer (PB, pH 7.2) chilled to 4 °C.
They were coronally sectioned at the level of the pars plana.
Under a dissecting microscope, samples of retina were re-
moved using disposable 3 mm trephines from the macula, mid-
periphery, and far periphery (Figure 1). These samples were
quickly frozen in dry ice for later processing. The remaining
globes were then lightly fixed in 4% paraformaldehyde in PB
containing 150 mM NaCl (PBS) at 22 °C for 1 h, followed by
submersion in cold (4 °C) 0.4% paraformaldehyde in PBS for
storage. After fixation, small pieces of retina near the mid-
peripheral trephined region (Figure 1) were harvested for in
situ hybridization studies (see below). Pieces of retina were
also harvested from the 16 monkeys enrolled in a surgery study
and human eyes obtained from eye banks. For these speci-
mens, retinal pieces were harvested from previously fixed and
dissected eyes stored in PBS at 4 °C. Retinal pieces were har-
vested in the same region as described for the animals used to
isolate fresh unfrozen tissue.

Cloning of monkey opsin cDNAs:  Partial cDNA clones
for rod, blue, and red/green opsin were synthesized by RT-
PCR using template cDNA generated from monkey retina (M.
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fascicularis) total RNA. Primers were designed using either
monkey or human mRNA sequences (Accession numbers: rod:
S76579/U49742/K02281; blue: M13295-M13299; red/green:
M13300-M13306/K03490- K03494). The sequences were:
rod: 5'-CTC TAC ACC TCT CTG CAT GG (forward) and 5'-
GCA ACG CCC ATG ATG GCA TG (reverse); blue: 5'-TCT
TCG TCG CCA GCT GTA AC (forward) and 5'-GGA GAC
GCC AAT ACC AAT GG (reverse); and red/green: 5'-ACC
CTT TGA TGG CTG CCC TG (forward) and 5'-TCA TGC
AGG CGA TAC CGA GG (reverse). Because of their close
similarity, a single probe was generated that recognized both
red and green opsin. The rod probe corresponds to nts 378-
568; blue to nts 278-502; and red/green to nts 898-1095. All
cDNAs spanned at least one intron. The cDNAs were blunt
end cloned into the SmaI site of pBK-CMV (Stratagene, La
Jolla, CA) and sequenced. This vector allows for the synthe-
sis of both sense and antisense RNA probes using T3 and T7
promoters, respectively.

RNase protection assays:  Total RNA was extracted from
frozen pieces of trephined retina using an acid phenol extrac-
tion procedure described previously [25]. In separate control
experiments using non-experimental eye tissue, we estimated
that each trephined piece yielded approximately 1 µg of total
RNA. To enhance yield during the extraction, all samples were
spiked with 2.5 µg of yeast tRNA, which acted as a carrier
during the extraction process. The pelleted RNA was then re-
suspended in 20 µl of water. Two µl of each sample was used
for Rod opsin analysis and 13 µl of each sample was used for

red/green opsin analysis. The remaining RNA was used to
make first strand cDNA for real time RT-PCR (qPCR) analy-
sis (see real time RT-PCR below). Previous experiments had
determined that Blue cone opsin message was too rare to de-
tect in these small isolates using RPA. Each sample was re-
acted with 32P-UTP labeled antisense RNA probes (5x105 cpm/
sample) made from the previously described opsin clones. RPA
was conducted as previously described [26,27]. Protected
probes were run on 8 M urea, 6% polyacrylamide gels, fixed,
dried, and exposed to X-ray film. Protected bands were cut
out and quantified in a liquid scintillation counter. After cor-
rection for the difference in input, the ratio of rod:cone mRNA
was determined in each trephined region.

In situ hybridization:  In situ hybridization was carried
out using a retinal wholemount procedure previously described
in the literature [25,28] and digoxigenin-labeled antisense RNA
probes. Hybridized probe was detected using an alkaline phos-
phatase processed substrate (Nitro-Blue Tetrazolium and
BCIP). For en face sectioning through the inner segment re-
gions of the photoreceptors, the retina pieces were first glued
to small squares of Whatman No. 4 filter paper using
cyanomethacrylate glue before undergoing the in situ hybrid-
ization procedure. Once hybridized and stained, the retina
pieces were cleared by dehydration in a graded methanol se-
ries and then embedded in glycolmethacrylate (JB4 Plus,
Polysciences, Inc., Warrington, PA) in an orientation that al-
lowed for cutting of either en face or transverse sections. Five
micron sections were examined and photographed using
Nomarski interference microscopy.

Qualitative assessment of opsin staining of paired mon-
key specimens (both eyes of each animal) was made by two
observers (H.R.P. and R.W.N.), who were masked to the pro-
cedure performed on each monkey (control animal or experi-
mental glaucoma). The eyes were scored relative to each other
as having equal staining intensity, or one eye having greater
staining relative to the other, for each probe examined. Hu-
man eyes were scored by a single observer (T.M.N.). Since a
comparative analysis could not be made on human eyes, stain-
ing intensity was scored on a 4-point scale 0 showing no stain,
1 showing mild staining, 2 showing moderate staining, and 3
showing marked or intense staining.
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Figure 1. Map of harvested retina tissues.  Samples were harvested
from the posterior poles of fresh monkey eyes using a 3 mm trephine
(yellow circles) for RNA analysis (RNase protection assays repre-
sents RPA, and quantitative real time PCR represents qPCR), or dis-
sected from fixed eyes for in situ hybridization studies (green boxes).
Red oval represents the optic disc. The major retinal arteries are
shown. The mid-periphery region shown in this schematic is one of
the regions of earliest detectable damage in humans with glaucoma.
Peripheral segments of retina were taken at different locations, but
principally in the far superotemporal or inferior regions near the ora
serrata. Both regions of peripheral retina yielded similar results in
our experiments (data not shown).

TABLE 1. SUMMARY OF MONKEYS WITH EXPERIMENTAL GLAUCOMA

                                 Mean IOP
                   Period of    experimental     Mean IOP
Monkey              elevated       eye         contralateral
number   Strain    IOP (days)    (mmHg±SD)     eye (mmHg±SD)
------   -------   ----------   ------------   -------------
  1      Cyno         209        27.8±12.9       14.7±2.1
  2      Cyno         160        67.8±9.6        15.4±2.5
  3      Cyno         221        52.4±8.4        13.6±2.9
  4      Cyno         203        49.3±7.8        14.0±3.0
  5      Rhesus       143        45.1±12.1       18.8±3.2
  6      Rhesus       128        53.4±10.3       19.4±2.3

The mean (±SD) intraocular pressure (IOP) for the experimental and
untreated contralateral eyes of six monkeys used in this study is sum-
marized, along with the duration of elevated IOP that each monkey
experienced. Both Cynomolgus (Cyno) and Rhesus monkeys were
used in this study.
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Real time RT-PCR:  For quantitative real-time reverse tran-
scription polymerase chain reaction (qPCR), first strand cDNA
was first made from the remaining 5 µl of total RNA extracted
from each piece of trephined retina, using reverse transcriptase
and oligo(dT) as a primer [26,29]. Each qPCR reaction was
set up using the opsin specific primers described in the above
section entitled, “Cloning of monkey opsin cDNAs” with
SYBR Green PCR master mix containing AmpliTaq Gold
(Applied Biosystems, Foster City, CA), and 1 µl of the first
strand cDNA template (containing approximately 100 pg of
cDNA). Each primer set was replicated three times for each
sample. PCR was run on an ABI 7300 Real Time PCR system
(Applied Biosystems). The amplification conditions were 95
°C (15 s) and 55 °C (60 s) for 40 cycles for the rod and red/
green primers and 95 °C (15 s) and 63.5 °C (60 s) for 40 cycles
for the blue primers. Specificity of product synthesis was con-
firmed by conducting a melting curve of the samples after
each run. In addition, agarose gel electrophoresis of the PCR
products was conducted on the initial reactions for each primer
set.

To quantify the abundance of each opsin cDNA, every
PCR run was conducted with a standard curve comprising a
dilution series of cloned opsin cDNA templates ranging from
102 to 109 copies. Data were collected from threshold values
using the automatic function of the Sequence Detection Sys-
tem software program. The amount of opsin cDNA in each
sample was then calculated from the standard curve data in

each respective PCR run. The total amount of cDNA for each
opsin in each sample was calculated as the mean of the tripli-
cate samples.

Quantification scheme for mRNA levels:  Since only
minute amounts of RNA were isolated from each trephined
sample, we decided to express the amount of opsin mRNA
detected in each sample as a ratio of rod opsin to cone (red/
green or blue, respectively) opsin. With this approach, we did
not have the limitation of first trying to measure the RNA con-
centration in each sample in order to standardize the amount
of RNA used for RPA or qPCR experiments. The ratio of rod
to cone opsin should be consistent from trephined samples of
identical pieces of retina from different eyes, regardless of the
efficiency of RNA extraction for each sample.

RESULTS
In situ hybridization of opsin mRNAs: studies in monkeys with
ocular hypertension and experimental glaucoma:
Digoxingenin-labeled RNA probes were used for in situ hy-
bridization experiments on retinal pieces harvested from the
mid-peripheral region of the inferotemporal retina (see Fig-
ure 1). This region was evaluated because it exhibits the earli-
est and greatest amount of damage (other than areas immedi-
ately adjacent to the optic nerve) in glaucoma visual field tests
in humans [30,31]. In addition, monkeys with experimental
glaucoma, who have been trained to perform visual field tests,
show a similar pattern of scotoma formation [32,33]. Probe
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Figure 2. In situ hybridization
of opsin probes in experimen-
tal glaucoma.  Tissue samples
from both eyes were taken
from the inferotemporal mid-
peripheral retina (see text).
Stained tissue was embedded
in glycol methacrylate and sec-
tioned through the inner seg-
ment layer to visualize opsin
localization. Sections were
viewed using Nomarski inter-
ference microscopy. The con-
trol retina shows a normal pat-
tern of rod, red/green, and blue
cone opsin. The glaucomatous
retina shows swollen cone in-
ner segments and no detectable
staining for either of the cone
probes. The rod opsin staining
is similar to that of the control
retina. The scale bar represents
10 µm.
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hybridization was evaluated in sections cut either tangentially
(en face) through the photoreceptor inner segment region, or
radially through the entire retina. Figure 2 shows en face his-
tology of specimens from the control and experimental eyes
of the same monkey. The intensity of rod labeling was similar
between control and glaucomatous eyes. In these images, the
unlabeled cone inner segments in the glaucoma eye had a larger
mean diameter (approximately 45% larger) than those in the
control eye, consistent with previous observations of cone
swelling. Red/green opsin was detected in these inner seg-
ment regions in control eyes, but not in glaucoma. Nomarski
contrast microscopy of these specimens indicated the pres-
ence of cones in the glaucomatous eyes, suggesting that loss
of mRNA was not owing to cell loss. Similarly, blue cone op-

sin was detected only in the control eye and not the experi-
mental eye. In total, all four monkeys with chronic elevated
IOP used for these experiments showed a decrease of both
red/green and blue cone opsin mRNAs in the ocular hyperten-
sive eye. None of the monkeys in this cohort exhibited a change
in rod opsin mRNA staining. Two monkeys with no experi-
mental glaucoma showed no remarkable difference in the op-
sin labeling between their left and right eyes.

Quantitative analysis of opsin mRNAs:  RNase protec-
tion assays: Figure 3 shows the raw data for one cynomolgus
experimental monkey. The amount of radioactivity in each pro-
tected fragment was quantified by liquid scintillation count-
ing of the excised bands and the ratio of rod to red/green opsin
mRNA in each trephined region was determined (Table 2). A
larger ratio reflects a greater amount of rod mRNA than red/
green cone mRNA in each trephined sample. An increase in
the ratios in the experimental eye may occur if there were an
increase in rod mRNA, or a decrease in red/green mRNA, or
both. The results from in situ hybridization studies, (Figure 2)
suggested that the ratio increases were most likely due to a
decrease of red/green opsin mRNA. To compare the ratio of
mRNAs in trephined samples taken from the control and ex-
perimental retinas, we also calculated the fold change in the
ratio of the experimental eye (R

E
) to the ratio in the control

eye (R
C
). The macular region showed a 4.3 fold increase in

the ratio, while the mid-peripheral region showed an increase
greater than seven-fold (Table 2). The peripheral retina of this
animal showed a modest decrease in the ratio in the experi-
mental eye.

Real time RT-PCR: qPCR was also conducted on RNA
samples extracted from trephined specimens taken from two
nonexperimental cynomolgus monkeys and five monkeys (two
rhesus and three cynomolgus) with experimental ocular hy-
pertension in one eye. In some cases, tissue was designated
for other studies and was not available for all the target re-
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Figure 3. RNase protection assays of opsin mRNAs.  Shown are lev-
els of protected fragments for both rod opsin (top panel) and red/
green cone opsin (lower panel) in three regions of the control and
glaucomatous retinas of this individual. The level of mRNA rod ap-
pears low in this experiment because less input total RNA was used
for this reaction (this level is corrected for loading when the radioac-
tivity in the protected fragment is quantified). In the glaucomatous
retina, the red/green cone levels dramatically decrease in both the
macula (M) and mid-periphery (MP), but less so in the peripheral
retina (P). Quantification of these results is shown in Table 3.

TABLE 2. QUANTITATIVE ANALYSIS OF RNASE PROTECTION ASSAYS

                        R
C
                      R

E

   Region       (Rod:Red/Green Cone)   (Rod:Red/Green Cone)
-------------   --------------------   --------------------
Macula                 0.6                      2.6
Mid-Periphery          6.7                     47.4
Periphery             12.1                      7.6
Fold Change
(R

E
/R

C
)

Macula                 4.3
Mid-Periphery          7.1
Periphery              0.6

Ratios of rod to red/green cone opsin in trephined samples of retina
taken from the macula, periphery, and mid-periphery of both eyes of
the monkey analyzed in Figure 3 are shown. The ratio of the control
eye (R

C
) indicates an increasing proportion of rod mRNA to cone

mRNA as the retina is sampled from the macula to the periphery.
The ratios of the same regions harvested from the glaucomatous eye
of this monkey (R

E
) are larger in the macula and mid-periphery. Based

on in situ hybridization results, we predict that this increase is due to
a loss of red/green cone mRNA and not an increase in rod opsin
mRNA. The fold change in the ratios for each region (calculated as
R

E
/R

C
) are also shown. The greatest change in the R

E
/R

C
 is typically

found in the mid-peripheral retina.
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gions of the retina for all animals. As in the RPA data shown
in Table 2, we calculated the ratio of rod to cone opsin mRNA
in each piece of trephined retina. For red/green opsin, the mean
ratio was higher in the eyes with experimental glaucoma com-
pared to control eyes, in all regions of the retina, but was highest
in the mid-peripheral retina (Table 3). For blue opsin, the mean
ratios were higher in the mid-peripheral and peripheral tre-
phined pieces of retina of the eyes with experimental glau-
coma, but not in the macula (Table 3). Although there was a
trend for the mean ratios to be higher in the experimental eyes,
a comparison of the ratios for each probe in each region showed
no statistical difference between control and experimental eyes
in this group comparison. A possible reason for the lack of a
statistical correlation was the high variability in the ratios from
individual to individual. To account for this, we also evalu-
ated the fold changes in the ratios (using the calculation of R

E
/

R
C
) between the two eyes of each monkey. Table 4 summa-

rizes the mean fold changes in normal monkeys and animals
with experimental ocular hypertension. In comparisons of two
normal eyes of the same monkey we detected a range of 0.9 to
2.3 fold difference in the R

C1
/R

C2
 for both red/green and blue

opsin mRNAs in all regions of the retina examined. For com-
parisons made between the control and glaucomatous eyes of
each experimental monkey, the mean R

E
/R

C
 for red/green op-

sin was within this range in both the macula and periphery of
these monkeys, suggesting that there was minimal change in
cone mRNA levels in these regions between the two eyes.
Conversely, the mean R

E
/R

C
 for red/green opsin mRNA was

significantly increased in the mid-periphery of experimental
monkeys (Student’s t test, p=0.046). The mean R

E
/R

C
 for blue

opsin mRNA was also increased in the macula and mid-pe-
riphery of glaucoma monkeys, but was also highly variable
and not statistically significant (p=0.12 for the two regions
combined).

Overall, the data obtained by quantitative mRNA and in
situ hybridization studies suggested that a loss of red/green
opsin mRNA consistently occurred in the mid-peripheral reti-
nas of monkeys with experimental ocular hypertension, while
blue opsin mRNA showed a more variable pattern of loss.

Evaluation of opsin expression in monkeys after glaucoma
surgery:  We also performed in situ hybridization studies for
opsin mRNA on the retinas harvested from monkeys involved
in a large glaucoma surgery study [23]. These samples pro-
vided a unique opportunity to examine the changes in opsin
expression in retinas exposed to elevated IOP with subsequent
IOP lowering therapy. Of the sixteen animals initially enrolled
in this study, we were able to collect in situ data on 15 speci-
mens. Nine monkeys showed no change in opsin mRNAs in
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TABLE 3. MEAN VALUES OF ROD:CONE OPSIN MRNA RATIOS IN

CONTROL AND EXPERIMENTAL RETINAS

                     Macula        Mid-Periphery       Periphery
-------------   ---------------   ---------------   ---------------
Rod:Red/Green
Opsin

Control (R
C
)    4.9±1.1 (6)       11.3±2.7 (9)      12.1±2.9 (8)

Experimental    8.3±3.0 (4)       32.7±16.2 (5)     21.0±5.0 (5)
Glaucoma (R

E
)

Fold Change        1.7                2.9               1.7
(R

E
/R

C
)

Rod:Blue
Opsin

Control (R
C
)    1.9E6±8.9E5 (5)   4.1E6±1.6E6 (6)   1.7E6±6.0E5 (8)

Experimental    1.6E6±4.9E5 (5)   1.1E7±8.0E6 (4)   1.1E7±9.0E6 (4)
Glaucoma (R

E
)

Fold Change        0.8                2.7                6.5
(R

E
/R

C
)

Rod, red/green, and blue opsins were measured in trephined samples
of monkey retinas using qPCR. The ratio of rod:cone opsin ratios
were then calculated for each region of each eye, and the mean ratio
(±SEM) for all control eyes and experimental eyes were determined.
The number of samples used to calculate the mean ratios is shown in
parentheses. Results from two rhesus monkeys (two control eyes,
two glaucoma eyes) were included in this data set. Ratios in the eyes
with experimental glaucoma (R

E
) are generally higher than the ratios

in the corresponding regions of control retinas (R
C
) as evidenced by

the fold change between the two.

TABLE 4. SUMMARY OF THE CHANGES IN ROD:CONE OPSIN RATIOS

                 Normal     Glaucoma
                Animals     Animals
                (R

C1
/R

C2
)   (R

E
/R

C
)

-------------   ---------   --------
Red/Green
Opsin

Macula           1.8        1.8±0.5
                 (1)          (3)

Mid-Periphery    0.9±0.7    4.2±0.9*
                 (2)          (5)

Periphery        1.8±0.9    2.0±0.5
                 (2)         (4)

Blue Opsin

Macula           1.7        26.7±3.4
                 (1)        (2)

Mid-Periphery    2.3±1.0    12.1±2.1
                  (2)        (4)

Periphery        2.1±0.6    0.9±0.3
                  (2)         (4)

The fold change in the rod to red/green (or blue) opsin ratio in tre-
phined samples of retina taken from the macula, mid-periphery, or
periphery was calculated. Comparisons were made between the left
and right eyes of normal animals or experimental and control eyes of
the glaucoma monkeys. The data shown are the mean (±SEM) of
several animals examined in each region (the number of animals ex-
amined in each region is denoted in parentheses). R

C
=the ratio of rod

to red/green (or blue) cone opsin in control retinas. R
E
=the ratio of

rod to red/green (or blue) cone opsin in experimental retinas. Over-
all, monkeys with experimental glaucoma show a significant increase
in the R

E
/R

C
 for red/green cone opsins in the mid-peripheral retina

relative to control monkeys (*p=0.046). Sample sizes for the macu-
lar region were too small to make a statistical comparison.
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the control and experimental eyes, while a loss of at least red/
green cone mRNA was detected in the experimental eyes of
six animals. For each of these two groups, we examined the
amount of glaucomatous damage (as a function in the change
in Cup:Disc ratio of the experimental eye) and the change in
cumulative IOP ((IOP

experimental
-IOP

control
) x Days). The group

of animals exhibiting a loss of cone mRNA had higher levels
of cumulative IOP and more damage to their optic nerve, but
these differences were not statistically significant (Table 5).
Examination of the weekly IOP history of the eyes of these
animals, however, showed that monkeys exhibiting loss of cone
opsin mRNA had significantly higher peak IOPs measured in
the experimental eye sometime within the two-week period
before they were killed (Table 5). There was no correlation
between the change in opsin mRNA levels and the
antiproliferative treatment used during surgery, with the ex-
ception that these animals were more likely to have been treated
with negative control reagents (balanced saline solution or
adenovirus with no transgene-5 out of 6 monkeys), which
would be expected for animals with reduced IOP control fol-
lowing failure of the filtration surgery.

In situ hybridization studies on human retinas:  The data
shown indicate that cone opsin mRNA is decreased in mon-
key eyes with ocular hypertension. To test if this phenomenon
was also present in human eyes, we performed in situ hybrid-
ization analyses on post mortem retinas of normal donors and
patients who had been diagnosed as having glaucoma. We
obtained results for four eyes with no history of ocular dis-
ease and seven eyes diagnosed with glaucoma. A summary of
the subjective scoring of the in situ results is shown in Table
6. Three of the four normal eyes showed strong labeling for

all opsin probes, while one eye showed moderate staining for
rod and red/green opsin probes (blue was not tested in this
eye). All seven of the glaucoma specimens exhibited strong
staining for rod opsin mRNA, but five of these eyes had weak
or no staining for red/green opsin mRNA. Blue opsin mRNA
was relatively weak or absent in three of these five eyes, and
moderate in a fourth (blue opsin was not tested for in the fifth
eye). Three of these five individuals had defects on their vi-
sual field exams, one had a normal exam, and no exam was
available for the last one. Two of the glaucoma eyes showed
strong staining for red/green and blue opsin mRNAs. One of
these eyes (GL13) showed no defects on a visual field exam
(Figure 4), while the other individual did have a visual field
defect. Examples of two of the glaucoma specimens, com-
pared to age-matched healthy eyes from human donors, are
shown in Figure 4.

DISCUSSION
 Both qualitative (in situ hybridization) and quantitative stud-
ies on rod, red/green, and blue cone opsin mRNA levels in
monkeys indicate that experimental ocular hypertension is
associated with a decrease in the steady state level of cone
opsin mRNAs, principally in the mid-peripheral
(inferotemporal) retina and to a lesser extent in the macula.
There was no evidence that this loss of mRNA was correlated
to cone cell loss: microscopic evaluation of the tissues used
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TABLE 5. CONE MRNA DECREASES IN MONKEY RETINAS AFTER

GLAUCOMA SURGERY

Change of                               Mean maximum
R/G opsin                 Mean cIOP     ∆IOP (within
in exp eye   mean ∆C:D   (mmHgxDays)    2 weeks)
----------   ---------   ------------   ------------
No Change    0.25±0.33    2129±1792      12.67±3.86
(n=9)
Decrease     0.33±0.23    3134±1416      25.17±4.11
(n=6)
P value      0.30          0.12           0.02
(t test)

Fifteen animals used in a separate study were examined for opsin
mRNA using in situ hybridization. Based on these results, the ani-
mals were segregated into two groups: those that showed no change
in red/green (R/G) cone opsin between the control and experimental
eyes and those that showed a decrease in cone opsin in the experi-
mental eye. Statistical data collected for these animals were then
evaluated for differences between the two groups. Animals showing
a decrease had a greater change in Cup:Disc ratio from baseline
(∆C:D) and had been exposed to more cumulative intraocular pres-
sure (cIOP) during the course of the surgical study, but these were
not significantly greater than the “No Change” group. Animals show-
ing decreased cone opsin mRNA levels were significantly more likely
to have a greater peak ∆IOP (the difference in IOP of the experimen-
tal and control eyes) at some point within two-weeks prior to sacri-
fice, however. All data represent the mean±SEM.

TABLE 6. OPSIN MRNAS IN NORMAL AND GLAUCOMA HUMAN EYES

                                        Visual
                                         field
Subject   Age   Rod   Red/Green   Blue   defect
-------   ---   ---   ---------   ----   ------
Normal Eyes

HC 17     69     3       3         3
HC 26     69     2       2         NT
HC 32     73     3       3         3
HC 49     57     3       3         3

Glaucoma Eyes

GL 13     66     3       3         3       No
GL 26     68     3       1         2       NA
GL 46     71     3       0         0       Yes
GL 49     78     3       1         1       Yes
GL 55     73     3       1         1       No
GL 60     78     3       0        NT       Yes
GL 66     83     3       3         3       Yes

In situ hybridization using each of the three opsin probes was per-
formed on blocks of tissue harvested from the mid-peripheral retina
of human donor eyes. Donors in this study had no history of ocular
disease (human control represents HC) or a clinical record of being
diagnosed with glaucoma (GL). Sections for each specimen were
taken en face as described in Methods, and then scored for staining
intensity using the following ratings: 0 represents no stain; 1 repre-
sents light staining; 2 represents moderate staining; 3 represents
marked staining. For comparison, the visual field results of individu-
als that were diagnosed with glaucoma (if available) were also re-
corded.
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for our in situ experiments showed the presence of nonstained
cells, rather than the absence of cells. In situ hybridization
assessment of opsin mRNAs was also made on a cohort of
monkeys that had ocular hypertension, but were then treated
to lower their IOP. In these animals, we also found a decrease
in cone opsin expression, but only in those individuals that
had significantly elevated IOPs within two weeks of being

killed. There was no significant association between a de-
creased level of cone mRNA and the amount of glaucomatous
damage or the overall level of elevated IOP present in each
experimental eye. Last, in situ hybridization studies using
human donor eyes showed that loss of red/green cone opsin
mRNA was also potentially a feature of human retinas with
glaucoma. One diagnostic feature of glaucoma, however, de-
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Figure 4. In situ hybridization analysis of retinas from human donors.  Results are shown for two glaucoma patients (GL13 and GL49) who
had associated visual field tests and clinical records. A: Patient GL13 had suffered from ocular hypertension, which was successfully con-
trolled with medication. No defects were recorded on this individual’s field exam. Opsin levels and localization in this specimen were similar
to the pattern observed in an age-matched normal retina (HC17). B: Patient GL49 was diagnosed with ocular hypertension and glaucoma.
Patient records indicated that intraocular pressure was poorly controlled. This individual suffered from extensive field loss and in situ hybrid-
ization results showed low levels of red/green opsin compared to an age-matched normal retina (HC32). Conversely, rod and blue cone opsin
mRNAs were comparable between the two specimens. A complete summary of in situ results in all human eyes is shown in Table 6. The scale
represents 10 µm.
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fects in a patient’s visual field exam, only loosely correlated
with the loss of cone opsin transcripts in the retinas (three out
of four patients with defects exhibited cone opsin mRNA loss,
while one patient with cone opsin mRNA loss had a normal
visual field). The lack of a stronger correlation may be related
to both timing and anatomy, since visual field exams were not
available immediately before death and are principally a func-
tion of inner retinal defects. Validation of this observation
clearly requires more eyes for study.

Collectively, these results are consistent with previous
morphometric studies showing adverse effects on the outer
retina, particularly the red and green cone population, in mon-
keys with experimental glaucoma and possibly the human dis-
ease as well. Our data suggest that the adverse effects on pho-
toreceptor cells are principally mediated by ocular hyperten-
sion.

The primary trigger causing a reduction in cone opsin
mRNA levels:  As previously noted above, the decrease of cone
opsin mRNA levels is likely not caused by the loss of cells
themselves. Although photoreceptor cell dropout has been re-
ported in glaucoma [5,8], cone loss, per se, is probably not a
major feature of the disease process. Two studies, that looked
at radial sections of glaucomatous eyes found no photorecep-
tor cell loss to within a 5% error of estimation [6,7], while one
other study examined tangential sections and was able to de-
tect some red/green cone loss in some human eyes with glau-
coma, but not in rhesus monkeys with experimental glaucoma
[8]. Instead, Nork et al. [8] found that photoreceptor swelling
was common in both human eyes with diagnosed glaucoma
and the eyes of monkeys with experimental ocular hyperten-
sion and glaucoma.

Our molecular studies are consistent with the hypothesis
that cone photoreceptors respond adversely to elevated IOP.
Reduced choroidal blood flow, resulting in a reduction in oxy-
genation and ischemia to the photoreceptor cell layer, may be
one possible mechanism for this. Several studies have docu-
mented decreased choroidal blood flow in humans with glau-
coma [34-40]. Since this is the principal blood supply feeding
the outer retina, it is possible that both rods and cones are
exposed to lower oxygen levels associated with reduced blood
flow, but that cones are more susceptible. Studies have also
documented an inverse relationship between the rate of chor-
oidal blood flow and the intraocular pressure [41], indicating
that a possible relationship between reduced blood flow, el-
evated IOP, and cone dysfunction may exist.

It is also possible that this effect on cone photoreceptors
is reversible, so that they resume normal levels of opsin ex-
pression (and possibly function) some time after the IOP lev-
els subside. This would account for why we did not detect the
loss of cone opsin even in monkeys who had high IOPs well
before, but not within the two weeks prior to, the time they
were sacrificed in this surgery study. A similar relationship to
elevated IOP and the reversibility phenomenon has also been
observed in mfERG recordings in rhesus monkeys with acutely
elevated IOP [13]. The hypotheses of cone susceptibility to
elevated IOP and reversibility of the opsin expression pattern
is testable in future studies.

The significance of a decrease in cone opsin mRNA:  Opsin
proteins are constantly being turned over in vertebrate photo-
receptors [42]. The process of renewal is a highly coordinated
process involving the cyclic transcription of both rod and cone
opsin genes, followed by the active translation of mRNAs and
the accumulation of protein [16,19,43]. In all vertebrate pho-
toreceptors analyzed, these two events precede a burst of outer
segment disc shedding and phagocytosis by the retinal pig-
mented epithelial cells, which is in turn followed by a period
of disc renewal [20,44]. In most photoreceptors, this coordi-
nated process is governed by either a diurnal rhythm regu-
lated by the animal’s light-dark cycle, or by the organism’s
circadian clock, or both [16-18]. Estimates of the renewal rate
in mammals, indicates that cone outer segments are completely
renewed in 5.4 days, while rods outer segments are renewed
at a slightly slower rate of 7.75 days [44]. Thus, a normal cone
photoreceptor, is turning over its opsin protein complement
an average of about 20% per day. It stands to reason that a
decrease in opsin mRNA would compromise the ability of a
cone cell to maintain this high rate of protein renewal and
result in a reduction of the normal steady state levels of pro-
tein.

How might the reduction of cone photopigment affect the
physiology of the retina in a glaucomatous eye? Cones are
less sensitive to light than rods [45], so it is conceivable that a
reduction in photopigment associated with the loss of its
mRNA, would further desensitize cones to photon capture and
impair their ability to achieve a threshold level of
phototransduction. Cone desensitization could account for
several psychophysical and electrophysiological phenomena
associated with glaucoma. Blue-yellow contrast sensitivity
(short-wavelength automated perimetry or SWAP) changes are
often able to detect early glaucomatous damage in humans
before conventional white on white (achromatic) automated
perimetry. Since an equal mixture of perception of red and
green light produces the physiological sensation of yellow,
the loss of red/green cone function would impair a patient’s
ability to detect yellow light in a SWAP exam. Essentially a
brighter yellow light would be required to generate more pho-
tons to elicit a signal in cones with reduced photopigment.
Interestingly, studies have also shown that SWAP exhibits a
higher degree of variability in subjects who have been tested
on multiple occasions compared to standard perimetry [46].
The variability factor may be explained by the potential abil-
ity of cones to eventually recover when IOP is reduced and
express relatively normal levels of opsin again. In this sense,
SWAP testing may be confounded by both the reversibility of
red/green cone sensitivity and the loss of retinal ganglion cells
subserving these regions of the retina.

In addition to perimetry testing, outer retinal changes de-
tected in preliminary mfERG studies show that the macular
and mid-peripheral responses to light stimulation of the retina
are delayed in glaucoma patients [47] and in monkeys with
experimental glaucoma [11]. The delay could also reflect a
lowered sensitivity of cone photoreceptors, the dominant pho-
ton-sensing cell type in this region of the retina. Currently,
these tests are not specific enough to distinguish between a
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decrease in cone function an, or impairment of retinal circuitry
associated with light capture. However, the evidence showing
abnormalities in cone mRNA expression for their respective
photopigments may be a factor when considering the expla-
nation for glaucoma-related changes in tests of outer retinal
function.

In summary, a variety of studies have suggested that glau-
coma involves changes in the outer retina. Our data build on
these past studies by showing that cone photoreceptors are
negatively affected by ocular hypertension because they ex-
hibit a decrease in the normal levels of their opsin mRNAs.
These data should reinforce the concept that although the criti-
cal pathology of glaucoma is localized to the inner retina (gan-
glion cell layer), it is a disease with a profound impact on the
retina as a whole.
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