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Objective: To explore the possibility that the excit-
atory amino acid glutamate might be associated with the
disease process of glaucoma, which is characterized by
the death of retinal ganglion cell neurons and subse-
quent visual dysfunction.
Methods: Amino acid analyses were performed on vit-
reous specimens that were obtained from patients who
were undergoing cataract extraction. Samples were col-
lected prospectively from those patients who sustained
inadvertent rupture of the posterior capsule between 1988
and 1993. An additional set of specimens, obtained from
both eyes of monkeys, was analyzed; in these monkeys,
glaucoma had been experimentally induced in one eye
only.
Results: A twofold elevation in the level of glutamate
was detected in the vitreous body of the group of pa-
tients with glaucoma when compared with that in a con-

trol population of patients with cataracts only. An even

greater elevation of the glutamate level was found in the
vitreous body of glaucomatous eyes of monkeys when
compared with that in control eyes. No statistical differ-
ences were detected among other amino acid levels from
the vitreous body of glaucomatous and nonglaucoma-
tous eyes in humans or monkeys.
Conclusions: The excitatory amino acid glutamate is
found in the vitreous body of glaucomatous eyes at con-
centrations that are potentially toxic to retinal ganglion
cells. The increased level of this known neurotoxin is con-

sistent with an "excitotoxic" mechanism for the retinal
ganglion cell and optic nerve damage in glaucoma. Thera-
pies to protect neurons against glutamate toxic effects may
prove to be useful in the management of this blinding
disease.

(Arch Ophthalmol. 1996;114:299-305)

GLAUCOMA is a leading
cause ofblindness world¬
wide.12 Although there
are multiple causes for
this disease, most are

thought to involve impaired aqueous out¬
flow from the anterior chamber of the eye
and a consequently elevated intraocular
pressure.3 Glaucomatous damage to the
optic nerve, and specifically to retinal gan¬
glion cell axons, has been attributed to an

intolerably high level of intraocular pres¬
sure. Recently, to understand and con¬

trol glaucomatous damage, consider¬
ation of factors beyond normalization of
the intraocular pressure has begun.4-5

Studies in the central nervous system
during the past three decades have found
that both traumatic and ischemie neuro¬

nal injury can be mediated by excessive lev¬
els of excitatory amino acids, especially glu¬
tamate.6 q Prior investigations have explored
the role of excitatory amino acids in stroke,
trauma, epilepsy, and neurodegenerative
disorders (eg, Huntingtons disease, amyo-
trophic lateral sclerosis, and acquired im¬
munodeficiency syndrome dementia).6'9
Given that the neuron damaged in glau¬
coma—the retinal ganglion cell—is part of

the central nervous system, these studies
lend credence to the possibility that excit¬
atory amino acids play a role in the neuro¬

nal loss that is seen in glaucoma.
The toxic potential of glutamate to

neurons in the mammalian retinal gan¬
glion cell layer has been well docu¬
mented. In 1957, Lucas and Newhouse10
first reported the toxic effects of gluta¬
mate on the mammalian eye. Subcutane¬
ous injection of glutamate in young mice
led to severe destruction of the inner reti¬
nal layers, most notably the retinal gan¬
glion cell layer. By using ultrastructural
techniques, Olney" demonstrated similar
glutamate-induced toxic effects to the retina
in neonatal mice and coined the term "ex-
citotoxicity" for this type of neuronal dam¬
age. Sisk and Kuwabara12 injected gluta¬
mate intravitreously in adult albino rats and
observed degeneration of the inner nuclear
and ganglion cell layers. Azuma et al13 re¬

ported that the optic discs of neonatal rats
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MATERIALS AND METHODS

STUDIES OF HUMAN PATIENTS

Vitreous specimens were collected from patients who were

undergoing cataract extraction. Specimens were obtained
from 26 patients with documented glaucoma and cata¬
racts and from 21 patients with cataracts alone. Clinical data
(Table 1 ) were obtained retrospectively from hospital and
physician records. Cataract type and severity, axial length
of the eye, race, age, sex, surgical procedure (extracapsu¬
lar cataract extraction or phacoemulsification), length of
time in the operating room, preoperative visual acuities,
and degree of postoperative inflammation were recorded.
For each patient, all intraocular pressure measurements from
the time of diagnosis were averaged to provide a value for
the mean intraocular pressure.

Patients were classified as having glaucoma if a re¬

view of the medical records indicated the following crite¬
ria: (1) an elevated intraocular pressure (>21 mm Hg on

two separate occasions) and (2) an optic nerve in which
the appearance was consistent with glaucoma. Demograph¬
ics of the population of patients with glaucoma are pro¬
vided in Table 2. Each patient with glaucoma either had
been receiving therapy for at least 1 year immediately be¬
fore cataract surgery or had undergone a trabeculectomy
or posterior lip sclerectomy. All patients had intraocular
pressures of less than 22 mm Hg at the last preoperative
visit. Glaucoma diagnoses included in this study were pri¬
mary open angle, chronic angle closure, or pseudoexfolia¬
tion. Optic nerve changes indicative of glaucoma in¬
cluded the presence of optic nerve asymmetry (ie, a

difference of more than 0.2 in cup-to-disc ratios between
the two eyes), evidence of progressive enlargement of the
optic cup, notching of the nerve rim, vertical elongation
of the cup, splinter hemorrhage, or nasal displacement of
the vessels.26 Visual fields were performed on the Gold-
mann or Humphrey perimeters. Visual fields (for the pres¬
ence or absence of glaucomatous visual field loss) and cup-
to-disc ratios were scored by two reviewers who were

masked to the amino acid values. Goldmann visual field
defects were to the III4e stimulus or greater, and these de¬
fects were larger than 5°. Humphrey visual field defects en¬

compassed three adjacent test stimuli, and these defects were
5 dB or greater. Locations of field defects are provided in
Table 2. It was not possible to establish whether patients
had evidence of visual field loss at the time of surgery, ne¬

cessitating the following approximation. Visual fields of pa¬
tients with glaucoma were obtained between 3 and 6 months
after cataract extraction. In all patients, any defects that were

detected on these postoperative visual fields were also pres¬
ent on one or more preoperative fields, suggesting that vi¬
sual field loss had been present at the time of cataract ex¬
traction. Although cataract extraction frequently resulted
in visual field improvement, these changes in all likeli¬
hood reflected visual field compromise owing to lenticu-

lar changes, and were not considered when visual fields were
scored for the presence of glaucomatous loss. It was not pos¬
sible to obtain Humphrey perimetry in all patients, and Gold-
mann perimetry may have underrepresented visual field loss.2'

Vitreous samples were obtained from patients with
glaucoma and control patients who had sustained inad¬
vertent vitreous loss during cataract surgery at the Massa¬
chusetts Eye and Ear Infirmary, Boston. Vitreous samples
were assayed from 47 such patients (26 with glaucoma plus
cataracts and 21 with cataracts alone). All available samples
between 1988 and 1993 were evaluated. Although approxi¬
mately 1200 cases of vitreous loss (Quality Assurance Com¬
mittee, oral communication, September 1993) occurred at
the Massachusetts Eye and Ear Infirmary during the study,
many surgeons were reluctant or unable to provide speci¬
mens for this study. Seven samples, either insufficient in
quantity for amino acid analysis or frankly contaminated
with blood, were not included in the study. All other avail¬
able samples were analyzed, and no amino acid data were
excluded from the analyses. Fourteen different surgeons
were involved. This study was approved by the Human Stud¬
ies Board of the Massachusetts Eye and Ear Infirmary. Six
vitreous specimens from patients who were undergoing
combined cataract extraction and trabeculectomy opera¬
tions were also obtained and analyzed. However, these data
were excluded from the multivariate analyses provided be¬
low because of an inability to devise appropriate controls
(ie, to exclude the possibility that scierai manipulation dur¬
ing the creation of the trabeculectomy flap could poten¬
tially perturb amino acid concentrations).

Vitreous specimens were collected at the time of cap¬
sular rupture. The first group of samples was collected by
surgical sponge (Week Cel) vitrectomy (11 patients with
documented glaucoma and cataracts and 13 patients with
cataracts alone). Small surgical sponges that were used in
the vitrectomy were stored at 4°C until the vitreous could
be removed. Within 2 hours of collection, clear vitreous was

removed from the sponges under magnification, frozen in
liquid nitrogen, and stored at

—

80°C until it could be as¬

sayed. The individual who removed the vitreous was masked
to the patients' ophthalmic diagnoses (excepting cataract).
In the remaining patients, the saline solution that was regu¬
larly infused during mechanized vitrectomy was briefly turned
off, and a vitreous specimen was collected from the midan-
terior vitreous.28 This vitreous biopsy technique reduced pos¬
sible contamination that could be introduced by manipula¬
tion of either the wound or specimen. Vitreous biopsy
specimens were collected from 10 patients with cataracts alone
and 13 patients with glaucoma plus cataracts. These samples
were similarly frozen and stored.

In addition, aqueous specimens were collected by as¬

piration at the start of cataract surgery from 19 patients (nine
with glaucoma of greater than 2 years' duration and 10 with
cataracts alone). These patients were similar in age, cata¬
ract type, and glaucoma diagnosis (in the group with glau¬
coma) to those patients who had sustained inadvertent vit¬
reous loss.

that were treated with glutamate were "deeply exca¬

vated." Work in our own and other laboratories has es¬

tablished that the predominant form of excitotoxicity of
retinal ganglion cells is mediated by overstimulation of the
N-methyl-D-aspartate (NMDA) subtype of the glutamate
receptor, which in turn leads to excessive levels of intra-

cellular calcium.14"19 Non-NMDA receptors may also play
a role in glutamate excitotoxicity.20

We have chosen to evaluate the amino acids in the
vitreous body for several reasons. Previous investiga¬
tors found no significant variations in aqueous amino acid
levels when glaucomatous samples were compared with
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STUDIES OF RATS

To assess the validity of the glulamate-measuring paradigm,
Long-Evans rats were anesthetized. Five microliters of a glu¬
tamate solution, prepared in a phosphate-buffered saline so¬

lution, was injected into the midvitreous body of each eye.
The concentration of glutamate was adjusted to achieve a fi¬
nal added intravitreal concentration that ranged from 0- to

40-µ   1 . glutamate (assuming a vitreal volume of 40 µ ).
Three animals were tested at each of five concentrations. The
animal was killed immediately after an injection had been
made in each eye. Immediately post mortem, an incision was
made in one eye, selected at random, along the limbus. The
vitreous was gently expressed onto a small surgical sponge
by counterpressure, and the vitreous was removed from the
sponge under magnification and analyzed for amino acid con¬

centrations. The vitreous of the fellow eye was aspirated un¬

der direct visualization into a 16-gauge needle that was placed
in the midvitreous. These vitreous specimens were likewise
analyzed for amino acid concentrations.

MONKEY GLAUCOMA

All animal experiments were performed in accordance with
the standards of the Association for Research in Vision and
Ophthalmology, Bethesda, Md. Glaucoma was induced by la¬
ser photocoagulation in one eye ofeach of three monkeys, and
the contralateral eye was used as a control. Three cynomol-
gus monkeys (Macacafascicularis), weighing 3 to 4 kg, ofnor¬

mal development, were selected for use. All animals had un¬

dergone baseline eye examinations and had normal anterior
and posterior segments, open iridocorneal angles, normal op¬
tic nerves, and normal intraocular pressures that were recorded
in a 12-hour diurnal variation series by using a calibrated pneu-
matonometer. Optic nerve photographs were taken that re¬
vealed cup-to-disc ratios in all eyes of less than 0.35.

The animals were sedated with ketamine hydrochlo¬
ride (5 mg/kg) and topically anesthetized with proparacaine
hydrochloride (0.5%). To induce glaucoma, the midportion
of the trabecular meshwork of one eye, chosen at random,
of each animal was treated with argon laser bums by using a

specially made lens for monkey eyes.2* Each animal was treated
twice, with approximately 100 burns (diameter of each burn,
50 µ  ) that were delivered over 360° (power, 1.2 to 1.4 W;
exposure time, 0.5 seconds). There were 19 to 41 days be¬
tween treatments. To control inflammation, animals were

treated with prednisolone acetate ( 1 %), one drop to the treated
eye every 6 hours for the first 4 days after laser surgery. Fre¬
quent intraocular pressure measurements were conducted fol¬
lowing the procedures; one eye that did not show sustained
pressure elevation (to at least 30 mm Hg) was re-treated a
third time. Complete eye examinations and optic nerve pho¬
tographs were performed periodically. In all animals, typi¬
cal glaucomatous optic nerve excavation developed in the
treated eye; the contralateral, untreated eye was unchanged.

Specimens were obtained from monkeys at 126 to 226
days after the initial treatment. Monkeys were deeply se-

dated with ketamine hydrochloride (5 mg/kg) intramus¬
cularly and topically anesthetized with proparacaine hy¬
drochloride (0.5%). An 18-gauge needle that was attached
to a 1-mL syringe was introduced through the sclera, and
the needle tip was positioned either just behind the lens
near the equator of the globe (anterior vitreous place¬
ment) or just in front of the optic nerve head (posterior
vitreous placement). Under visual guidance by indirect oph¬
thalmoscopy, 0.1 to 0.2 mL of vitreous gel was removed
from the eye by using gentle aspiration. Specimens were
taken from glaucomatous and fellow control eyes. Sepa¬
rate needles and syringes were used for each vitreous bi¬
opsy. The syringes were rapidly immersed in liquid nitro¬
gen and stored at

—

80°C until assayed in a masked fashion
for amino acid concentrations. After vitreous sampling, mon¬

keys were given lethal injections of pentobarbital sodium
(35 mg/kg intravenously as a bolus).

AMINO ACID ANALYSES

Amino acid analyses were performed by high-pressure liq¬
uid chromatography in a masked fashion by the Neuro-
chemistry Laboratory of the Massachusetts General Hos¬
pital, Boston. Immediately before analysis, salicylic acid was

added to each sample. Analyses were carried out by cation
exchange.30 Duplicate analyses of five samples were car¬
ried out at Children's Hospital, Boston, Mass; all values
agreed within 5% (minimum level of detection for all amino
acid analyses, 5 µ    / ).
STATISTICAL ANALYSES

For the 47 human patients, amino acid levels were compared
statistically by standard general linear models (analysis of
variance [ANOVA] or regression). Multivariate analysis was

performed by using the presence or absence of glaucoma as
the explanatory variable and amino acid concentrations as

dependent variables. "Demographic variables," including age,
race, sex, degree and type of cataract, surgical procedure or

surgeon, sampling technique, time in the operating room,
and axial length, were also analyzed by regression methods.
In the control population alone, multiple regression was per¬
formed to evaluate the relationships of the demographic vari¬
ables with amino acid concentration. Additional multiple
regression analyses were performed to assess the relation¬
ships between the presence of glaucoma and glutamate el¬
evation using categoric covariates, including glaucoma di¬
agnosis and type of therapy. Years of treatment of glaucoma
was included as a continuous predictor that represented the
severity of the disease. All  values were two-tailed with a
Bonferroni correction to adjust the error rate inasmuch as

12 distinct dependent variables were analyzed. " Commer¬
cially available computer software (SAS Institute, Cary, NC)
was used for all analyses.32 The monkey samples were com¬

pared by using the paired Student's t test, based on 2 df. In
all analyses, the nominal significance level was .05, which
was used as the criterion to reject the null hypothesis.

control values.21 ·22 However, the retinal ganglion cell layer
is contiguous with the vitreous body. Any agent that is
toxic to retinal ganglion cells would therefore be closer
to the target site if it was present in the vitreous body.
Aqueous analysis may not adequately represent the lo¬
cal concentration of amino acids at the retina because of

diffusion or active transport. Durham and cowork-
ers23·24 and Welge-Lüssen and Oppermann25 found sig¬
nificant differences in amino acid levels between the aque¬
ous humor and vitreous body in human and animal eyes.
We therefore evaluated amino acid concentrations in the
vitreous body and aqueous humor of glaucomatous eyes.
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RESULTS

GLUTAMATE LEVEL ELEVATION IN VITREOUS
FROM GLAUCOMATOUS EYES

Amino acid analyses of human vitreous revealed an ap¬
proximately twofold elevation in glutamate levels in pa¬
tients with glaucoma and cataracts when compared with
those in cataractous control patients (Table 3 and
Figure 1 ). Patients with glaucoma had a mean (±SD) vit¬
reous glutamate concentration of 23.1 ±4.6 pmol/L com¬

pared with 10.0±5.1 pmol/L in the population of pa¬
tients with cataracts alone (P<.001). Vitreous specimens
that were obtained from six patients who were undergo¬
ing combined cataract extraction and trabeculectomy (six
patients) had a mean (±SD) vitreous glutamate concen¬

tration of 21.2±3.2 pmol/L. As noted above, incision of
the sclera during the creation of the trabeculectomy flap
introduces a variable that cannot be controlled for in pa¬
tients who are undergoing cataract extraction alone. Ac¬
cordingly, these patients were not included in the statis¬
tical analyses, and they will not be discussed further. An
ANOVA revealed a significant increase in the glutamate
level for patients with glaucoma (F [1,45]=78.97, P<.001).
No other statistically significant differences in the vitreal
amino acid concentrations were detected between the two

groups of patients. Although concentrations of amino ac¬
ids other than glycine and glutamate were slightly higher
in the control group, these differences were not signifi¬
cant. No significant variation in the aqueous amino acid
concentrations were detected between those patients with
cataracts alone or those with glaucoma plus cataracts (data
not shown).

CONTRIBUTORY VARIABLES

From these analyses, our data indicate that the increased
vitreous glutamate concentration correlates with the pres¬
ence of glaucoma (r=.80, P<.001). Several variables were

explored to identify possible factors that contributed to
the glutamate concentrations. Cataract type, age, sex, race,
axial length of the eye, and preoperative acuity were not
significant variables alone or in combination in the analy¬
sis of vitreous glutamate levels. Factors that related to the
surgery itself, including the surgeon, procedure, length of
time in the operating room, or vitreous collection tech¬
nique, were also not significant.

A second analysis then explored whether aspects of
a patients' glaucoma status were related to the elevation
of the vitreous glutamate concentration. These included
the type of glaucoma, treatment with any of several mo¬

dalities (ß-blockers, miotics, adrenergics, carbonic anhy¬
drase inhibitors, laser trabeculoplasty, trabeculectomy, or

posterior lip sclerectomy), length of time that the patient
had been treated for glaucoma, or intraocular pressure ei¬
ther at presentation or the mean pressure during the course

of treatment. These variables did not correlate indepen¬
dently with the presence of glutamate in the vitreous of
patients with glaucoma. The statistical power of these cal¬
culations was 0.83 by using a two-sided test. Further¬
more, intraocular pressure—either at presentation or the

Table 1. Demographics Summary
Patient Group

Demographic Variable Cataracts
Glaucoma+

Cataracts
No. of patients
Mean±SD age, y
Race, No. (%) of patients

African American
White
Hispanic

Sex, No. (%) of patients
F
M

Mean ± SD axial length of the
eye, mm

Surgical procedure, No. (%)
of patients

Phacoemulsification
Extracapsular extraction

Mean±SD time in the
operating room, min

Glaucoma diagnosis, No. (%)
of patients

Open-angle glaucoma
Chronic angle-closure

glaucoma
Pseudoexfoliative

glaucoma

21
68.7±14.9

11 (52.4)
10(47.6)

0

8(38.1)
13(61.9)

23.1 ±0.4

10(47.6)
11 (52.4)

73.7±6.3

26
71.5 + 10.4

13 (50.0)
11 (42.3)

2 (7.7)

14(53.8)
12(46.2)

23.2±0.7

13(50.0)
13(50.0)

74.5±9.7

18(69.2)

4(15.4)
4 (15.4)

mean pressure during the course of treatment—did not
correlate with the elevation of the glutamate level.

VALIDATION OF HUMAN GLUTAMATE
ANALYSES IN A RAT VITRECTOMY MODEL

High-pressure liquid chromatography reliably quanti¬
fied the concentration of glutamate that was injected into
the vitreous of a rat. These data are illustrated in Figure 2.
There was good agreement between the values mea¬
sured by high-pressure liquid chromatography and pre¬
dicted concentrations (the sum of endogenous plus in¬
jected glutamate), whether the vitreous was expressed
onto a small surgical sponge or aspirated by syringe. The
Pearson correlation coefficient was r=.97 (P<.001). These
data suggest that our technique of high-pressure liquid
chromatography analysis of vitrectomy specimens accu¬

rately reflected the vitreal glutamate concentrations.

MONKEY MODEL

The mean (±SD) glutamate concentration in the ante¬
rior vitreous of glaucomatous eyes of monkeys was
59.7± 7.3 pmol/L, and it was 80.3 ± 7.8 pmol/L in the pos¬
terior vitreous (Table 4). These values were substan¬
tially higher than the 12.3±1.5 pmol/L that was found
in the control anterior vitreous and the 12.3±2.3 pmol/L
in the control posterior vitreous.

COMMENT

The results presented herein indicate that the glutamate
concentration is elevated in patients with glaucoma to a
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Table 2. Demographics ot Patient Population With Glaucoma*

Mean SD
Visual Field

Medical Treatment! Surgical Treatment

Patient
No.

IOP, mm
Hg

Cup-Disc
Rafiot Type Finding

ß-
Blocker

  

Miotic Adrenergic CAI
Filtration
Procedure

Laser
Trabeculoplasty

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

16.8±1.2
17.1 ±1.4
16.2+1.0
15.1 ±0.7
15.3+1.9
17.0±0.9
17.8±0.9
19.8+0.5
20.3±1.7
18.3±1.6
19.7+1.2
19.8±1.1
20.5±1.5
15.0+1.3
18.5±1.2
15.2±1.9
15.1 ±0.9
18.9+0.4
18.5+1.9
20.6±1.8
15.0+1.9
20.2+1.1
17.8±1.5
16.8±1.1
19.7+1.5
19.5+0.8

0.6±0.04
0.6±0.09
0.6±0.04
0.8±0.08
0.6±0.09
0.9±0.07
0.6±0.03
0.6±0.08
0.8±0.02
0.8±0.07
0.9±0.09
0.9±0.02
0.8±0.06
0.5+0.09
0.6±0.05
0.6±0.08
0.7±0.05
0.6+0.01
0.7±0.04
0.7±0.06
0.8+0.10
0.9±0.03
0.9±0
0.8±0.06
0.8±0.03
0.8±0.05

Goldmann
Goldmann
Goldmann
Goldmann
Humphrey
Goldmann
Humphrey
Goldmann
Humphrey
Humphrey
Humphrey
Humphrey
Humphrey
Humphrey
Goldmann
Goldmann
Goldmann
Goldmann
Humphrey
Humphrey
Goldmann
Humphrey
Humphrey
Goldmann
Humphrey
Humphrey

Full Y
Full Y
Full Y
Full Y
Full Y
Full Y
Full Y
Full Y
Full Y
Nasal step, arcuate Y
Arcuate  
Arcuate Y
Nasal step  

ull Y
ull Y
ull Y

Y
ull Y
ull N
ull N

Paracentral scotoma N
Split fixation, nasal step Y
Nasal step Y
Paracentral scotoma Y
Arcuate N
Arcuate Y

*IOP indicates intraocular pressure; CAI, carbonic anhydrase inhibitor: Y, yes; and  , no.
fCup-disc ratio is the mean (±SD) of the vertical and horizontal extension, measured twice by each of two observers.^Medical treatment indicates whether the patient had been prescribed a member of the indicated pharmacologie class for at least 3 months.

Table 3. Amino Acid Concentrations
in Human Vitreous Body

Amino Acid

Mean ! SD Concentration, µ    /L
Patients With

Cataracts (n=21)
Patients With Glaucoma+

Cataracts (n=26)
Alanine
Glutamate
Glutamine
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Serine
Threonine
Tyrosine

177.9+18.9
10.0±4.6

525.2±33.5
45.4±9.0
44.9±5.2
38.0±2.2
88.0±5.5

114.1 ±8.8
23.6+1.6
69.2±4.4

118.8+10.2
82.3±8.5
40.6+8.1

154.0+15.5
23.1*+5.1
484.5±29.4

60.7±14.5
37.2±2.4
31.0+1.7
79.2+4.1
89.8+7.1
20.6±1.5
57.2±3.2
97.4±5.3
67.8±5.0
36.0±7.0

" Indicates statistically significant difference in comparison with control
(PK.001).

level that is potentially toxic to neurons.6·8,9'33·34 Gluta¬
mate levels were elevated not only in patients with visual
field loss but also in those patients with glaucomatous op¬
tic nerve damage but no visual field loss, suggesting that
this amino acidopathy may be present in the earlier stages
of the disease. To date, we have been unable to analyze
samples from patients with ocular hypertension (el-

evated intraocular pressure but no clinical evidence of op¬
tic nerve damage). The elevation of the glutamate con¬

centration in the vitreous of patients with glaucoma is
potentially ofsignificance both in the pathophysiologic and
therapeutic considerations of the retinal ganglion cell
degeneration and visual loss that are seen in this disease.

The elevation of the glutamate level in untreated glau¬
coma in monkeys indicates that this finding is not a

consequence of therapy for glaucoma, but rather, it is as¬

sociated with the disease process itself. In monkeys with
glaucoma, the greatest level of glutamate elevation was

observed in the vitreous overlying the retina, compared
with that seen in the anterior vitreous. These results there¬
fore suggest that the source of the glutamate is toward
the posterior aspect of the eye, and most likely, it is pro¬
duced within the retina.

The findings suggested by our investigations have
been supported in a rabbit model of steroid-induced glau¬
coma. Two weeks after the intraocular pressure be¬
comes elevated, the vitreal glutamate concentration is
more than twice normal in affected eyes (B. Becker, MD,
oral communication, June 1995).

Glutamate, or a congener, is the principal excitatory
amino acid neurotransmitter in the central nervous sys¬
tem and specifically in the retina. Glutamate is present at

high levels in neurons, but it is usually synaptically re¬

leased for brief periods in localized areas; hence, it is nor¬

mally not toxic. Nevertheless, a doubling of glutamate can

be critical in determining the retinal ganglion cell sur-
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vivai. Studies in the central nervous system suggest that dam¬
age to hippocampal or cortical neurons can occur at glu¬
tamate concentrations of 2 to 5 pmol/L.8-33 Prior evidence
indicates that these concentrations of excitotoxins can be
lethal to retinal ganglion cells in vitro as well.14"1'3,18 An in-
depth discussion of the concentration at which glutamate
or its congeners are toxic to neurons in vitro and in vivo is
beyond the scope of this work; other factors (eg, extracel¬
lular Ca2+ and Mg2+, other cell types present in any given
culture system) can be significant variables.6,8'9'33·34 Other
investigators have shown that a single injection of as little

Figure 1. Comparison of amino acid concentrations between vitreous
specimens from patients with glaucoma plus cataracts and those with
cataracts alone. The values detected in the vitreous of patients with
glaucoma were divided by those found In the population of patients with
cataracts only. Error bars to approximate 95% confidence intervals were
determined as follows. For the upper limit of the ratio for each amino acid,
twice the SEM was added to the amino acid concentration in the
glaucomatous vitreous, and this sum was divided by the cataract-only
value minus twice the SEM. Similarly, for the lower limit of the ratio, twice
the SEM was subtracted from the amino acid concentration in the
glaucomatous vitreous, and the sum was divided by the cataract-only value
plus twice the SEM. The "whisker" indicates one half of the difference
between these two limiting ratios.

as 20 nmol of NMDA (which is roughly equipotent to 2
nmol of glutamate35) can be strikingly toxic to the retinal
ganglion cell layer in the rat eye.17 We have previously dem¬
onstrated that a long-term doubling of the vitreal gluta¬
mate concentration is toxic to mammalian retinal gan¬
glion cells in vivo.36 Therefore, it might well be that long-
term exposure of retinal ganglion cells to a twofold elevation
of glutamate plays a role in glaucomatous neuronal loss in
humans. It is not possible to tell from this study whether
the elevated vitreous glutamate levels play a primary or sec¬

ondary role in glaucomatous damage; however, at the ob¬
served levels, glutamate may contribute to this damage.

There are several possible sources for the excess glu¬
tamate found in the glaucomatous vitreous. The neuronal
injury observed in glaucoma is generally considered to be

60 - 

Weck Cel Measurement
Biopsy Measurement

" 30-
m
ro
E
re

 20-

10 20 30 40

Injected Glutamate Concentration, µ    /L

Figure 2. A rat model of glutamate analyses. A known quantity of
glutamate was injected into the vitreous of an adult rat eye, and the
vitreous was then removed by either surgical sponge (Week Cel)
vitrectomy (circles) or biopsy needle aspirate (x symbols). There was good
agreement between the injected values and the values measured by
high-pressure liquid chromatography. Note that the injected values appear
to be additive to the baseline glutamate concentration of approximately 8
¡imol/L Data points illustrate the actual measurements. All concentrations
were evaluated in three eyes each by either Week Cel vitrectomy or needle
aspirate.

Table 4. Amino Acid Concentrations in Monkey Vitreous Body

Mean SD Concentration, µ    /L

Amino Acid
Anterior
Control

Anterior
Glaucoma

Posterior
Control

Posterior
Glaucoma

Alanine
Glutamate
Glutamine
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Serine
Threonlne
Tyrosine
Valine

396.7:
12.3:

852.0:
71.0:
58.0:
62.0:

122.3:
244.0:
40.0:

147.7:
226.3:
127.3:
27.3:

340.3:

49.7
1.5
190.5
14.0
5.5
8.5
16.3
26.0
6.0
20.2
32.0
14.1
3.3
38.8

407.3:
59.7*:
833.0i

92.0:!
73.3a
64.0 i

131.0=!
253.0J

41.0:!
146.3d
219.0J
123.0i
28.3:

315.7:!

54.9
7.3
173.0
15.4
11.6
6.5
10.0
22.2
6.1
17.0
20.6
10.5
2.4
33.1

428.0±40.0
12.3±3.2

938.3±93.7
83.3±13.7
72.7±0.9
70.0±7.0

140.3±10.7
271.0±27.0
48.3±5.2

172.0±9.0
245.0±23.1
144.7±4.9
31.3±2.3

340.0±30.0

464.7±11.3
80.3*±7.7
961.7±165.7
91.3±2.3
64.5±4.5
79.0±5.5

144.7±3.2
286.0±3.3
46.7±0.3

170.0±3.8
268.0±13.2
144.0±6.5
30.7±2.4

402.7±7.7

"'Indicates statistically significant difference In comparison with corresponding control by the paired Student's t fesf (P=.003).
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a consequence of either chronic trauma from pressure on

the retinal ganglion cell body or axon, or ischemia caused
by vascular compromise.37 Traumatic injury and ischemie
insult can lead to energy depletion and extracellular gluta¬
mate accumulation.38 3C> Dying cells could release their in¬
tracellular store ofglutamate as a direct consequence of the
glaucomatous process. The glutamate thereby released could,
in turn, lead directly to further neuronal injury. An additional
possibility depends on the presence of glutaminase in reti¬
nal ganglion cells.40 Glutaminase, normally found only within
cells, can convert glutamine (found in high concentrations
within the vitreous) to glutamate. Glaucoma (perhaps through
elevated pressure on retinal ganglion cells) may lead to in¬
creased membrane permeability ofdamaged retinal cells, ex¬

posing the intracellular glutaminase and thereby promot¬
ing the conversion of glutamine to glutamate. A third pos¬
sibility is that the ability of Müller cells or retinal ganglion
cells to detoxify glutamate may be impaired in glaucoma.
Future investigations are required to explore these and other
potential explanations.

Glutamate can be toxic to retinal ganglion cell neu¬
rons via overstimulation of various glutamate receptors,
but predominantly the NMDA subtype.151618 Clinically
tolerated NMDA antagonists are being developed to con¬

trol glutamate-induced excitotoxicity.41 In addition, volt¬
age-dependent calcium channel antagonists (eg, nimo-
dipine) have recently been shown to diminish partially
NMDA receptor-mediated retinal ganglion cell excito¬
toxicity. '4 Therefore, these drugs could be potentially use¬

ful in the management of glaucoma.
Accepted for publication August 10, 1995.
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