














Primary open angleglaucomas in the rhesus monkey

coalescence of data on the 'high' incidence oflow
pressure glaucoma in humans,27 the presence or
absence of hypertension (-22 mm Hg) is of
interest to us but is not required to diagnose
glaucoma in the rhesus monkey. In this respect it
is interesting that normotensive monkey I91 is
the offspring of hypertensive 950 (Fig 2A).
As in humans, large scale screening for

glaucoma is most efficiently pursued by heavy
dependence on applanation tonometric measure-
ments. We managed our large scale CPRC
screening ofthe Cayo Santiago rhesus population
in this way and with ophthalmoscopy obtained a
great deal ofdata in a short period oftime (Fig 1).
Electrophysiological measurements of field
losses were impossible with the tropical island
conditions but were done on representative
animals that were shipped to Florida as a
courtesy by CPRC. In the laboratory, estimation
of loss of rhesus visual function by the stimula-
tion of the retina with gratings requires slightly
less time (about 8 minutes, independent of
anaesthesia and preparation) than automated
perimetry in humans. Data from normal female
A25 in Figure 4A are typical of the resolution/
sensitivity we have seen in the past61' in the
presence of good physiological optics. There is
usually a STF that displays a minimum around
5 minutes of arc, a peak and reduced output at
the largest grating sizes. The response magni-
tude of the eye signal is always greater than the
cortical signal. However, the tuning and peak of
the cortical signal is usually more developed.
The general shape and amplitude of the right eye
signals (C/D=0-7) from normotensive I91 were
comparable with A25 (C/D=0-3) when I91 was
first tested in 1990 (Fig 4A). There was a decline
of about 50% in the central 300 field of the right
eye signal with re-evaluation in 1992 (Fig 4B). In
addition to the signal loss there was a shift of the
tuning peak towards lower spatial frequencies.
The left eye (C/D=0-4) changed very little.
However, the right eye's field losses (C/D=

0 7) are not equal in all retinal areas. Figure 5
shows that the least progression occurred in the
central 15 degrees and the greatest loss (about
60%) in the toroidal shaped periphery. Typical
early progression of human POAG is often more
evident in the mid peripheral fields. Earlier
(1990) test results for I91 compare favourably
(Fig 5) with those from normal female A25 where
C/D is about 0 3. I91 cup dimensions changed
minimally during the 2 year period; pallor was
difficult to quantify. Function of the I91 left eye
(C/D=0-4) did not change and remained com-
parable with the results from normal A25 (Fig 5).

In his review,28 Schwartz considers enlarge-
ment of optic disc cupping as a common normal
phenomenon often associated with aging. How-
ever, when pallor develops, visual field loss
generally occurs. He considers 50% pallor as the
upper extent of normality. In his drawings and
figures pallor and cupping are highly correlated.
He recommends patients with asymmetric
pallor/cupping as 'suspect' glaucomatous
patients. The pronounced pallor and cupping of
the optic nerve head or its normal diameter
which we see in I91 is not explained by the
normal axial intraocular distance measured by
ultrasound or by the normal corneal curvature

measured by keratoscope. Further, there was
no evidence on MRI scan of an intracranial
phenomenon (neoplasm or aneurism) that might
contribute to I91's right optic nerve head abnor-
mality (Fig 3). Aside from C/D, I91 appeared
clinically normal.

If it is valid to apply human clinical criteria to
the diagnosis of glaucoma in other primates, it
seems certain that glaucoma is a significant factor
in the visual health of certain Cayo Santiago
macaque matrilines. We have demonstrated the
pressure component, the familial cluster com-
ponent mentioned by several authors,2930 the
abnormal cup/disc ratio component, the normal
angle, and the field loss diagnostic components
typical of human POAG. In the case where the
pathology data were available in female 950, we
find an overall loss of approximately 25% of the
optic nerve fibres in her left eye compared with
published normal numbers in related macaque
strains. Further, her left eye had a significantly
lower optic nerve axon count than her right eye,
which had 1-2 million fibres and a normal cup/
disc ratio. It is interesting that significant loss
appears in the large fibre portion of the spectrum
as reported in the early histopathology of cases of
human POAG by Quigley et al. 17

Accurate animal models of human disease can
be very useful. Yet, modelling of human spon-
taneous glaucoma has been limited. One useful
model of POAG has been developed as an
autosomal recessive trait in a strain of beagle
dogs by Gelatt.3' Buphthalmic rabbits have been
known for some time but have received relatively
little attention.32 The older literature on the
features of experimentally induced glaucoma is
reviewed by Kalvin et al33 who produced ocular
hypertension in owl monkeys by the injection of
a chymotrypsin into the anterior chamber. More
recently, Quigley and Hohman"5 have succeeded
in more controlled reduction of outflow by
damaging the trabecular meshwork of cyno-
molgus monkeys with lasers to produce a partial
functional angle closure with fluctuating eleva-
tions in IOP.
The implications of these models using

induced angle closure glaucomas (IAG) for LTG
or even POAG are not yet clear, although
Quigley et al'7 have shown parallels between the
monkey IAG pathology and the human optic
nerve condition in POAG.34 Fischer et al3" have
reported that there is frequent spontaneous
recovery from hypertension in this model after
about 1-5 years. There does not appear to be a
common human parallel to this phenomenon.

In the laser induced glaucoma monkey model,
large diameter optic nerve axons were found to
be damaged more easily than smaller axons in
both the least and best preserved areas of the
nerve.'7 The data indicated that fibres with a
diameter-from 0-35 to 0 75 iim survived better
in the widely fluctuating elevations of IOP found
in the IAG model, than fibres with diameters
from 0-85 to 1-25 ,im. Study of 10 optic nerves
from this model indicated a preferential loss
(broad size range) of axons at the superior and
inferior regions of the nerve head. The least
damaged areas were found to be in the temporal
centre, with the most severe damage localised to
the nasal periphery of the superior and inferior
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poles. The optic nerve damage to CPRC monkey
950 with naturally occurring POAG was most
severe in the superior nasal quadrant with a 50%
or larger reduction in the fibres smaller than 0-8
jm and only slight reduction in the larger
diameter fibres. The superior central regions of
the nerve were similarly affected. The inferior
peripheral and central areas were less affected
than the superior regions, although the largest
fibres in the inferior peripheral area were
markedly reduced in number.
There are also reports of complex patho-

physiology other than optic nerve fibre loss when
IOP is elevated in (otherwise) normal eyes.3637
Although in the past local ischaemia seemed to
be related to early IAG,38 a reliable relationship
between vascular phenomena and low tension
human glaucoma has not been clear31' until
recently.4243 As more tissue from monkeys with
naturally occurring POAG becomes available, it
will be interesting to see if the other monkeys
also demonstrate widespread loss of small
diameter fibres as compared to larger axons. This
naturally occurring disease, with its insidious
elevations of IOP, may not be identical with the
laser induced primate glaucoma model.

In view of the frequency of LTG,27 an incre-
ment in the relative priority of LTG may be
justified. A computer search of the world litera-
ture from 1985-90 yielded 3855 entries on the
topic 'glaucoma'; of these 95 (2-5%) included
'low tension', 'lower pressure', or 'normoten-
sive' in the abstract or as a key word. The errors
involved in this literature search technique not-
withstanding, an underemphasis on LTG is
suggested.
The finding of open angle glaucomas (both

high tension and low tension) and numbers of
ocular hypertensive individuals in the Cayo
Santiago macaque is very encouraging for the
development- of new diagnostic techniques,
treatments, and the genetic study of these
important human eye diseases. The relatively
rapid aging of the macaque makes the study of
decades of glaucoma progress a practical com-
ponent of laboratory research not previously
available.
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