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PURPOSE. To evaluate the differential effects of ganglion cell depletion from experimental glaucoma
on the relative metabolic activities of neurons in the parvo (P)- and magno (M)-cellular visual
pathways of the macaque visual system.

METHODS. Monocular experimental glaucoma was induced in monkeys (Macaca mulatta and M.
fascicularis) by applying a laser to the trabecular meshwork to increase intraocular pressure (IOP).
After other behavioral and electrophysiological studies, the lateral geniculate nuclei (LGNs) and the
primary visual cortices were analyzed for functional afference from surviving ganglion cells,
indicated by cytochrome oxidase (CO) histochemistry.

RESULTS. CO reactivity (COR) indicated a general reduction in neural metabolism with increasing
severity of glaucoma. COR in the LGNs was reduced to the same degree in both the P- and
M-cellular layers. In layer 4Cb of the V1 cortex, the reactivity was always reduced more than in the
layer 4Ca division.

CONCLUSIONS. Experimental glaucoma in monkeys reduces visual afference to the central nervous
system, thereby reducing the metabolic drive as indicated by COR. The detrimental effect of
glaucoma did not appear to be any greater for the M-cell, rather than the P-cell pathway in the LGN
or in the visual cortex. Both are affected by the duration and severity of the experimental glaucoma.
Overall, the alterations in metabolism of neurons in the parallel visual pathways supplied by the Pa
and Pb ganglion cells do not suggest that tests based on the functional properties of one or the
other would provide optimal assessment of glaucoma. (Invest Ophthalmol Vis Sci. 2000;41:
1791–1802)

Glaucoma is an optic neuropathy that results from the
death of ganglion cells of the retina. It affects 4 to 10
million North Americans, and is a major cause of visual

disability and blindness.1,2 There is no agreed-on cause of the
disorder, although glaucoma is often associated with elevated
intraocular pressure (IOP).3–6 Because glaucoma occurs in
persons with normal IOP7 and does not always cause elevated
IOP, pressure cannot be the sole causative agent. Increased
IOP may be a result rather than the cause of glaucoma initiated
by other metabolic imbalances.8 However, increasing IOP ex-
perimentally can lead to glaucoma and, therefore, increased
IOP may be sufficient, but not necessary, for induction of
glaucoma.

A predominant form of this disorder is primary open-angle
glaucoma (POAG), characterized by a slow increase in IOP
without attendant symptoms during the early stages. By the
time an individual is aware of a problem with vision, many
ganglion cells have already died, and the lost vision cannot be

restored. A major mechanism contributing to the death of
ganglion cells in POAG is thought to be strangulation of their
axons at the optic disc. The associated increased IOP is
thought to produce shear forces in the tissues of the lamina
cribrosa, obstructing the to-and-fro transport between the axon
terminal and ganglion cell soma and leading to the death of the
cell.9–11 Clinical intervention cannot restore lost vision. It can
only slow or prevent subsequent death of ganglion cells by
reducing IOP. The ganglion cell axons first affected are those
entering the dorsal and ventral aspect of the optic disc—those
serving the peripheral nasal visual hemifield projecting on the
temporal retina. Therefore, the loss of these ganglion cells
(which also happen to be some of the largest) creates a char-
acteristic crescent scotoma pattern, beginning in the periph-
eral nasal hemifield and progressing toward central vision.4,12

The macaque monkey has been used as a basic research
model for studying the neural effects of glaucoma. Argon laser
application to the trabecular meshwork has been used to
reduce aqueous humor outflow, thereby elevating the IOP and
leading to an experimental approximation of POAG.13 Several
studies have used the monkey model to describe the functional
and anatomic changes that occur within the eye and optic
nerve, in an effort to understand the sequelae to elevated IOP.
For example, Quigley et al.14 and Glovinsky et al.15,16 have
presented evidence that there is an early selective effect on the
largest ganglion cells of the retina. These large ganglion cells
purportedly comprise the magno (M)-cellular division of the
geniculocortical projection. By measurements of the diameters
of remaining ganglion cell axons in the optic nerve, they
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reported that the largest neurons are first affected (and first to
die).6,16 This conclusion stimulated the search for an early
diagnostic test for glaucoma based on stimulus characteristics
thought to best stimulate the M-cellular pathway. However, in
an earlier study, we found no differential effect of elevated IOP
on either the encounter rate or receptive field characteristics
of the parvo (P)- or M-cellular lateral geniculate neurons,17 and
Vickers et al.18 have shown that metabolism in both divisions
of the afferent pathway is reduced in experimental glaucoma.

In this study we examined the effects of elevated monoc-
ular IOP on the metabolism of the P- and M-cellular divisions of
the lateral geniculate nucleus (LGN) and in the primary V1
visual cortex, using cytochrome oxidase reactivity (COR) as an
indicator of the visual afference from ganglion cells.19 Cyto-
chrome oxidase (CO) is a mitochondrial membrane protein
essential for brain oxidative metabolism. It catalyzes the last
step in the formation of adenosine triphosphate (ATP), the
energy source for neuronal function.20,21 The brain tissue con-
tent of CO is inhomogeneously distributed22–24 and varies with
the metabolic demand attendant to neuronal activation.25–30 In
the afferent visual system of primates, histochemistry has
shown that COR decreases monotonically with the duration of
sensory visual deprivation caused by enucleation or by tetro-
dotoxin (TTX) blockade.31 Therefore, COR varies with the
level of activation of cells in the LGN and V1 cortex and serves
as a functional correlate of the surviving ganglion cells in
glaucoma.

An abstract of these results has been presented else-
where.32

MATERIALS AND METHODS

Subjects

Twenty adult macaque monkeys (16 Macaca mulatta and 4 M.
fascicularis) were used in accordance with the Office of Pro-

tection from Research Risks Public Health Service Policy on
Humane Care and Use of Laboratory Animals (revised, 1986)
and the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research, and all research protocols had the ap-
proval of the University of Texas at Houston’s Institutional
Animal Care and Use Committee. The IOP of the right eye of
each subject was elevated by laser application to the trabecular
meshwork, using the procedures described by Quigley and
Hohman.13 The monkeys were anesthetized with ketamine
hydrochloride (20 mg/kg and 0.2 mg/kg acepromazine intra-
muscularly), and a topical anesthetic (0.5% proparacaine HCl)
was applied to the experimental eye. The trabecular meshwork
was viewed through a single-mirror goniolens designed for an
adult monkey’s eye (Ocular Instruments, Bellevue, WA). Treat-
ment spots were made with an argon laser operated in the
blue-green mode at the following settings: spot size, 50 mm;
duration, 0.5 seconds; power, 1.0 W. In the first laser session,
between 60 and 100 treatment spots were made over 270° of
the midtrabecular meshwork. Subsequently, IOPs were mea-
sured in the anesthetized subjects by handheld applanation
tonometer, usually at weekly intervals, for a period of approx-
imately 1 year. In some cases, the trabecular meshwork was
treated additional times to produce a higher IOP. When nec-
essary, subsequent laser exposures were conducted between 5
and 8 weeks after the initial laser surgery and involved placing
approximately 30 treatment spots over the remaining 90° of
the trabecular meshwork and re-treating other areas. The ani-
mals had clear ocular media throughout.

Table 1 summarizes the experimental treatments and con-
sequent degree and duration of the resultant IOP for the mon-
key subjects. Subjects OHT5 through OHT24 were M. mulatta,
which has been described and reported in an earlier article on
IOP and visual field defects.33 Subjects OHT2 and OHT3 were
M. fascicularis reported in an earlier study on color vision
anomalies after induction of experimental glaucoma34 and two

TABLE 1. Macaques Used in Experiments on Monocular Experimental Glaucoma

Subject Age (y/mo)
Laser

Procedures
Laser

Lesions
Highest IOP

(mm Hg)
Mean Elevated
IOP (mm Hg)*

Mean Control
IOP (mm Hg)†

OHT2‡ Adult 1 150 67 32 14
OHT3‡ Adult 1 150 57 33 16
OHT5 6/1 3 300 52 34.9/12.0 11.5/2.3
OHT7 6/3 7 565 60§ 37.0/18.2 19.7/4.8
OHT8 7/10 3 213 55 33.5/17.2 12.5/1.7
OHT9 7/9 3 170 60§ 38.8/16.4 13.9/2.2
OHT11 7/0 3 188 48 40.8/5.9 11.6/1.1
OHT14 8/1 2 91 60§ 49.0/13.8 16.0/2.8
OHT16 6/4 2 122 51 36.0/16.1 14.8/2.8
OHT17 8/4 1 135 46 34.3/10.1 17.1/2.4
OHT18 8/2 2 227 41 28.4/10.9 13.5/2.5
OHT19 9/2 1 103 53 37.1/13.8 17.0/2.8
OHT20 8/2 2 219 56 31.7/16.8 18.8/3.4
OHT21 6/3 2 193 43 35.4/12.7 15.6/1.7
OHT22 8/1 2 167 56 50.3/5.1 14.1/3.2
OHT23 6/3 2 149 60§ 44.4/14.8 14.2/3.3
OHT24 5/4 2 168 60§ 51.9/19.2 17.2/3.6
M165 Adult 1 ? 52 27.5/11.3 16
M167 Adult 1 ? 51 23.7/13.2 23

OHT, ocular hypertension.
* IOP of the experimental eye (mean 6 SD) starting with the initial elevation of pressure.
† IOP of the control eye (mean 6 SD) for the entire experiment.
‡ M. fascicularis Ss from Kalloniatis et al.34

§ An IOP of 60 mm Hg represents the scale limit for the applanation tonometer.
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other M. fascicularis, M165 and M167, were subjects reported
in an earlier publication on electrophysiology of ganglion cell
input to the LGN after experimentally induced glaucoma.17

Behavioral Perimetry and Electrophysiology

For several months before and after the elevation of IOP in the
right eye, the monkeys were trained and tested for visual field
threshold sensitivity using behavioral methods and a visual
field analyzer (model 630; Humphrey Allergan, San Leandro,
CA). The full details of these testing procedures and the extent
of the visual field defects have been published elsewhere.12,33

The resultant visual field maps (VFMs) were ranked for severity
of defect by five practicing ophthalmologists, and the average
of the rankings for each animal was used to classify the visual
defect as mild, moderate, or severe (Table 2). At the end of the
visual field threshold sensitivity testing, many of the animals
were used in a terminal electrophysiological study, in which
the relative responsiveness of the cells in the P- and M-cellular
LGN divisions was compared. The objectives and methodology
of these experiments have been described earlier.17

Tissue Preparation

At the end of the behavioral or electrophysiological study, the
animals were overdosed with 100 mg/kg pentobarbital sodium
(Nembutal; Abbott, Abbott Park, IL), exsanguinated by 2 l
saline, followed by 2 l 2% paraformaldehyde-0.5% glutaralde-
hyde fixative in phosphate buffer (pH 5 7.4). The brain and
optic nerves were removed, and (in most cases) the visual
cortices were dissected and gently flattened on a glass slide.
The tissue was refrigerated overnight in the fixative before it
was subjected to a sucrose dehydration gradient of 10%, 20%,
and 30%. The thalamus containing both LGNs was blocked for
coronal section and dehydrated in a similar manner. The tissue
blocks were embedded in compound (TissueTek; Miles,
Elkhart, IN) and frozen in liquid nitrogen–cooled acetone. The
visual cortices were sectioned at 30-mm thickness tangential to
the cortical surface, and the LGNs were sectioned in a similar
thickness in the coronal plane. Serial sections were treated for
the histochemical localization of CO, according to the protocol
of Wong–Riley.19 The CO-stained sections were mounted on

gelatinized slides, dehydrated, and coverslipped in Permount
(Fisher, Fair Lawn, NJ).

Optical Measurements

The relative CO content and distribution in brain tissue was
inferred from the relative histochemical COR on the assump-
tion that the higher the density of the COR product, the
higher the CO content in the tissue. A reduction in COR in
the brain tissue connected with the experimental eye was
defined relative to the COR in the adjacent tissue connected
with the normal companion eye in the same tissue section
and was interpreted as a reduction in afferent stimulation
from retinal ganglion cells in the experimental eye. COR was
measured in the layers of the LGN and in the input layer of
layer 4C of the V1 cortex by image analysis software (Im-
agePro Plus; Media Cybernetics, Silver Spring, MD). The
stained sections were homogeneously back illuminated, im-
aged with a CCD camera (Sony, Tokyo, Japan) and displayed
on a monitor (NEC, Tokyo, Japan), captured, and scaled 0 to
255, where 0 is opacity and 255 is the incident light. All
measurements were taken before any filtering or contrast
enhancement of the image. COR 5 I 2 T, where I is the
incident light (nominally a value of 255), and T is the light
transmitted through the tissue containing the COR product.
The value of COR from tissue connected with the experi-
mental eye (CORG) was always compared, in the same sec-
tion, with the value of comparable COR in the adjacent
companion area (LGN layer or V1 ocular dominance column;
ODC) having input from the normal eye (CORN). The ratio
CORG–CORN constituted the primary data from which mean
values and variances were calculated. Normally, the mean
COR 6 SD of a standard 400-pixel array was recorded at
each tissue site, and the ratio of CORG to CORN formed. A
minimum of 10 such ratios were then averaged for each
tissue location. Most often, the ratio CORG–CORN was ex-
pressed as a percentage reduction of COR, relative to that in
the companion site that had input from the normal eye.

The relative COR measurements were imported into a
spreadsheet (QuattroPro; Corel, Ottawa, Ontario, Canada) for
computation and graphing, and the paired t-test and Mann–

TABLE 2. Relative Percentage Reduction in COR in LGN Layers with Input from the Glaucomatous Eye

Field Loss Subject R5:6* R3:4 R2:1 L6:5 L4:3 L1:2

1† OHT19 4 8 7 4 9 3
2† OHT24 4 20 11 8 10 1
3 OHT17 27 28 27 17 14 1
5 OHT23 34 28 30 29 28 4
5‡ OHT23 28 22 13 8 8 1
7 OHT16 12 15 14 3 2 1
8† OHT18 12 10 13 8 10 6
9† OHT20 16 10 17 11 14 10

10 OHT09 8 8 6 7 2 1
11 OHT21 11 10 13 7 9 4
12† OHT14 14 14 15 10 6 4
13† OHT22 22 18 20 14 25 10

Mean 6 SD 15.6 6 9.4 15.8 6 7.0 15.5 6 6.8 9.8 6 7.2 10.8 6 7.9 3.8 6 3.2

n 5 12.
* Column headings represent layers of the right (R) and left (L) LGN.
† Subjects described in Figure 6.
‡ Sample from central vision.
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Whitney rank sum test were applied using SigmaSTAT (Jandel
Scientific, Corte Madera, CA).

RESULTS

Glaucoma and the LGN

The typical pattern and distribution of COR for normal and
glaucomatous LGN are illustrated in the digitized and contrast-
enhanced images of Figures 1 and 2. The dark COR product is
illustrated in Figure 1A in a coronal section through the caudal
one third of the right LGN of a normal adult monkey. All six
layers of the nucleus are shown, and an approximate represen-
tation of the horizontal meridian (HM) for the contralateral
hemifield is indicated by the transecting line.35 The measure-
ments of COR were taken near the representation of the HM
(Fig 1. open squares in each layer), a locus generally found to
show an early defect using the Humphrey VFM (see Fig. 6). The

actual size, shape, and location of the sample area where the
COR product density was measured varied somewhat within
the layer to avoid artifacts associated with histologic mounting
(e.g., folds, wrinkles, and tissue debris). Most often, the change
in location was made to avoid the large blood vessels that
penetrate the LGN (e.g., Fig. 1A, arrow). With this reservation,
an effort was made to sample, as close as possible, the same
representation of visual space across all LGN layers.

For assurance that the reduction in LGN metabolism after
different degrees of experimental glaucoma was dependent on
afference from retinal ganglion cells, we measured and com-
pared the COR changes in a monkey that had monocular
injection of TTX into the LGN for blockade of the ganglion
cells.27 Figure 1B illustrates the contralateral left LGN of a
monkey after 3 weeks of ganglion cell blockade by intravitreal
TTX injections sufficient to maintain a complete blockade of
the flash-evoked cortical potential. The reduction in COR was

FIGURE 1. COR in the LGNs of ma-
caques (M. mulatta). (A) Normal
monkey LGN with the central line
approximating the horizontal merid-
ian (HM) of the visual hemifield.
Squares: typical loci where COR was
measured. LTR, lower temporal ret-
ina; UTR, upper temporal retina. Lay-
ers are numbered, and the inputs
from the ipsilateral and contralateral
eye are indicated. Arrow: penetrat-
ing blood vessel. (B) LGN of monkey
after 3 weeks of continuous TTX
blockade of the contralateral right
eye. Reduction in COR is evident in
layers 1, 4, and 6 relative to the nor-
mal eye input to layers 2, 3, and 5.
(C) LGN section representing the
midperiphery of the visual hemifield
from a monkey with long-standing
glaucoma of the ipsilateral right eye,
showing COR reductions in layers 2,
3, and 5. (D) Contralateral LGN of
the same monkey, showing that the
contrast in COR is less than that seen
in the ipsilateral LGN. (E) LGN sec-
tion recipient of central vision from
the same monkey as in (C) and (D),
indicating that the COR contrast is
less than at more peripheral loci (C).
(F) The COR contrast between layers
in the contralateral LGN of the same
monkey is very low, suggesting that
the scotoma of glaucoma had not
spread to fully involve the central
vision. All images in this figure have
been digitized and contrast en-
hanced for illustrative purposes only.
All relative density measurements
were taken before contrast enhance-
ment; magnification, arbitrary.

1794 Crawford et al. IOVS, June 2000, Vol. 41, No. 7

Downloaded from iovs.arvojournals.org on 06/29/2019



clear after TTX blockade. The relative COR in LGN layers 1, 4,
and 6, which receive input from the TTX-injected right eye,
was clearly less in comparison with the COR in layers 2, 3, and
5, which receive input from the normal ipsilateral left eye.
Therefore, blocking afferent ganglion cell stimulation with
TTX reduced the COR in the recipient LGN layers and pro-
duced a pattern identical with that seen in experimental glau-
coma (see Fig. 4 for a quantitative comparison).

Figure 1C through 1F illustrates the change in COR in LGN
layers with input from a glaucomatous and a normal eye
(M165) as a function of position in the LGN. In Figure 1C, from
the middle of the nucleus representing midperipheral vision,
the right LGN shows the COR in layers 2, 3, and 5, receiving
input from the ipsilateral experimental right eye, to be reduced
in comparison with the COR-rich layers 1, 4, and 6, receiving
input from the normal left eye. In the companion left LGN (Fig.
1D) the relative contrast in COR between layers 1, 4, and 6,
receiving input from the glaucomatous contralateral right eye,

and layers 2, 3, and 5, receiving input from the normal eye, was
not nearly as great. This reflects the nature of the spread of the
experimental retinal defect (see subsequent Fig. 6) which was
typically first seen in the peripheral nasal hemifield. The tem-
poral retina defect progressed to cross the vertical meridian
and subsequently involved the nasal retina. Therefore, the
contrast in COR between glaucomatous and normal LGN layers
was usually lower contralateral to the experimental eye.

Figure 1E shows a section representing central vision for
this same monkey. Note that the COR contrast between normal
and glaucomatous layers was much less than that just described
for the more peripheral retinal representation shown in Figure
1C, again suggesting that the glaucomatous retinal lesion had
not spread to fully involve central vision. As was the case for
the comparison between Figures 1C and 1D, the effects of
experimental glaucoma are barely noticeable in Figure 1F,
representing central vision in the contralateral left LGN. To
summarize these data, experimental glaucoma in monkeys typ-

FIGURE 2. COR in the left (LLGN)
and right (RLGN) LGNs of a normal
monkey (A, B) compared with that
seen in a monkey with moderate (C,
D) and another with severe glau-
coma (E, F) of the right eye. Note the
increase in COR contrast in the ipsi-
lateral RLGN between (C) and (E).
The lines and squares indicate the
approximate line and loci of CO den-
sity sampling. All COR relative den-
sity measurements were taken before
contrast enhancement; magnifica-
tion, arbitrary.
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ically mimicked clinical glaucoma, in that the visual field de-
fects frequently were first observed in the nasal visual field,
affecting the temporal retina, which projected on the ipsilat-
eral LGN where COR was reduced with the loss of ganglion cell
afference. As the glaucomatous lesion spread over the retina to
cross the vertical meridian, the effects began to appear in the
contralateral left LGN.

The progressive relative reduction in COR with severity of
glaucoma (judged from visual field measurements; see Fig. 7)
is shown in Figure 2. Figures 2A and 2B show normal LGN
sections representing the projection site of the midperipheral
visual hemifields. With moderate glaucoma of approximately 1
year’s duration (Fig. 2C; OHT20), ipsilateral LGN layers 2, 3,
and 5 were CO poor, whereas the layers receiving input from
the normal contralateral companion eye (layers 1, 4, and 6)
showed robust COR. Again, in the left LGN (Fig. 2D) the
contrast between relative COR in the glaucomatous and nor-
mal layers was much less, indicating the encroachment of the
lesion into the nasal retina.

More severe glaucoma (Figs. 2E and 2F (OHT22) caused a
further reduction of the COR in the layers connected with the
glaucomatous eye. However, even with long-standing severe
glaucoma, there was still some afferent input from the exper-
imental eye, as suggested by the lower relative contrast in COR
between layers with input from the glaucomatous and normal
eyes in the contralateral left LGN (Fig. 2F).

The degrees of relative loss in COR within the P layers and
the M layers were similar in experimental glaucoma (Fig. 3A).
Fifteen serial sections along the representation of the horizon-
tal meridian were measured for the percentage COR reduction
in ipsilateral P-cell layer 5, relative to normal P-cell layer 6. In
the same sections, the M-cell layers 1 and 2 were similarly
compared. The serial sections extended from the foveal repre-
sentation to the depth of the glaucomatous lesion at approxi-
mately 25° in the periphery. In the ipsilateral right LGN, there
was a monotonic reduction in COR from 2% to 13% over this
range. Importantly, there were no significant differences in
COR between the P- and M-layers throughout, indicating that
the M-cells were no more sensitive to ocular hypertension than
were the P-cells.

Figure 3B shows the relative changes in COR at corre-
sponding loci in the contralateral left LGN where the progres-
sive change in COR with distance from central vision was more

irregular than that seen in Figure 3A. Once again, there was no
differential effect of the glaucoma between the P- and M-layers.
The variation in COR in the LGNs suggests that the spread of
the glaucomatous lesion over the retina is more irregular by the
time it reaches the nasal retina.

Quantitative relative COR in normal LGN layers is shown
in Figure 4A. The average COR for four LGNs from three

FIGURE 3. (A) Relative loss in COR
along the representation of the HM
from near the fovea into the midpe-
riphery of the ipsilateral right LGN.
Note that the COR changes approxi-
mately the same amount in the P-cell
laminae (R5/6) as in the M-cell lami-
nae (R2/1) with increasing depth of
the scotoma. (B) The COR measure-
ments showing the comparable rela-
tive loss in the contralateral left LGN
of the same monkey (OHT8).

FIGURE 4. (A) Relative COR (mean 6 SD) in the P- and M-cell laminae
of four LGNs from three normal monkeys. Adjacent layers did not differ
significantly in COR, nor was there a difference in relative COR be-
tween the P- and M-cell layers. (B) The pattern of relative COR loss was
the same in layers with input from the TTX-blocked eye (x) relative to
layers with input from the normal eye (n), similar to the experimental
glaucoma (g) shown in (C). (D) The companion ipsilateral right LGN
shows significantly greater relative COR loss in layers with input from
the glaucomatous eye (g) than that seen in (C) showing the left LGN of
the same monkey. The positions of the curves on the ordinate are
arbitrary and have been separated for ease of inspection.
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control monkeys is shown for comparison with LGNs from
TTX-treated and glaucomatous monkeys (Figs. 4B, 4C, 4D). In
four normal LGNs, adjacent layers were not significantly differ-
ent in COR: The average relative difference between adjacent
layers was only 1.7% (P-cell layer [P]6, 144.7 6 7.6; P5,
143.5 6 8.1; P4, 144.7 6 7.8; P3, 146.6 6 7.4; M-cell layer [M]
2, 150.2 6 4.6; M1, 151.2 6 6.0; F 5 0.81, P , 0.55). Of note,
there were no significant differences in COR between the P-
and the M-cell divisions of the nucleus (e.g., Student’s t-test: 1.5
between M1 versus P5, the largest mean differences between
M- and P-cell layers, P , 0.18, not significant). This result
suggests that the overall metabolic demands of neurons in the
two divisions—each known to have predominant input from
different ganglion cell types (smaller, b-type ganglion cell input
to neurons in the P-cell layers; larger, a-type ganglion cell input
to neurons in the M-cell layers)—are normally the same.

Figure 4B shows the quantification and comparison of the
pattern of relative loss in COR in the contralateral left LGN after
3 weeks of TTX blockade, with Figure 4C showing a monkey
after induction of experimental glaucoma. The pattern and
magnitude of average COR loss (Fig. 4, x) after complete TTX
blockade of 3 weeks’ duration was virtually identical with that
seen with a moderate level of glaucoma (Fig. 4, g). This result
argues that it is the loss of ganglion cell afference that leads to
the reduction in COR in the LGN. Although the pattern (and in
this case, the magnitude) of relative change may be the same,
the magnitude of the change with experimental glaucoma may
be considerably greater, as illustrated in Figure 4D. As was
typical for all the results, the relative loss (Fig. 4, g) in layers 1,
4, and 6 of the contralateral left LGN was 19%, 23%, and 27%,
respectively, whereas the relative loss in glaucoma-affected
layers in the ipsilateral right LGN was much greater, at 63%,
71%, and 17% less than normal (Fig. 4, n).

Table 2 summarizes the percentage of relative loss in COR
in the LGNs of 12 monkeys for which we had both visual field
measurements and complete COR measurements in both
LGNs. The monkeys are arranged in the table based on increas-
ing severity of loss in the VFM (see the Methods section and
Fig. 6). Table 2 shows that the average reduction in COR was
virtually identical at 15% for both the P- and M-cell layers of the
ipsilateral right LGN. From these results, it is clear that exper-
imental glaucoma did not have a selective and more detrimen-
tal effect on the M-cell pathway. However, in the contralateral
left LGN, the reduction in COR was significantly less, with the
least detrimental effect seen in the M-cell layers.

When the data from the other monkeys (many showing
the more severe effect illustrated in Figs. 6E and 6F) were
added to include all 20 monkeys, the pattern of loss remained
essentially the same, whereas the degree of COR loss in-
creased. Figure 5 graphs the average loss in COR in the LGNs
of all monkeys. As would be expected, the average percentage
reduction in COR was significantly greater in the ipsilateral
layers of the right LGN (22%) than in the contralateral left LGN
(13%; t 5 3.67; df 5 17; P , 0.001). This reflects the charac-
teristic progression of the glaucomatous lesion, beginning in
the temporal retina and spreading into the nasal retina. The
percentage loss in the ipsilateral P-cell layers 5 and 6 was
significantly greater (24%) than the loss in the ipsilateral M-cell
layers 2 and 1 (20%; t 5 2.51; P , 0.05), suggesting that
glaucoma had a greater effect on the metabolism of the P-cells
than on the M-cell system.

The VFM and COR

To show the general association between the degree of visual
field loss indicated in the Humphrey VFM, the reduction in
COR in the LGN, and the input to the V1 cortex, the data from
six monkeys are presented graphically in Figure 6. Figure 6A
shows the VFM of the experimental right eye of OHT24,
judged to be one of the least affected of the experimental
monkeys. Although there was no apparent gross defect in the
VFM, there were a substantial reduction in COR in the recipi-
ent layers of the ipsilateral LGN, shown in the histogram for
the ipsilateral right LGN. The P-cell layers 5 and 3 showed a
reduction of 4% and 20%, respectively, whereas the M-cell layer
2 showed a robust 11% reduction. The average reduction in the
P-cell layers of 12% was comparable to the 11% reduction in
the M-cell layer. The histogram also shows that as the COR
reduction occurred in the LGN, there was a concurrent small
reduction in COR evident in the input layer 4C of V1 cortex.
The data on the V1 cortex will be discussed in more detail later
in the article.

Figure 6B shows the VFM of another monkey, OHT19,
judged from the VFM in a way similar to OHT24 to have
minimal sensitivity loss. However, the histogram for the ipsi-
lateral right LGN shows that the reduction in COR was sub-
stantial, with the P-cell layers 5 and 3 showing a 4% and 8%
reduction, respectively. The reduction of 7% in the M-cell layer
was comparable to the average P-cell layer reduction of 6%.
The histogram data to the right shows that these significant
LGN reductions in COR were reflected in metabolic reductions
in the respective input layer 4C sublayers of V1 cortex.

FIGURE 5. Relative COR losses in the ipsilateral right LGN (RLGN) and
the contralateral left LGN (LLGN) of 20 monkeys with experimentally
induced glaucoma of the right eye. The losses in COR were greater in
the ipsilateral RLGN, with the smallest effect in the contralateral M-cell
layers.
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Taken together, these two examples show that by the
time a defect became evident in the VFM, substantial effects of
glaucoma could be seen in the COR of the downstream path-
ways. This is in agreement with the relationship we have
described recently between the loss of ganglion cells and the
VFM, in which more than half the ganglion cells of the ma-
caque retina are lost by the time a sensitivity loss can be
detected in the VFM.36

Figure 6C shows the VFM of subject OHT20, a monkey
that was judged to have a moderate loss in visual field sensi-
tivity, based on the size, location, and depth of the defect.
Correspondingly, the histogram for the right LGN shows that
the loss in COR in the P-cell layers of the LGN was increased to
an average 13%, whereas the M-cell layer had a slightly and
insignificantly larger 17% loss. Compared with the previous
examples (Figs. 6A, 6B), there was a greater loss in COR of
approximately 10% in the input layers of V1 cortex.

The VFM of subject OHT18, another monkey judged to
have a moderate loss in sensitivity, is shown in Figure 6D.
Comparable to the effects seen in OHT20, the histogram shows

that the P-cell layers of the LGN lost an average of 11% in COR,
whereas the M-cell layer lost 13%. The relay of these effects to
the V1 cortex, again seen to the right of the figure, indicate that
there was an overall loss of 12% in COR.

Judged to have relatively moderate losses according to
the VFMs, these two monkeys showed a greater average LGN
reduction in COR of 12% compared with the average 8%
reduction seen in the two examples judged to have mild losses.
Correspondingly, these greater reductions of COR in LGN were
relayed to the V1 cortex.

Figures 6E and 6F are the VFMs of monkeys OHT14 and
OHT22, respectively. These monkeys were judged to have a
severe loss in sensitivity. In these monkeys, both the P- and the
M-cell layers of the LGN showed approximately a 14% to 20%
reduction in COR, with the relay of these effects to the V1
cortex manifesting losses of 7% and 20%, respectively.

These latter two relatively severe cases of VFM defect
show the greatest average reduction in LGN COR of 17%,
compared with 12% for the two moderate cases and the 8%
found in the mild cases. In short, there was a monotonic
increase in the loss in COR within the LGN and the V1 cortex
with the degree of severity of the VFM defect. Figure 7 sum-
marizes the average relationship between the COR (mean 6 SD
of the five measurement sites in LGN and V1) and the VFM for
these six monkeys. The mild stage of glaucoma was signifi-
cantly different from both the moderate and the severe levels
of glaucoma (analysis of variance; F 5 6.1, P , 0.006), whereas
there was no difference between the moderate and severe
levels.

FIGURE 6. Insets show VFM of the glaucomatous right eye of mon-
keys. Histograms show relative loss in COR in the ipsilateral right LGN,
M-cell recipient layer 4Ca, and P-cell recipient layer 4Cb of the ipsi-
lateral V1 cortex. Monkeys OHT24 (A) and OHT19 (B), judged to have
mild glaucoma; monkeys OHT20 (C) and OHT18 (D), judged to have
moderate visual field loss; monkeys OHT14 (E) and OHT22 (F), judged
to have severe glaucomatous visual field defects.

FIGURE 7. A summary of the progressive loss in COR associated with
the mild, moderate, and severe visual field defects of the six monkeys
described in Figure 6. Means 6 SD for loss in COR in five sample sites
(right LGN layers 5, 3, and 2 and V1 layers 4Ca and 4Cb) for two
monkeys.
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Glaucoma and V1 Cortex

With experimental glaucoma, afferent input to the primary V1
visual cortex is dramatically altered consequent to the changes
in LGN. We next describe the details of these effects. Figure 8
is a tangential view of three serial CO-stained sections from the
posterior bank of the lunate sulcus (A) extending into the
cortical representation of the lower visual field of paracentral
vision (C) from a monkey with glaucoma. CO-rich layer 4C
ODCs, receiving input from the normal left eye (vertical white
arrows), and the adjacent CO-poor ODCs, receiving input from

the glaucomatous right eye, are seen clearly. As would be
expected in adult monkeys, the widths of the columns were
about the same,37 differing only in COR, which varied between
animals depending on the cortical location of the representa-
tion of the visual hemifield and on the severity of the glauco-
matous condition. Owing to the cortical curvature in this
nonflattened cortex, the CO-rich ODC of layer 4C (Fig. 8A,
white vertical arrow) was seen in subsequent sections to lead
to the rows of interconnected CO-blobs that overlay layers 2
and 3. In a similar manner, the adjacent CO-poor layer 4C ODC,
receiving input from the glaucomatous eye, led to a row of
smaller CO-blobs, a row of blobs that had no interconnecting
COR. The horizontal arrows indicate a pair of blood vessels in
each section, which served as fiducial marks for alignment of
the three images.

Figure 9 presents a coronal view of monkey V1 cortex.
Each of the three panels shows a Nissl-stained section matched

FIGURE 8. Tangential serial sections stained for COR through the
ipsilateral V1 cortex of a monkey with experimental glaucoma of the
right eye. Vertical arrow: CO-rich ODC in layer 4C, which has input
from the normal left eye. The adjacent CO-poor ODC has input from
the glaucomatous right eye. Horizontal arrows: same blood vessels,
which could serve as fiducial alignment marks. The alternating rows of
CO-rich blobs in layers 2 and 3, which lie directly above the ODC of
layer 4C, can be seen in (A). WM, white matter. Bar, 1 mm.

FIGURE 9. A coronal view of the V1 cortex of three monkeys which
had experimentally induced glaucoma in the right eye. Nissl-stained
sections have been matched to sections stained for COR. The Nissl-
stained layers are labeled, whereas the adjacent CO-stained sections
from (A) a monkey with moderate glaucoma, (B) a monkey with severe
glaucoma, and (C) a monkey with mild glaucoma, show the CO-rich
ODC with input from the normal left eye (N) next to the CO-poor ODC
with input from the glaucomatous (G) right eye. Evident are the two
zones of COR in the left eye ODC, layer 4C, with the bottom portion
appearing much lighter than the top portion. The rectangles represent
approximate sample areas for measurement of COR in the P- and M-cell
recipient zones. In (B) the CO pale rectangular zone representing
input to the P-cell recipient zone is even more clearly defined. (C)
Though less distinct, the pattern of COR is evident, even in mild
glaucoma. Bar, 1 mm.
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to a CO-stained section. The well-known six layers of V1 are
labeled in Fig. 9A, which shows cortex from a monkey with
moderate experimental glaucoma of the right eye. The CO-
poor columns (G) are shown, and the CO-rich columns (N) are
associated with input from the normal left eye. Inspection of
the glaucomatous CO-poor columns reveals a difference in
COR in the two afferent input subdivisions of layer 4C; the
lower portion of layer 4Cb is seen as a pale rectangular zone,
whereas the upper layer 4Ca sublamina is seen to be consid-
erably darker. Figure 9B shows the same phenomenon for
another glaucomatous monkey, whereas Figure 9C shows that
this differential effect on the COR in these two V1 input
divisions could be seen after only a few months of experimen-
tal glaucoma. The horizontal rectangles in Figure 9A indicate
the loci where COR was measured and the differential loss in
COR computed in all the monkeys.

Figure 10 shows the pattern of loss in COR for the M-cell
(4Ca) and for the P-cell (4Cb) input divisions to V1 cortex. The
mean percentage loss (61 SD) in COR for 10 samples each is
shown for the 17 monkeys for which complete measurements
were obtained for both V1 cortices (in some of the mild
glaucoma cases, columns could not be discerned in the con-
tralateral left cortex). The average percentage loss in relative
COR in the right cortex (mean R4Ca 5 8.1%, mean R4Cb 5
13.8%; t 5 9.1; P , 0.0001) was nearly the same in the left
cortex (mean L4Ca 5 8.3%, mean L4Cb 5 14.9%; t 5 7.2; P ,
0.0001). In both cortices, the reduction in relative COR was
significantly less in the M- than in the P-cellular input sub-
lamina. In every monkey, the relative COR loss was signifi-
cantly less in the M-cell input layer than in the P-cell input
layer. On average, the loss was 8% in the 4Ca layer and almost
double that at 14% in the 4Cb sublayer.

The results of these experiments examining the relative
changes in visual afference with experimental glaucoma may
be summarized as follows: Experimental glaucoma reduced
COR in both the P-cell and the M-cell divisions of the LGN, with
a somewhat greater reduction in the P-cell division, reduced
the COR significantly more in the P-cell input to V1 layer 4Cb
than in the M-cell layer 4Ca, created a CO lesion first in the
ipsilateral visual brain representing the nasal visual hemifield of
the glaucomatous eye, and then progressed to the contralateral
visual brain as the retinal scotoma enlarged.

DISCUSSION

A primary reason for the assessment of the effects of experi-
mental glaucoma on the visual brain was the proposal that the
disorder has a differential detrimental effect on the two major
afferent divisions, the P- and the M-cell pathways. Quigley et
al.13–16 have presented results showing an early, more severe,
effect of glaucoma on the larger ganglion cells, presumed to be
predominantly the Pa ganglion cells of the M-pathway, rather
than the Pb ganglion cells. However, Johnson38 has reinter-
preted the data of Quigley et al.39 and suggested that the
original data show, at best, a modest trend for a selective early
loss in large-diameter axons—that is, in the M-pathway. Al-
though we have yet to measure the actual differential loss in
different sizes of ganglion cells, the results of our metabolic
study of the downstream brain targets in monkeys with mild
visual field defects are not consonant with the idea that glau-
coma has a more detrimental early effect on neurons in the
M-cell pathway. Vickers et al.18 have shown that experimental
glaucoma in monkey affects the metabolism in both divisions
of the geniculocortical afferent pathway, but they did not
quantify the differences.

Beginning in the LGN, the reduction in COR within the P-
and the M-cell laminae were shown in the current results to be
very much the same, with the magnitude of the change being
associated with the degree of the visual field defect (Figs. 6, 7).
Although this association was the general finding, there were
notable exceptions (Table 2, OHT23; also see Fig. 1 of Refer-
ence 36) when there were only moderate changes in the VFM
but a dramatic change in COR. Although the period between
the last VFM measurements and the termination of the monkey
was relatively short (,2 weeks), we cannot rule out additional
loss in ganglion cell function during this interval. There was a
second case, however (Table 2, OHT9; also Fig. 4A in Refer-
ence 36), in which the VFM showed a severe loss in sensitivity,
but the subsequent loss in COR was relatively mild. These two
exceptions to the general finding of a progressive loss in COR
with increasing loss in visual sensitivity had similar treatment
histories (Table 1). As in clinical glaucoma, the progression of
the defect in the VFM in experimental glaucoma is often
variable in rate and degree of loss in sensitivity, contributing to
variability in the association between COR and the VFM.

Regarding the differential effect of glaucoma on the M-
over the P-ganglion cells, it could be argued that there is an
early selective effect on M-cells,15 but that our experimental
series did not cover the proper period. This seems unlikely,
because our series of monkeys included those with a just-
detectable VFM defect to those with end-state defects, and the
relative pattern of the effect on the two pathways remained the
same. In addition, the pattern of the spread of the glaucoma-

FIGURE 10. The average (6 SD) relative loss in COR in the M-cell
(layer 4Ca) and in the P-cell (layer 4Cb) of the 17 monkeys for which
COR was sampled in both V1 cortices. In all 17 cases, the loss was
significantly greater in the P-cell recipient zones, as reflected in the
summary group data.
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tous lesion over the retina was such that it finally involved
input to the contralateral brain structures, where any prefer-
ential detrimental effect on the M-cell targets would be ex-
pected to show up. On the contrary, the greater reduction in
COR was instead seen in the P-cell projection sites (Table 2 and
Fig. 9). These collective data show that experimental glaucoma
has a greater impact on the metabolism of the P-cell pathway in
both the LGN (Fig. 5) and especially in the input layer 4Cb of
the V1 cortex (Figs. 9, 10). In every monkey, the COR reduc-
tion in the layer 4Cb was significantly greater than that in the
companion input layer 4Ca, the recipient zone for the M-cell
input from the LGN. Because the afference to these sublaminae
is dependent on the LGN input,40 this difference in COR may
well reflect what is relayed to V1 from the LGN. In short, the
COR in the LGN showed a greater effect of glaucoma on the
P-cell pathway than on the M-cell pathway, and these differ-
ences were relayed and exacerbated in the corresponding COR
in the layer 4C sublaminae.

By the time there is a detectable defect in the VFM, more
than half the ganglion cells have died.36 Therefore, the stan-
dard VFM cannot be used for the detection of the earliest
vulnerability of ganglion cells in glaucoma. It may well be that
by the time the retinal defect has progressed to the point of a
detectable VFM defect, any initial differences that glaucoma
had on the two afferent pathways may have been obliterated.
Weber et al.41 examined the issue of greater differential effects
of experimental glaucoma on the morphology of parasol (M-
cells) and midget (P-cells) ganglion cells. Although they found
no substantial differences in the soma size between ganglion
cell class with progression of the disease, there were qualita-
tive differences in the size and complexity of M-cell dendritic
arbors earlier in the disease. This finding is consistent with an
initial degenerative effect beginning with the M-cells and is
consonant with the results of Glovinsky et al.15 The mecha-
nism of this early period in ganglion cell death deserves more
investigation, and a search should be made for a more sensitive
method for the early detection of glaucoma.

The precipitating event for these metabolic changes in the
LGN and V1 cortex is the functional impairment or death of
retinal ganglion cells. Functional blockade by TTX is shown to
be sufficient to reduce COR in the afferent recipient zones of
the LGN and V1, in a pattern (if not in degree) similar to
enucleation. However, there are important differences be-
tween the effects of TTX or enucleation and ganglion cell loss
in glaucoma, experimental or clinical. TTX blockade and enu-
cleation result in total and immediate loss of afference to
downstream targets, whereas the loss from POAG is generally
more gradual, progressing over a period of months to years.
We cannot differentiate between the relative contributions of
the death of ganglion cells or the functional impairment of
ganglion cells in reduction of COR presented in the current
study. However, in those cases in which we have compared
ganglion cell death with the loss of visual field sensitivity, those
monkeys showing the earliest of field defects had already lost
more than 60% of their ganglion cells.36 Therefore, it is likely
that the reductions in COR reported here were due to the loss
of afference consequent to the death, rather than the inactivity,
of ganglion cells.

The effects of experimental glaucoma reported here are
likely to occur clinically, because the characteristics of increas-
ing IOP in the monkey are, in the main, similar to those of
clinical glaucoma.42–44 The main difference is in the time

course of the process, which takes only months in monkeys
(and with a usually higher elevation of IOP in the monkey) and
years in people. Experimentally, these effects on metabolism
are much more readily discernable in the monkey model than
in human material, because there is always an adjacent target
tissue that receives input from a normal companion eye.
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